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1 Introduction

As boundaries of cells and subcellular organelles, biological membranes are essential for all living
matter. They provide a barrier function and are site of many biochemical events. Consequently,
the study of membrane structure and dynamics is important to obtain a better understanding
of many biological processes. Every biological membrane shows a distinct and very complex
composition of many different proteins and lipids which stands in relation to its function. The
basic membrane structure is given by the phospholipids forming a bilayer in water. Due to the
complexity of cell membranes, simplified model membrane systems consisting of only one or a
few phospholipid species are often used for investigations. Here, we study lipid bilayers in water
which form vesicles.

Many properties of a phospholipid bilayer, for example its flexibility or its permeability, can
be modified by the addition of guest molecules which could attach to the surface or penetrate
deeply into the membrane. By systematically varying the structural properties of the guest
molecules, their influence on the interaction with the membrane can be investigated in detail.
Molecular structures, which influence membrane properties in a specific, well-defined way may
find medical or pharmaceutical application in the future.

In this work, we investigate three different types of guest molecules in mixture with lipid
bilayers. The first class are amphiphilic triblock copolymers. Mainly, we here investigated
Pluronics, which find wide-ranging applications in pharmacy and medicine, for example for the
healing of wounds [1,2] or in cancer therapy [3]. Pluronics are non-toxic, commercially available
and depending on the specific block lengths, they interact with lipid membranes in a variety of
ways. As a second system, we investigated a number of urea and thiourea compounds capable
of mediating the transport of anions across the membrane, and a third project part deals with
lipid bilayers in interaction with X-shaped bolapolyphiles which consist of a rigid aromatic
core, flexible aliphatic side chains and polar end groups. Being incorporated in the bilayer in
transmembrane orientation, these molecules can self-assemble into supramolecular structures
and change the phase behavior of the lipids [4-6]. It is the aim of this thesis to get a detailed
understanding of structure and molecular dynamics of membrane-guest molecule systems. This
includes the localization of the guest molecules inside the membrane and the characterization
their mobility as well as the detection of their possible influence on lipid order and dynamics.

Generally, a vast number of techniques are available for the investigation of lipid bilayer
systems [7—9]. Thermodynamic methods like calorimetry or densitometric measurements can
be used to study thermotropic phase transitions [10]. Fluorescence microscopy allows for the
visualization of lipid bilayers forming giant vesicles [4,5] and for the investigation of the membrane
permeability and heterogeneity [11]. However, in most cases labeling with a fluorescent dye is
necessary, which could disturb the system and alter its behavior [12]. Using transmission electron
microscopy, high resolution images approaching molecular resolution of lipid vesicles can be
taken [4,7]. From X-ray or neutron scattering experiments, structural parameters like the bilayer
repeat distance (small angle scattering) [4,13] or the packing density within the membrane (wide
angle scattering) [4] can be determined and also the electron density profile across bilayer can be
measured [14]. Additionally, studies on Langmuir monolayers are commonly used [15-17]. In
this case, the lipid is spread over an air-water interface the size of which can be reduced so that
the lipid monolayer gets compressed. Further structural and dynamic information can be gained
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from different spectroscopic methods, like infrared, Raman or EPR spectroscopy [17,18].

In this study, we apply solid-state Nuclear Magnetic Resonance (NMR) spectroscopy which
is well suited to determine structure and dynamics of the model membrane/guest molecule
systems [8,19]. The NMR technique is non-invasive, allows for chemical resolution and offers
a number of experiments from which structural and dynamical observables can be determined.
NMR experiments were already used for a long time for the study of lipid bilayer systems [20]. In
the 1960s, first high-resolution NMR studies on small unilamellar liposomes were performed [21].
In the following time, static solid-state 2H NMR was commonly applied to determine lipid order
parameters [22,23] and 3'P NMR was used to study the behavior of the lipid headgroups [24]. In
the 1980s, Magic-Angle sample-Spinning (MAS) NMR was shown to yield well-resolved spectra
of liquid-crystalline lipid samples [25], which allowed for the development of many different NMR,
techniques in the recent decades [20].

Here, we studied lipid sample systems by applying various 'H and '3C MAS NMR experiments.
Firstly, simple spectra were acquired which contain information about molecular dynamics and
for example allow for the investigation of the phase behavior of the lipid sample systems which
can be rather complex, like in the case of the lipid/bolapolyphile mixtures. With the help of
the NOESY experiment, the deep insertion of the polymers and the anion transporters into
the membranes of the respective systems was proven and the guest molecule position inside
the membrane was estimated. Furthermore, we measured relaxation rates which depend on
molecular dynamics, and dipolar coupling constants, from which the order parameters can be
calculated which in turn contain information about the motional geometry. With this, lipid
ordering and dynamics can be investigated and potential changes due to the guest molecules can
be detected. Additionally, the restricted mobility of the guest molecules in the membrane can be
characterized. For the lipid/polymer systems, we are able to draw conclusions on the polymer
configuration inside the membrane by comparison of our experimental values with results from
MD simulation. Using dipolar NMR experiments, it is also possible to determine the fraction
of polymer that deeply enters into the membrane while the rest is dissolved in the water phase
showing nearly isotropic mobility. For systematic investigations of all the different systems, we
varied the structure of the guest molecules, for example the lengths of the polymers, the type
of of lipid and further conditions, like the temperature, the concentration or the way of sample
preparation.

In the first three sections of the thesis, basic concepts about lipid membranes and solid-state
NMR are introduced. Subsequently, we explain the specific NMR methods used and show results
for order parameters and relaxation rates determined from pure lipid bilayer samples. Then, the
MD simulations are introduced. We analyze a pure lipid bilayer system simulated with regard
to the quantities determined from the NMR measurements. In the last sections, results from
NMR experiments and MD simulations for the different lipid bilayer/guest molecule systems are
presented and summarized in the end.
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In the following section, amphiphilic and polyphilic molecules in general and lipid bilayer systems
specifically will be introduced. Explanations are mainly based on the textbooks of Evans and
Wennerstrom [7], Marsh [9] and Winter and Noll [26].

2.1 Amphiphilic and Polyphilic Molecules

An amphiphilic molecule is composed of topologically separated hydrophilic and hydrophobic
building blocks. While the hydrophilic molecular regions induce water solubility, the hydrophobic
units are insoluble in water. In apolar liquids, however, the hydrophobic molecular parts induce
solubility. Typical examples for amphiphilic molecules are surfactants, lipids, certain block
copolymers or peptides.

Polyphilic molecules represent an extension of the amphiphilic molecules as they contain
special units like mesogenic (liquid crystal forming) parts, fluorinated regions or covalently-bonded
nanoparticles in addition to the amphiphilic moiety. With this additional part, specific properties
of the molecule and its interaction with the surrounding can be tuned [27].

(a) (b) (c)

(d)

Figure 1: Schematic drawing of a few aggregate architectures: (a) micelle, (b) inverse micelle, (¢) cylindric
micelle, (d) lamella. Hydrophilic parts are shown in blue and hydrophobic parts in red. Black lines denote
the space that one molecule occupies.

Molecules containing blocks of different philicities that repel each other generally show special
behavior like the tendency for aggregation and surface activity [7]. Particularily for biological
systems, the molecular self-association of amphiphilic molecules in an aqueous medium is of
utmost importance [28]. Referred to as the hydrophobic interaction, aggregation is a consequence
of unfavorable contacts between hydrophobic parts of the molecule and water [29,30]. For
example, alkyl chains induce an ordering of the water molecules lowering the entropy of the
system. Consequently, aggregates are formed in a way that interactions between the hydrophobic
molecular parts and water are minimized while the contacts between hydrophilic parts and water
are maximized. The overall molecular arrangement is generally optimized to achieve a minimal
total free energy of the system. For this, not only the amphiphile-water contacts play a role, but
also the interactions between the amphiphilic molecules within an aggregate. Among hydrophilic
groups, there can be electrostatic or steric repulsions and also the formation of hydrogen bonds
is possible. Van der Waals forces act between hydrophobic groups.

At high dilution, amphiphiles usually occur as unimers in water. By increasing their con-
centration, the molecules start to aggregate at some point. For example, surfactants or certain
amphiphilic block copolymers form micelles when the critical micelle concentration (cmc) is
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reached. A similar behavior can be observed with rising temperature at a fixed amphiphile
concentration. Micelles appear at the critical micelle temperature (cmt). At high amphiphile
concentrations or at high temperatures, a dynamic equilibrium between micelles and unimers
exists in the ideal case with an unimer concentration corresponding to the cmc. Further increase
of the concentration causes changes of the aggregate shapes and the appearance of superstructures
of aggregates.

In general, a large variety of self-assembled structures can be found for amphiphilic molecules,
for example spherical or cylindrical micelles in solution, lamellar structures composed of stacks
of bilayers, vesicles in solution, or more complicated arrangements like bicontinuous cubic
structures. A few examples are shown in Figure 1. The form of an aggregate is critically
influenced by the shape of its molecular components [31] and can be explained roughly using a
phenomenological model that accounts for the sizes of the different molecular parts. According
to this model, cylindrical amphiphiles consisting of hydrophobic and hydrophilic parts with
similar cross-sectional area develop lamellar structures. Cone-shaped amphiphilic molecules
that have a hydrophilic part with a higher cross-sectional area than the hydrophobic part, form
normal micelles and vice versa, cone-shaped molecules with a hydrophilic part with a smaller
cross-sectional area than the hydrophobic part show inverse micelles. The cross-sectional areas
are influenced in turn by a number of conditions like temperature, ionic strength of the solvent
and pH.

In many cases, amphiphilic molecules form liquid crystalline structures that show a certain
order on the one hand and partial disorder and mobility on the other hand. Furthermore, these
systems can be lyotropic and thermotropic, that is, their phase behavior depends on the water
concentration and/or the temperature, respectively.

2.2 Lipid Bilayers

In this work, we examine phospholipids which are a major component of biomembranes. They
consist of a hydrophilic head group containing a phosphate group and usually two hydrophobic
alkyl chains. The specific structure of the hydrophilic and hydrophobic groups depends on the lipid
type. Here, we investigate phosphatidylcholines which belong to the group of glycerophospholipids
and account for more than half of the phospholipids in eukaryotic cells [32]. They consist of a
choline headgroup and a glycerol backbone to which two saturated or unsaturated hydrocarbon
chains are attached via an ester bond. At physiological conditions, these molecules are zwitterionic
because of the negatively charged phosphate group and the positively charged choline group [30].

In Table 1, some important features of the different phosphatidylcholines used in this work
are summarized. The three lipids dilauroylphosphatidylcholine (DLPC), dimyristoylphosphatidyl-
choline (DMPC) and dipalmitoylphosphatidylcholine (DPPC) only differ in the length of the
saturated acyl chains consisting of 16 carbons for DPPC, 14 carbons for DMPC and 12 carbons
for DLPC. Palmitoyloleoylphosphatidylcholine (POPC) has a double bond in the middle of one
acyl chain and dioleoylphosphatidylcholine (DOPC) comprises two unsaturated chains While
saturated hydrocarbon chains of DPPC and POPC have the same length, the unsaturated chain
of POPC contains two more carbons. Due to the double bond, a POPC molecule occupies a
larger cross sectional area than a molecule of DPPC [33].

Besides the phosphatidylcholines, other glycerophospholipids with different head groups are
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also relevant for biological membranes. Examples are phosphatidylethanolamines, which have a
single amine group, or phosphatidylserines and phosphatidylinositol, which have ionic head groups.
In addition to the group of glycerophospholipids, other lipid groups like sphingophospholipids
(for example sphingomyleins), glyceroglycolipids and sphingoglycolipids also play an important
biological role.

Steroids are also commonly referred to as lipid molecules. The most prominent example
is cholesterol which is the predominating sterol in mammalian cells [32]. It consists of a rigid,
relatively planar and stiff ring system with a flexible aliphatic side chain and a polar part formed
by a single OH group (see Figure 2).

0 _Re

. o I HO

lipid M, / g/mol T, /°C ;NJ/\/O’E_\O\)\/O\R1
DLPC 622 -2 Ri = Ry = CO—-(CH3)10-CH3
DMPC 678 24 Ry = Ry = CO-(CHj)12 - CH;s
DPPC 734 41 —41.5 Ri = Ry = CO—-(CH3)14—CH3
POPC 760 -3.5 Ry = CO-(CHz)14-CH;s

Ry, = CO—(CHj)7 -CH=CH - (CH;)7 - CH3

DOPC 786 —17.5 R; = Ry = CO-(CH;y)7 - CH=CH-(CH;)7 - CHj

Table 1: Molecular weight My, main phase transition temperature Ty, and chemical structure of the lipids
investigated in the framework of this thesis. The values for T;, were taken from Reference [9] and refer to
the fully hydrated lipid bilayer.

Figure 2: Chemical Structure of Cholesterol.

Depending on the lipid type and on the solution conditions, lipid molecules can form different
kinds of aggregates. Here, we consider phosphocholines that assemble into bilayers when
dispersed in water. Such a bilayer consists of two layers (or leaflets) of lipid molecules having
their headgroups positioned at the interfaces in contact with the aqueous environment. The lipid
alkyl chains are located in the center of the bilayer and therefore have minimal water contact (see
Figure 3). They interact with each other via van der Waals forces which are stronger for longer
chains [34]. Between the lipid headgroups, steric repulsions and interactions between the positive
and negative groups are present [26]. In general, the heads of the lipid molecules are bent, that
is, in time-average, a connection line from the choline to the phosphate group lies approximately
perpendicular to the bilayer normal [35,36]. Furthermore, water molecules associate with the
lipid head groups forming a hydration shell that stabilizes the bilayer [37]. Depending on the
size of the lipid molecules and on solution conditions like the temperature, a lipid bilayer has
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a thickness of a few nanometers. For example, at 30 °C, bilayers of DLPC and POPC exhibit
an overall thickness of about 3.3 and 3.9 nm, a hydrocarbon region thickness of about 2.2 and
2.9nm, and an area per lipid molecule of 60.8 A% and 64.3 A2, respectively [33].

While on a length scale of a few nanometers, a lipid bilayer is a planar sheet, the whole
membrane system can exhibit many different morphologies on larger length scales of about
hundreds of nanometers to tens of micrometers. Most simply, lamellar stacks of bilayers separated
by water films can be formed. This morphology can be used to create samples of oriented bilayer
stacks on thin glass plates which, for example, allow for the investigation water or lipid diffusion
in specific directions [37,38]. However, experiments on oriented bilayer stacks are complicated
due to problems like a low signal-to-noise ratio and poor mechanical stability. Also a sufficient
and homogeneous sample hydration is difficult to achieve.

Another potential morphology is represented by the lipid bicelles which are small bilayer
patches formed from a mixture of short and long chain saturated phospholipids. Due to their
ability to align themselves when brought into a magnetic field, they are frequently used for NMR
experiments [39-41]. Additionally, there exist more complicated structures like a bicontinuous
phase of cubic symmetry or a sponge phase. As a general rule for this, bilayers tend to curve
back on themselves to avoid contacts between water and the hydrophobic regions at the edges.

The simplest form of such a closed structure is given by the lipid vesicles, also called liposomes.
Exhibiting different forms and sizes, they represent the most important lipid morphology. Due
to their biocompatibility, biodegradability and ability to enclose both hydrophilic and lipophilic
drugs, liposomes are applied as carriers for many different molecules for example in pharmaceutical
industry [42]. However, it must be kept in consideration, that liposomes usually do not resemble
the equilibrium state. But in most cases, they are stable long enough for certain applications or
to conduct NMR experiments.

Unilamellar vesicles (ULVs) constitute one class of liposomes. They are only stable in very
dilute solutions and can be produced with sizes of about 20nm (small unilamellar vesicles) [42]
to about 100 pm (giant unilamellar vesicles) [43].

In course of this project, all investigations were conducted on a second class of liposomes,
the multi-lamellar vesicles (MLVs) which form spontaneously when a phospholipid like DPPC
is prepared with a water content of around 30 wt% or more. As illustrated in Figure 3, MLVs
consist of several bilayers which are arranged onion-like, being separated from each other by
water films which are a few nanometers thick. The size of an entire MLV varies between 0.1 and
5 um depending on the preparation method [42].

Between two neighboring bilayers of an MLV, different interactions occur, for example van
der Waals attraction, electrostatic repulsion, hydration repulsion, interactions due to thermal
bilayer undulations and steric repulsion. The strength of the interaction forces depends on the
lipid type, the stiffness of the bilayer and on the thickness of the water layer in-between, which
in turn strongly depends on the degree of hydration [44].

Phospholipid samples, like DMPC, exhibit a certain thermotropic phase behavior which
will be explained in the following. At a water content above 30 wt%, all phase transitions are
concentration-independent as can be seen in the phase diagram, shown in Figure 4, which was
compiled originally in 1979 by Janiak et al. [45]. Already a few years before, Tardieu et al. [46]
gave a comprehensive characterization of the phases of a lecithin-water system.

After prolonged incubation at low temperature, lipid bilayers exhibit the crystal L. phase



2.2 LIPID BILAYERS 7

S?P—o'
% ﬁ

Figure 3: Schematic structure of a DMPC lipid molecule, a lipid bilayer and an MLV. Pictures were
created using the molecular visualization program VMD. The thickness of the DMPC bilayer in the
liquid-crystalline phase at 50°C and the general size of MLVs are given in References [33] and [42],
respectively.

0.1-5um

hydrophilic

hydrophobic

which is characterized by low molecular mobility. In this phase, the lipids are arranged on a two-
dimensional orthorhombic lattice, their alkyl chains being stretched in an all-trans conformation.
When heated to the subtransition temperature Ty, the system transforms into a gel phase, in
which the lipid alkyl chains still exhibit the stretched all-trans conformation and consequently
show low mobility. They are packed with rotational disorder in a two-dimensional quasi-hexagonal
lattice [26]. In contrast to the L. phase, the water in-between the bilayers in the gel phase is
liquid-like and the lipid head groups are highly mobile [7]. Special bilayer structures, which
exhibit for example tilted chains, bilayer ripples or chain interdigitation, occur allowing for the
compensation of a potential mismatch between the cross-sectional areas of the lipid tails and
the head groups and therefore ensure a more dense packing. As an example, the Lg/ phase is
characterized by chains that are inclined by an angle of about 30° with respect to the bilayer
normal. At the temperature 7}, (about 11°C for DMPC), a broad, low enthalpy pretransition
takes place. Above this temperature, the two-dimensionally ordered metastable Pg/ ripple
phase appears, which is characterized by a periodically oscillating wave structure of the bilayers.
However, many lipids, for example phosphocholines with unsaturated chains, do not exhibit a
pretransition and a Pps phase.

By further heating the sample, the main phase transition takes place when the respective
transition temperature Ty, (24°C for DMPC) is reached. For pure lipid samples, this phase
transition occurs over a small temperature range reflecting the high cooperativity of the lipid
molecules. It is a first-order process during which the lipid acyl chains melt and fast rotational
reorientation of the lipid molecules about their molecular long axis sets in. In Table 1, the main
phase transition temperatures of the lipids, used in this work, are listed. It can be seen that
lipids with unsaturated chains exhibit a lower temperature Ty, than lipids with saturated chains
because the double bonds cause a higher disorder of the chains in the gel phase [47]. Lipids with
longer chains generally show higher phase transition temperatures due to the stronger van der
Waals interaction in-between the chains.
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The liquid-crystalline L,-phase is characterized by fluid bilayers, that is, the lipid molecules
can diffuse within the bilayer plane and besides the lipid head groups, also the acyl chains
are highly mobile and disordered switching rapidly between trans- and gauche® conformations.
Nevertheless, a certain residual order remains keeping the chains in average aligned perpendicular
to the bilayer normal. With rising temperature, the disorder of the lipid chains increases further
and the bilayer thickness decreases accordingly.
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Figure 4: Phase diagram of DMPC from [9,45] and schematically drawn bilayer structures in the Lg/, Py
and L, phase.

For sample systems consisting of more than one phospholipid, the phase behavior is often
more complex than for a single lipid, as immiscibility and phase separation can occur. However,
we will not explain these cases here, as all the systems investigated in this work only contain
a single phosphocholine or a mixture of one phosphocholine and an amphiphilic or polyphilic
molecule.

2.3 Biological Membranes

Biological membranes play an important role in living matter. They surround the cytoplasm of
cells and additionally can be found within eucaryotic cells, where they enclose cell organelles like
mitochondria, are part of the endoplasmatic reticulum or form a loose membrane network around
the nucleus. Having a very complex structure (see Figure 5), biological membranes at different
positions fulfill versatile functions. For a general description of their hierarchical structure and
dynamics, a wide range of time and spatial scale is needed.

The present understanding of the biological membrane was developed within the past hundred
years [49]. In the beginning, Overton described the membrane as a 'fatty oil’ rich in cholesterol
and phospholipids ( [49], and references therein). By studying lipid extracts of membranes from
red blood cells, Gorter and Grendel recognized in 1925 that the basic structure of biological
membranes is formed by a lipid bilayer [50]. In 1972, Singer und Nicolson introduced their famous
fluid mosaic model [29], in which the membrane is described as a fluid phospholipid bilayer that
provides a two-dimensional solution environment for other membrane components, like proteins,
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proteins

Figure 5: Biological membrane, from [48].

which are mobile and randomly distributed within the membrane. Afterwards, this model was
refined frequently to be in line with newer research results [51-53], for example about membrane
heterogeneity, mobility restrictions or the interaction of components.

Biological membranes mainly consist of a mixture of lipids, proteins and carbohydrates [52,53],
with the specific composition depending on its particular function and thus on the type of the
living species, the organ, the particular location in the organ and the cell type, where the
membrane can be found. Also the cell plasma, and the extracellular region influence structure
and dynamics of the membrane.

The basic bilayer structure is mainly formed by glycerophospholipids, sphingolipids and
glycolipids [7]. Most of them have two hydrocarbon chains of a typical length of 14 to 24
carbons [30]. These lipid tails can be saturated, thus having a higher resistance against oxidation,
or unsaturated which increases the membrane fluidity. A single cell contains about hundred
different lipid spezies [7]. While in plants, more glycolipids can be found, there are more
phospholipids in animal cells. Membranes of higher organisms additionally contain cholesterol
and and other sterols. For example the membrane of red blood cells or of the eye lens exhibit a
high content of cholesterol [7,54]. It increases the order of the lipid molecules and thus functions
as a control of the membrane fluidity and permeability.

Besides the lipids, also proteins are of major importance for biological membranes. They
can be attached to the surface, be deeply inserted or span the membrane. Due to their high
concentration, protein crowding occurs. Consequently, there are many protein-protein contacts
and the proteins also strongly interact with lipid molecules influencing the physical properties of
the lipid bilayer, for example increasing its stability.

It is the main task of a membrane to separate and with this to protect the cell interior or a cell
organelle from its environment. Forming a selective permeability barrier, the membrane allows
for a controlled exchange of material and information between the two separated regions. For
the transfer of molecules from one side of the membrane to the other, different mechanisms exist,
for example endocytosis and exocytosis for the uptake and release of substances, respectively.
Furthermore, molecular transport can be mediated by proteins, which can act as active carriers
or form channels for example for ions [55,56]. Besides this, the biological membrane is site
of many biochemical processes, like hormone action, energy production, immune response and
neuronal signaling [48]. Hereby, the proteins act as receptors and transporters. Additionally, the
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membrane stabilizes the cell and creates certain connections to the surrounding, for example to
the cytoskeleton or to neighboring cells.

Complexity and heterogeneity with regard to molecular composition, membrane architecture
and phase state are major characteristics of biological membranes. For example, membranes
commonly show transmembrane asymmetry, that is the two leaflets of the bilayer have different
chemical composition [53]. Also the lateral heterogeneity of biological membranes is remarkable.
Of major relevance is the formation of domains with different chemical composition and size
(from smaller than 100nm to 1 pm) which provide specific functions [52]. While the phase of the
biological membrane can mostly be described as liquid-crystalline, initiated by cholesterol and
proteins there are also domains in the liquid-ordered phase [52]. One example are the so-called
lipid rafts, which were extensively discussed within the last two decades [52,57,58]. Lipid rafts
are small (several tens of nanometers), reversibly-formed, highly mobile membrane domains
enriched in cholesterol, sphingolipid and certain proteins. Besides the lateral heterogeneity,
also the membrane thickness, which normally amounts to about 10nm [30], can locally vary
significantly. Additional heterogeneity comes from non-lamellar phases which can occur alongside
the mostly lamellar structures and play a role for certain processes like membrane fusion or
fission. Normally, a biological membrane is constantly under reconstruction and not in a state
of thermal equilibrium. This metastability makes the membrane more sensitive, allowing for a
reaction to small stimuli.

In a number of serious illnesses, the functioning of membranes plays an important role. For
example cystic fibrosis and epilepsy are promoted by a pertubation of certain ion channels [48].
However, the membrane can also be used as a location for pharmaceutical treatment. Drugs that
should reach the cell interior need specific design to be able to pass the membrane, for example
by passive diffusion or with the help of proteins [59].

2.4 Model Membranes

As outlined in the last section, the study of cell membranes on the molecular scale is a major
research goal because it can improve the understanding of many biological processes. However, the
high complexity of biological membranes renders these investigations difficult. Due to the presence
of many different molecules and structures in a membrane, it is hard to extract the reaction
of distinct components on certain conditions or substances from measured data. Therefore,
model membranes often just consisting of only one or a few phospholipid species are used for
simplification. Results from experiments on such model membranes cannot directly explain the
behavior of biological membranes, but they can at least yield a very basic understanding. The
model systems used in this work consist of phosphocholine MLVs which can be prepared easily
and, due to the relatively high lipid concentration, provide a good signal-to-noise ratio in the
NMR spectrum. Specifically, we investigate the interaction of lipid bilayers with amphiphilic
or polyphilic guest molecules which can attach to the membrane surface or get embedded in
the bilayers possibly forming a homogeneous distribution or assemble in clusters. As a result,
membrane properties, like flexibility or permeability, or the membrane phase behavior can change.

Amphiphilic molecules are suited particularly well for the interaction with lipid bilayers.
While the hydrophilic parts can interact with the lipid head groups or stay in the surrounding
water, the hydrophobic molecule part can be incorporated into the lipid acyl chain region which
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works especially well when its dimensions fit the bilayer core. These interactions can be tuned
further by using polyphilic molecules. Their additional molecular units can, for instance, cause
self-assembly of the guest molecules or the formation of a composite structure with the lipids. The
intensity with which a guest molecule influences membrane properties depends on its membrane
affinity and simultaneously on its ability to disturb the bilayer [60]. By systematically varying
the chemical structure of the guest molecule, we search for a correlation to the form and strength
of its interaction with the lipid membrane.

Probably the most intensely investigated model membrane/guest molecule system is the
phospholipid bilayer with incorporated cholesterol, which is localized just underneath the lipid
head group region with its hydroxy group pointing towards the water phase positioned near the
glyceryl-fatty acid ester bonds and the rings immersed in the hydrocarbon region, preferentially
aligned parallel to the lipid tails [23,35]. Structure and dynamics of the polar lipid head groups
are only slightly influenced by cholesterol [61]. Specifically, the tilt of the head group and the
dynamics of the glycerol backbone can change [35,62]. However, cholesterol has a considerably
higher impact on the lipid hydrocarbon chains. While it increases the chain fluidity when the
bilayer is in the gel phase, it decreases the chain fluidity when incorporated into a bilayer in
the liquid-crystalline phase [23,63]. This condensing effect arises from a stretching of the lipid
chains [25,61] that partially align next to the planar cholesterol rings [64]. As a consequence,
the membrane thickness [65], impermeability [37,66] and viscosity [67] are increased. In some
cases, lateral phase separation is observed. For example, in bilayers of lipids with fully saturated
acyl chains, e.g DPPC or sphingomyelin, domains with disordered lipid chains (liquid disordered
phase) and regions with lipid tails that show enhanced stretching (liquid ordered phase) were
found [64,68]. Additionally, phase separation can occur in bilayers made of different lipid species
and cholesterol because cholesterol interacts more favorably with saturated chains possibly
expelling unsaturated lipids to separated domains [64].

Besides cholesterol, a large variety of other molecules in interaction with lipid membranes
were investigated intensely. A few examples are given by numerous relatively small molecules [69]
that incorporate in a bilayer, like ethanol [70,71], glycerol [9], or various drugs [10]. Furthermore,
there are many investigations on other sterols than cholesterol [25,72] and on molecules with
a size of a few nanometers that are able to form pores or channels in the bilayer [73,74]. Also
membrane systems with large additional molecules, like polymers [60], polypeptides [75] and
proteins [10,76] are studied widely in literature. Here, we specifically investigate lipid bilayers
in interaction with amphiphilic triblock copolymers, which can assume different configurations
inside the membrane. Furthermore, we study partially fluorinated urea and thiourea compounds
capable of transporting anions through the membrane and X-shaped bolapolyphiles that can
self-assemble into supramolecular structures in the bilayer.






3 Basics of NMR Spectroscopy

NMR is a well-established method for the investigation of molecular structure and dynamics in
wide variety of samples. In this work, it is applied specifically for the study of lipid membranes.
The basic concepts of NMR spectroscopy are introduced in the following section. The description
is based on the textbooks of M. H. Levitt [77] and M. J. Duer [78]. Details about the specific NMR
experiments used in this project are presented in Section 5. Before that, molecular dynamics in
the lipid bilayer systems investigated are described in Section 4.

3.1 The Nuclear Spin

The basis of the NMR experiment is given by the intrinsic property of an atomic nucleus to have
a spin which is a form of angular momentum. The net nuclear spin results from the spins of
all the protons and neutrons forming the nucleus. Its ground state is described by the nuclear
spin quantum number I which can take the values 0, %, 1, %, ...,6. Within the framework of this
work, we only conducted NMR experiments on the nuclei 'H and '3C, which both feature a spin
quantum number of I = % For NMR investigations on biological or model membrane systems
in general, also the spin-1/2 nuclei 'P, "N and °F are important [19,76]. Furthermore, the
isotope ?H with I = 1 is frequently used to determine molecular order and dynamics in lipid
bilayer systems [22,23]. However, the naturally abundant nuclei 2C and 190, which constitute a
major part of many organic molecules, have a spin quantum number of I = 0 and consequently
are not detectable by NMR.

The angular momentum of a spin is represented by the operator I which is a vector describing
its strength and direction. The vector components are given by the hermitian operators I, fy
and I.. The following eigenequations apply:

ym)y =I(I+1)|I,m) (1)
m) =m|l,m) (2)

Herein, the reduced Planck constant &, which actually should appear as a factor on the right side
of both equations, is assumed to be a part of the operator. The eigenfunctions |I,m) are called
Zeeman eigenstates. They are determined by the spin quantum number I and the magnetic
quantum number m which can take the values I,I — 1,...,—1. Correspondingly, there exist
(21 + 1) eigenfunctions. As apparent from the Equations 1 and 2, the absolute value of the spin
angular momentum and one of its components, which we have chosen to be the z-component,
are quantized.

The total angular momentum P of a nucleus can be calculated from the square root of the

P=|P|=h/II+1) (3)

and the z component of the angular momentum P results from the eigenvalue of I,

eigenvalue of i

P, =mh (4)

As any quantum mechanical state, the nuclear spin state can be described by a wave
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function |¥(¢)) which generally can be expanded into a series of a complete, orthonormal set of
eigenfunctions [t;):
W) = 3 es(0) o) (5)
J
Herein, the superposition coefficients ¢; are complex numbers that can be calculated from
¢j = (¢;|¥). Normalization yields the relation (¥|¥) = 3. lcj|> = 1. Equation 5 can be used to
describe the state of a nuclear spin or a system of coupled spins as a superposition of the (21 + 1)
eigenfunctions |¢;) = |1, m;). The resulting formulas are given in the Supplementary Section A.
In a next step, we want to predict the result of a measurement on a quantum mechanical
system defined by a certain quantum state. To calculate a measured physical quantity @, the
associated quantum mechanical operator Q is needed, the eigenvalues of which resemble the
possible experimental results. As already described above, the state of a nuclear spin can be
described mathematically by a superposition of states where the actual state is unknown. Hence,
it is not clear which eigenvalue will be measured at a particular time. But the probability for
measuring a specific eigenvalue can be determined and thus, also an expectation value, which
resembles the average result of many observations, can be calculated:

Q=(Q) = (| Qw) (6)

The magnetic moment of the nucleus is one example for such a physical quantity. It is proportional
to the spin angular momentum and can be described using the operator:

n=~I (7)

The proportionality constant is given by the gyromagnetic ratio v which is a nucleus-specific
constant. The gyromagnetic ratio of 'H is about four times higher than the gyromagnetic ratio
of 13C

y(*H) = 267.522-10° rad s 71 T 1

7(13C) = 67.283-10° rad s T =~ —('H)

1
4

which is the reason for the higher sensitivity of 'H NMR experiments compared to *C NMR
experiments. According to Equation 6, the expectation value of the nuclear magnetic moment
can be calculated from

= (| alw). (8)

The sum of all nuclear magnetic moments yields the measurable macroscopic magnetization

MZZM- (9)

For a sample in equilibrium without external influences, this macroscopic magnetization is zero,
due to the isotropic orientation distribution of the nuclear magnetic moments.

The evolution of a spin state |¥) over time can be examined by using the time dependent
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Schrédinger equation:
.d B
1) = A () (10)

The Hamiltonian H is a Hermitian operator, given here in natural units (i = 1), which describes
the energy of the spin system. It depends on external influences and interactions within the
System.

For an NMR experiment, the sample is brought into a constant external magnetic field By
which we choose to be aligned along the z-axis of our labaratory coordinate system: By = Bge,.
The interaction of this field with the magnetic moments of the spins is described by the Zeeman
Hamiltonian

f[o = — (ﬂBo) = *’}/Bof = *UJOIAZ (11)

which in turn is characterized by the Larmor frequency wy = vBy. Considering additionally,
that a sample does not only contain one kind of nuclear spins but various different spins with
different Larmor frequencies, the Zeeman Hamiltonian can be written as the sum of these single
contributions:

Ao =~ 3 ol (12
7

The eigenequations of the Zeeman Hamiltonian are given by
Ho |I,m;) = E; |I,mj) (13)

with the Hamiltonian eigenstates or energy eigenfunctions |I,m;) being equal to the already
introduced eigenfunctions of I,. The eigenvalues are real numbers representing the energy levels
E; of the spin system. They can be calculated from

Ej = —m;wo. (14)

As for the quantum number m;, there exist (21 + 1) values for E; enumerated by the index j. In
the absence of an magnetic field, these sublevels are degenerate. The splitting of the nuclear spin
ground state, also called Zeeman effect, only appears under influence of an external magnetic
field. The energy difference between two subsequent sublevels with m; und m; £ 1 is called
Zeeman splitting and given by the Larmor frequency AFE = wy.

For example, for a system of isolated spin-1/2 nuclei, the ground level splits into two
energetically different sublevels characterized by the eigenvalues Ej.y /3 = F0.5wp for the
eigenstates |a) und |3). The difference of the two energy levels is small (Awg ~ 2.65-1072%J for
protons in a field of 9.4 T) in comparison to the thermal energy (kg T ~ 4.1-1072! J at room
temperature). However, because the energy of the spin state |«) is a slightly lower than the
energy of state |3), there is a is a slightly higher probability for a spin to assume the state |a) in
thermal equilibrium causing a small measurable macroscopic magnetization which points in the
direction of the external magnetic field.
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3.2 Description of a Spin Ensemble by the Density Operator

Until here, only a single-spin system was considered. A real sample, however, contains a huge
amount of spin systems. In the following, we will therefore introduce the density operator p(t)
which allows for the description of the quantum state of a whole ensemble of spin systems and
simultaneously avoids the need to deal with single spin states. Instead, the density matrix only
contains the average contribution of each ensemble member. The spin density operator is given
by

pt) = (W (1) (1)) "= Z (ci()cj (2)) i) (5] - (15)

The angular brackets indicate the averaging over all members of the spin ensemble. The spin
density operator is Hermitian, normalized so that its trace equals one, and all its eigenvalues are
positive. As for the spin states, also the density operator can be written as a matrix consisting
of the elements

pij(t) = (Wil p ;) = (ei(t)cj (1)) - (16)

For an ensemble of non-interacting equivalent spin-1/2 nuclei, the density matrix contains four
elements.

The diagonal elements p;; represent the populations of the eigenstates associated. They are
real numbers between zero and one that altogether sum up to one. A difference in the populations
indicates that there is a macroscopic magnetization parallel to the external magnetic field, which
is called longitudinal magnetization.

The non-diagonal elements p;; (i # j) of the density matrix are referred to as coherences.
They describe the relation between the two eigenstates |1);) und [¢;) and can be characterized by
the coherence order o;; = m; — mj, calculated from the difference of the z-angular momentum of
the two associated states. The presence of coherences with order 0;; = —1 is a hint for partially
aligned transverse spin polarizations that cause transverse magnetization, that is measurable
macroscopic magnetization in the xy-plane which is perpendicular to the external magnetic field.
Coherences of higher order can appear, for example, for an ensemble of systems consisting of
two or more coupled spins. These multi-quantum coherences do not represent a macroscopic
magnetization and therefore are not directly detectable. They can be imagined as polarization
correlations within a group of interacting spins.

By help of the density matrix, the expectation value of an operator Q, that is, a macroscopic
observable ), can be determined easily. Using Equations 5 and 6, we get:

(Q) = X cic (il Q) = D= 0 Qs = Te(6Q) (17)

)

Using this equation, we can conclude, that only longitudinal magnetization is present, when the
spin density operator can be expressed by an I,-term alone, and accordingly, when the density
operator contains I, ,-terms, transverse magnetization occurs.

The evolution of the density operator over time under influence of different interactions

~

represented by a Hamiltonian H, given in natural units, can be described by help of the
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Liouville-von Neumann equation

o) =i [A,600)] (15)

which is calculated from the Schrédinger equation using the definition of the density operator
given in the Equations 10 and 15, respectively. In case of a time-independent Hamiltonian that
commutes with the density operator, the solution of the differential equation can be written as

p(t) = et p(0)e ™, (19)

However, when the Hamiltonian changes during time, the solution is more complex. In this case,
one possible approach is to split the examined time frame in smaller time intervals on which the
Hamiltonian is constant or assumed to be constant. With this, a solution can be obtained in the
same manner as before:

pltr +ta+ ... +t,) = e_iﬁ"t"...e_iﬁme_iﬁltlﬁ(O)eiﬁltleiﬁztz’...eiﬁ"t" (20)

To calculate the outcome of a complex NMR experiment, the average Hamiltonian theory is
a common tool. In this context, the development of a spin system over time is described by an
effective time-independent Hamilton operator, which has the same influence on the spin system
as all single, possibly time-dependent Hamiltonians together. Generally, the average Hamiltonian
includes contributions from interactions within the spin system as well as external manipulations.

When a sample is kept undisturbed in the magnetic field for a long time, then the spin system
reaches thermal equilibrium which is the usual starting point for an NMR experiment. In this
case, the ensemble of spin states can be described by a diagonal density matrix with populations
that can be calculated using the Boltzmann distribution with the Boltzmann constant kg and

the temperature T

Jf-zhw’-

eXp[— E ] ]k TOJ:|
Jf'z‘fw i '
Tr{exp[— E j 7]k7T07J:|}

As the lower energy eigenstates are more populated than the higher ones, a macroscopic magne-

~

Pl =

(21)

tization arises, which is smaller for nuclei with smaller gyromagnetic ratios v. Equation 21 can
be approximated well by a Taylor series as the value of the energy quotient in the exponent is
very small. The result is the so called high-temperature approximation:

pl= 1+ -1, (22)

The term with the unity matrix is usually abolished because it does not cause detectable
magnetization. Similarly, the prefactors are in most cases not of interest. Therefore, only the

term

A

p~ I (23)

is left over to describe the spin ensemble at the starting point of the NMR experiment.
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3.3 The NMR Experiment
3.3.1 Theoretical Considerations

During an NMR experiment, a radio frequency (r.f.) pulse is applied, that is, a magnetic
field By oscillating with a frequency wyer close to the Larmor frequency is irradiated on the
sample, consequently, disturbing the equilibrium state of the spin system. In the density matrix,
populations change and coherences appear and as a result measurable magnetization can be
created. To describe the effects of a pulse on the spin ensemble mathematically, the system
is transferred to the rotating frame which is a reference frame that rotates around the z-axis
with the frequency of the applied field wyes. In this case, the Schroedinger equation and the
Liouville-von Neumann relation (Equations 10 and 18) can be used as before taking additionally
into account that they now comprise the rotating-frame wave function and Hamiltonian. The
rotating-frame Zeeman Hamiltonian contains the offset frequency Qg = wy — wrer in place of the
Larmor frequency wg. The r.f. Hamiltonian is time independent in the rotating frame. For a
short, ideal r.f. pulse applied in an angle of 90° to the static magnetic field, the r.f. Hamiltonian
can be written as

H,¢ = —vB (I, cos op + fy sin ¢p). (24)

As before, for describing a system of several coupled spins, we use the sum of the components
> I;z and > fiy. In Equation 24, the angle ¢, determines the irradiating direction of the
pulse in the zy-plane. For example for ¢, = 0, the pulse is directed parallel to the z-axis. A
pulse antiparallel to the z-axis we mark with z. Analogously, pulses with ¢, = 7/2, 37/4 in +y
direction are indicated by y and .

By solving the Liouville-von Neumann equation, the influence of an z-pulse on a spin system
in thermal equilibrium (5(0) ~ I.) can be determined to be

p(t) ~ 7Bzt I evBilat fy cos (YBit) — I, sin (yBit) (25)

From this equation, we can see that besides the fast rotation about the direction of the static
magnetic field Bge,, the spin polarization additionally rotates about the axis given by the B;
field of the pulse. This double rotation motion is also called nutation and defined by the nutation
frequency

w1 = vBj. (26)

The flip angle 8, = wit, specifies how far the direction of spin polarization is rotated by
the pulse during the irradiation time ¢,. A 90; pulse, which is a pulse in z direction with
Bp = 90°, transforms the states of a spin ensemble from equilibrium p® ~ I, to P~ fy, where
macroscopic magnetization in y direction can be measured. A 180° pulse causes an inversion of
the populations resulting in p ~ —1I.. However, in NMR experiments using induction coils, only
transverse magnetization can be detected.

After subsequently reversing the transformation to the rotating frame, we get a macroscopic
magnetization vector that precesses about the direction of the irradiated magnetic field as the end
result. However, the system does not stay in this state, but tends back to its equilibrium value due
to relaxation processes which arise from the interaction of the spins with their environment causing
a decrease of the transverse magnetization and a rebuilding of the longitudinal magnetization
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with the characteristic time constants 715 and 77, respectively. Alternatively, the relaxation
rates Ry = T, L and Ry =T, L are used. A simple mathematical description of these relaxation
processes using exponential functions can be gained from the phenomenological approach of
Bloch.

Generally, the effect of an r.f. pulse can also be described easily in a classical way using the
vector model. Hereby, we just consider length and direction of the magnetization vector, which,
for example is rotated by a pulse about its irradiation axis.

For the explanation of more complex NMR experiments, the Product Operator Formalism
(POF) is used frequently. In this case, the spin density operator is expressed as a linear
combination of base operators (fx, fy, I, and combinations of them, so-called product operator
terms) and its time development under influence of couplings and pulses is calculated using given
rules which partly allow for a geometric visualization [79].

3.3.2 Practical Aspects

The NMR experiment needs to fulfill the demanding task of measuring a very small signal with
high sensitivity and frequency resolution. Prerequisite is a strong, static and very homogeneous
magnetic field B which is achieved by using superconducting coils cooled with liquid helium. At
present time, NMR magnets producing fields up to 23.5 T are offered commercially [80]. With
additional shim coils, the field homogeneity can be fine-tuned.

To bring the sample in the region of the homogeneous field, it is put in a probe head which is
inserted in the magnet through a bore. Appropriate equipment in the probe allows for sample
rotation and the setting and stabilizing of the sample temperature. However, the most important
function is the sending of r.f. pulses on and the detection of the following emission from the
sample which is all operated by the pulse program on the computer.

For the r.f. pulse, an electric signal s ~ cos(wyeft + ¢) is generated by the transmitter section
of the spectrometer. This signal is sent through a pulse gate, which sets the pulse duration tp.
Subsequently, it is amplified and directed to a coil wound around the sample where it causes
an oscillating magnetic field B;. Ideally, this r.f. field is perpendicular to the main magnetic
field and spatially homogeneous. A shorter pulse with a larger r.f. amplitude is less frequency
selective and therefore allows for a reasonably uniform manipulation of all spin states of a specific
type of nucleus in the sample, even when they show slightly different Larmor frequencies.

Transverse magnetization created by the r.f. pulse is very small but nevertheless detectable
because it oscillates with a well-defined frequency. After switching off the pulse, the precessing
magnetization vector from the sample generates a voltage in the surrounding coil which in turn
gives rise to an oscillating electric current. To maximize the signal transmission, the resonance
frequency of the circuit containing the coil with the sample can be tuned to the pulse frequency
and its impedance can be matched to the connections by adjusting additional capacitors. For
NMR experiments on different nuclei, for example 'H and '3C, the probe head contains different
resonance circuits, called frequency channels.

By using a duplexer, only the weak NMR signal is send in the sensitive signal detection
path, while the strong pulse is blocked. Nevertheless, there is a dead time of some microseconds
between the decaying pulse and the start of signal acquisition. Subsequently, the NMR  signal is
further amplified by the receiver. Using quadrature detection, we can monitor the time evolution
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of the magnetization in the rotating frame from two perpendicular directions. For this, the signal
of the sample is mixed with two reference waves oscillating with wy.f, that are shifted by 90° to
each other. The resulting signal oscillates with an offset frequency of Qg = wg — wyer which is slow
enough to be processed by an analogue-to-digital converter. Representing the two perpendicular
directions, we obtain two output signals that can be interpreted as real and imaginary part of
a complex signal. When we combine the two signals and also consider an exponential decay
accounting for the relaxation process, we get

5(t) oc eifletR2 o= i0rec (27)

By doing a phase correction, the user defined receiver phase ¢yec is set to zero which allows for
a so-called absorptive measurement. This signal intensity measured over time is referred to as
Free Induction Decay (FID). As an example, a curve calculated from Equation 27 is presented
in Figure 6. In the more general case, one sample can yield many different signal contributions
with different relaxation times and frequencies. The total signal arises from the superposition of
all part-signals:

s(t) = Z ale(_movl_RQvl)t (28)
l

Using the Fourier transform analysis

S(Q) = /0 oos(t)e’mtdt (29)

the time dependent signal intensity is converted into a frequency dependent function. In practice,
an FID is usually processed by performing a discrete Fourier transformation using the Fast
Fourier Transformation (FFT) method, which yields the same result as the analytical formula.
In an absorptive measurement, the NMR spectrum is represented by the real part of S(2). The
imaginary part has a a dissipative form and is mostly not of interest. For a simple exponential
signal decay like shown in Equation 27, we get a spectrum with a Lorentzian peak:

Ry

Re[S()] = A(Q) o R3 + (9 — Q)2

(30)

In the more general case of a sum of different signals as given in Equation 28, the spectrum
contains the respective peaks of all contributing components. The peak position in the spectrum
is determined by the offset frequency €y and the peak width by the relaxation rate Ry (see Figure
6), when only homogeneous broadening is present. However, due to additional inhomogeneous
broadening caused by variations of macroscopic magnetic fields over the sample or by spin
interactions, experiments often yield spectra with broader peaks. A faster decay of the FID
generally results in a broader peak in the spectrum.

The spectral width depends on the dwell time, that is the time distance between two acquired
points and the center of the spectrum is defined by the reference frequency. The acquisition time
is the total duration over which the signal is sampled, which ideally equals the time at which the
signal is decayed to the noise level. When, however, distinct signal intensity is left at the end of
the acquisition period, the whole signal can be multiplied by a window function that accelerates
its decay and therefore suppresses so-called wiggles in the spectrum. With subsequent zero filling
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the number of points in the spectrum can be increased. To enhance the signal-to-noise ratio, the
experiment is usually performed several times and the results are averaged. A single experiment
is called one scan and the time in-between two scans is the recycle delay. Phase cycles, that
is different pulse phases in different scans of one experiment, can be used to select or suppress
specific NMR signals and to eliminate artifacts caused by pulse or receiver imperfections.

EID Spectrum
s(t) = Sy expliQf - tR] Ans S(@) = A@Q) + i D(©)
R, 2,-1
—Re[s(t)] = S; cos[at] & 2R — —A@) =S, R, (Ro+ (@-0))
| —Inls(t)] = S sinot] & . )=-S,(0- Q)R+ -0
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Figure 6: FID and spectrum calculated from Equation 27 and 30, respectively.

3.4 NMR Interactions

The Zeeman effect is the dominating interaction for nuclear spins in a magnetic field. However,
also a variety of internal interactions influence the spin system. For solid-state NMR, the chemical
shift and the dipolar coupling are most important. The J-coupling in solid samples is only small
in comparison, but it is relevant for liquid-state NMR. The quadrupolar interaction only plays
a role for nuclei with I > % and therefore will not be considered in this work. Mathematically,
it can be described in a similar way as the dipolar coupling. All these interactions give rise to
a deviation of the spin resonance frequency from the Larmor frequency. Hence, they provide
relevant molecular-level information and therefore form the basis for the NMR experiments.

An internal interaction can be represented by a Hamilton operator f[int. When different
spin interactions are present, the total Hamiltonian of the system arises from the sum of the
Zeeman and all other Hamiltonian. Because the local fields produced by internal interactions
are small in comparison to the high external magnetic field, their influence can be described
mathematically in a facilitated manner as a first order perturbation of the dominating Zeeman
effect. In this so-called secular approximation or high-field truncation, the Hamiltonian Hiyg is
simplified by only considering the parts that are time-independent (also in the rotating-frame)
and commute with the Zeeman Hamiltonian H,. All other, non-secular, terms are neglected.
They play a role, however, for the relaxation processes. Fast molecular dynamics allow for further
simplification of the Hamiltonian by approximating it by its motional average thereby removing
the time dependence.

3.4.1 Chemical Shift

The chemical shift is caused by the indirect interaction of the nuclear spins with the magnetic
field via their electronic surrounding. More precisely, the external magnetic field By induces
currents in the electron cloud of a molecule and mixes electronic states. The electrons, in turn,
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generate secondary magnetic fields Bj,q which cause a variation of the local magnetic fields
Biocal o1 a submolecular distance scale:

Blocal - BO + Bind (31)

Consequently, also the resonance frequency of a nucleus is influenced. The induced frequency
shift is called chemical shift because it depends on the chemical surrounding of the nucleus such
as the directly bonded or other neighboring atoms from the same or a different molecule. The
resonance frequency of a nucleus can be determined by its position in the molecule, the solvent
or even secondary molecular structures. For example, an aromatic ring in the vicinity of the
nucleus investigated, can induce a shift of its resonance frequency due to ring-current effects.
Generally, the induced field and therefore also the resonance frequency of a nucleus is
proportional to the external magnetic field. However, in solid samples, we need to consider
additionally the Chemical Shift Anisotropy (CSA). This means that depending on the molecular
form, the external magnetic field can point in a different direction than the induced magnetic
field:
Bind =0 Bo (32)

Herein, the chemical-shift tensor o is a 3 X 3 matrix with real elements.

The general Hamiltonian describing the chemical shift interaction is given by

185! = =1 -0 By, (33)
and for the secular part we get
Hcs = —vBoozz1, (34)

which is analogous to the Zeeman Hamiltonian, only containing the zz-component of the shielding
tensor as an additional factor which depends on the angles that transfer the chemical shift tensor
from its principle axis system to the laboratory frame defined by Bj.

In a powder sample, all tensor orientations occur and all of them give rise to a different
resonance frequency wcg = vBgo,, in the NMR spectrum. The superposition of all these sharp
peaks yields a spectrum with a typical powder pattern form.

For lipid molecules in a fluid bilayer, the CSA tensor is uniaxial due to the fast reorientation
of the lipids about their long axis. In this case, the resonance frequency can be calculated from

wes = wo (O'iso + ((5> PQ(COS ’19)) , (35)

where ojg, is the isotropic chemical shift, (§) the anisotropy parameter of the time-averaged
CSA tensor, and Py(cos?) = % (3 cos? ) — 1) refers to the second Legendre polynomial taken of
the cosine of the angle ¥ which describes the long-axis orientation of the lipid molecule with
respect to By. For ¥ = 0° and ¢ = 180°, the maximum value of P5(1) = P»(—1) =1 is assumed,
and for a molecular long-axis perpendicular to the magnetic field (J = 90°), the minimum
value of P»(0) = —0.5 is reached. The powder spectrum resulting for a sample of liposomes, is
characterized by a high-field peak and a low-field shoulder that originate from lamellar normal
orientations perpendicular and parallel to the magnetic field, respectively [81]. Experimentally,
such a spectrum can be acquired for 3'P, which is an isolated spin-1/2 nucleus.
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For fast-tumbling molecules in solution, there is no orientation dependence and each chemically
different nucleus in general gives rise to a separate resonance line with a characteristic isotropic
chemical shift frequency

WCs = Wo0iso (36)

which is of high importance for the determination of molecular structure and dynamics in
chemistry.

As a standard, the position of a resonance line in the NMR spectrum is given by the
field-independent expression
wo — Wo,ref

5= (37)

Wo,ref
which is called chemical shift although it can be used to describe all kinds of change in the
resonance frequency. It is a dimensionless quantity calculated by using the frequency w ref of a
reference compound (for example TMS) and is usually given in ppm (parts per million).

(a) (b) (c)

Figure 7: (a) NMR spectrum resulting of the chemical shift interaction from one chemical site in a
molecular group performing fast uniaxial reorientations calculated from Equation 35. (b) Schematic
drawing of the dipolar interaction of two nuclei with the magnetic moments p; and pg, and (c¢) Pake
pattern calculated using Equation 42.

For determining the spectra, a line shape according to Equation 30 is assumed for the signal of one
orientation and the powder distribution is calculated from Spowder(w) = [y d¥sin(¥)S(w). The z-axis is
normalized by wyg.

3.4.2 Dipolar Coupling

Besides the CSA, another main reason for line broadening in solid-state NMR is the dipole-dipole
coupling which is the direct magnetic interaction through space between nuclear spins possibly
intermolecular or intramolecular. Specifically, a nuclear spin possessing a magnetic dipole moment
1 generates a local magnetic field which influences the magnetic moment of a second nucleus
close by. In turn, also the first spin interacts with the magnetic field produced by the second
spin (see Figure 7(b)). The Hamilton operator for the dipolar interaction between two spins I
and S can be derived analogously to the classical description of the interaction energy of two
point magnetic dipoles and results as

Agﬂl:d(f.s3<f"")(5'”>. (38)

r2
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The amplitude is given by the dipolar-coupling constant

poYIysh
d="——"— 39
473 (39)
which depends on the magnetic constant g and the distance r between the two spins. For a
complete treatment of a system with many spins, one needs to sum up the contributions of all
interacting spin pairs, which, particularly for solid samples, can be a bigger number. This is also
the case for all secular Hamiltonians derived later on.

Alternatively, the dipolar Hamiltonian for a two-spin system can also be written as
HM' — _9IDS (40)

by using the dipolar coupling tensor D. Determination of the eigensystem of D yields a principal
axis frame with a unique axis pointing along the interconnection vector of the spins I and S. In
this frame, the axially symmetric and traceless tensor is defined by its principal values —d/2,
—d/2 and d.

The dipolar Hamiltonian can be further simplified in several steps. After expanding it by
writing the interconnection vector = in spherical coordinates and using the shift operators to
describe the spin angular momenta, the transition in the rotating frame is performed and secular
approximation applied. Hereby, we distinguish between the homonuclear case, where spins of the
same isotopic species are coupled and the heteronuclear interaction between spins of different
isotopic species. In the homonuclear case, rotation matrices are applied on both spins and in the
heteronuclear case only on one of the two spins. Commonly, the dipolar Hamiltonians are also
expressed in terms of spherical tensor operators and spherical tensor functions simplifying further
calculations like many rotations. However, we will not do this here. We now firstly consider the
heteronuclear interaction. For this work, the most relevant example is the coupling between 'H
and 13C nuclei (spins I and S). The secular Hamiltonian only consists of one term

HBetero — _ 9P, (cos9)dI, S.. (41)

It contains the second Legendre polynomial P» of the cosine of the angle 1 which lies between
the connection vector of the two spins and the external magnetic field (see Figure 7(b)). The
eigenfunctions of this Hamiltonian are equal to the Zeeman product states. and the energy levels,
given by the corresponding eigenvalues, depend, among other things, on the polarization of the
two spins to each other. The dipolar interaction of two spins with parallel polarization yields a
positive and with antiparallel polarization a negative contribution resulting in a line splitting in
the NMR spectrum. Therefore, the spectrum recorded for the rare spin S shows a line doublet at

w = wp £ dPy(cos) = wpy + wp (42)

due to the dipolar coupling to spin I. The transition frequency of spin S without dipolar
interaction is given by wy.

As for the CSA, the dipolar spectrum of a powder sample follows from the superposition of
the signals from spin pairs in all orientations to the magnetic field. Due to the identical positive
and negative contributions we get a spectrum with the typical form of a Pake pattern consisting
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of two mirror images with identical isotropic frequency (see Figure 7(c)). The two maxima
correspond to signals from spin pairs oriented perpendicular to the external magnetic field and
appear in a distance that equals the coupling constant d. However, the spectrum of real samples
often only features a washed-out form of the Pake pattern due to additional interactions with
other nuclei and molecular motions.

The homonuclear dipolar interaction occurs in-between abundant nuclei like 'H. For two
coupled spins I; and Is, the secular Hamiltonian is given by

ﬁ]gomo = —PQ(COS 19)6[ (3f12j2z — jl . jz) . (43)

Besides the first term that already appeared for the heteronuclear interaction, it contains a
second term which expresses a possible 'flip-flop’ mechanism meaning that the two interacting
spins can induce spin state transitions to each other because they precess with similar frequencies.
This effect can be seen from the eigenfunctions of the Hamiltonian, given by |a«), |53) and two
linear combinations of |af3) and |S«a). In time evolution, these two functions result in a mixing
of the states |af) and |Sa) cancelling out their degeneration. Also for a many-spin system,
eigenfunctions are generally given by linear combinations of the degenerate Zeeman levels.

For an ensemble of non-interacting spin pairs, the resulting spectrum has a similar form as in
the heteronuclear case 5 5
W = Wy + 5dP2 (COS 19) = Wy + iwD. (44)

Due to the second term in the Hamiltonian, the splitting is increased by a factor of %

For a many-spin system however, we have multiple splittings of originally degenerate Zeeman
levels causing many transition frequencies and therefore broad lines with width of several tens of
kHz in the NMR spectrum. For large spin systems, the line form is nearly Gaussian which is
generally the case in organic solids, where strong multiple homonuclear couplings between 'H
nuclei are present.

A phenomenon caused by dipolar couplings is spin diffusion. This is a quantum-mechanical
exchange process which in case of non-uniform magnetization distribution in a sample can cause
polarization transfer between neighboring spins allowing for an equilibration of the differences.
This transfer, however, only works efficiently, when the dipolar coupling between the nuclei
exceeds the difference of their resonance frequencies in the NMR spectrum, that is lines need
to overlap. Spin diffusion can occur between protons in more rigid systems and influence
experimental results.

As for the chemical shift, also the dipolar interaction is influenced by molecular dynamics.
Averaging of the dipole-dipole coupling occurs when spin pair orientations change due to molecular
motions that are fast compared to the inverse of the coupling strength. In liquids, fast isotropic
molecular dynamics lead to a complete averaging of dipolar couplings. In the NMR spectrum,
only sharp peaks appear at the isotropic chemical shift because of

/ (3cos® ¥ — 1) sind) dv) = 0. (45)
0

In liquid-crystalline systems and also in solids, usually a partial averaging occurs which can be
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expressed mathematically by the time and ensemble average of the coupling strength

_ hoyysh 1 3cos? — 1
o 4m 2 r

(wp) (46)
and can be seen as a reduced splitting in the NMR, spectrum. This residual dipolar coupling
can be determined from experiments and used to describe the molecular order in various sample
systems.

3.4.3 J-Coupling

The scalar coupling or J-coupling or indirect dipole-dipole interaction is the magnetic interaction
of two nuclear spins mediated by the electrons of the connecting chemical bond. Although this
interaction is described by a J-coupling tensor, its anisotropy is much smaller than the one of
the direct dipolar coupling and therefore can be neglected in most cases. In an isotropic liquid,
the J-coupling tensor is averaged and unlike in the case of the direct dipolar coupling, a certain
interaction remains which can be described by the Hamiltonian

Hy = —2nJL.S, (47)

for the heteronuclear case. For example, for a 'H - 3C spin pair, the field-independent J coupling
constant amounts to about 140 Hz [82]. In the NMR spectra of samples where motional averaging
occurs, the J-coupling causes a line splitting which can be very useful in chemistry as it contains
information about the nuclei connected by bonds.

3.5 Relaxation Processes

After perturbation of a spin system, a relaxation process takes place converting the excited
state of the system back to the state of thermal equilibrium (see Section 3.3.1). Reason for this
relaxation process are thermal motions which induce changes in the molecular orientations. This
in turn results in variations of the orientation-dependent interactions of the nuclear spins, like
the dipolar coupling or the CSA interaction, causing fluctuations of the microscopic magnetic
fields at the nuclear sites. Correspondingly the Larmor frequencies of the nuclei are influenced
which finally cause changes of the nuclear spin states towards the thermal equilibrium state of
the system.

Longitudinal relaxation (also called spin-lattice relaxation or Tj relaxation) refers to the
build-up of macroscopic magnetization, when an external magnetic field is switched on abruptly
or alternatively it refers to the magnetization decay to zero when the magnetic field is switched
off again. Accordingly, in the NMR experiment, it describes the rebuilding of longitudinal
magnetization after a perturbation like a 90° pulse.

In the quantum-mechanical representation, the longitudinal relaxation is defined as the drift
of the populations in the density matrix back to their value of thermal equilibrium. In the easiest
case, the build-up or decay of magnetization or populations can be described by an exponential
function containing just a single characteristic time constant 7;. This relaxation time is short
for molecular segments showing fast motions with rates near the Larmor frequency. These
dynamics cause fast changes of the nuclear spin interactions and accordingly fast fluctuations
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of the transverse components of local effective fields and therefore allow for an effective energy
transfer between the spin system and the surroundings (also called “lattice”). Hence, strong
relaxation results. On the opposite, for molecular segments showing motional rates that are
considerably larger or smaller than the Larmor frequency, there is no efficient coupling of spins
and lattice and accordingly, the relaxation is slower and 77 higher. Because protons have a
higher magnetic moment than carbons, they generally also show shorter 77 relaxation times.

The T5 relaxation, which is also called transverse relaxation or spin-spin relaxation, describes
the non-reversible decay of transverse magnetization to zero, for example after a 90° pulse. In
the mathematically description, this is the decay of the coherences in the density matrix. The
relaxation is caused by spin-spin interactions. Again, it is influenced by slight fluctuations in
strength and orientation of local magnetic fields which in this case cause the precessing nuclei
to loose their phase coherence. Additionally, the limited life time of a certain spin state plays
a role. When all phases are distributed randomly, the transverse magnetization is zero. An
exchange of energy does not occur during this relaxation process, but the entropy of the spin
system increases. The process of transverse relaxation is described by the transverse relaxation
time T5 which is generally smaller than the T relaxation time.

Another relaxation process takes place during r.f. irradiation over a longer time in an NMR
experiment. It is characterized by the rotating frame relaxation time 77,,.

From the considerations above, it can be concluded that measurements of nuclear spin
relaxation times in an NMR experiment can be used to investigate molecular motions. In
principle, the measurement of T} times at different magnetic fields or for a number of different
temperatures, can yield valuable information on geometry and rates of motional processes and
allow for their separation. However, the precise mathematical description of relaxation phenomena
is difficult. Secular and motional approximations cannot be used, as non-secular parts of the
interaction Hamiltonian also play a role. In most cases the magnetization decay cannot be
described by a single exponential function thus rendering the determination of a relaxation time
more difficult.






4 Description of Molecular Dynamics in Lipid Bilayers

4.1 The Order Parameter

Molecular dynamics are generally characterized by their geometry and their motional rate. For
the theoretical description presented here, we will consider the motions of a vector which can
refer to certain molecular parts, for example the molecular long axis, a C-H bond, or a connection
vector of two atoms. Amplitude and direction of the motion of this vector can be characterized
using the order tensor, also called Saupe ordering matrix:

1
Sap = 3 (3cosVq cosVg — bap) (48)

The indices o and 3 denote the three dimensions z, y and z in space, 6,3 is the Kronecker symbol
and the angle between the vector and the respective axis is given by . The angle brackets
indicate the time average when the motion of a single vector is described. For a system of many
vectors, the average also can be taken over the results from all vectors at one point of time
yielding a matrix which describes the ordering of the system. In ergodic systems, the average
over all particles and the time average are identical. Experimental results usually arise from
simultaneous averaging over all particles in the sample and a certain time interval.

Of special interest for this work is the description of uniaxial motions which play a role, for
example, for lipid molecules in a bilayer in the liquid crystalline phase where they perform fast
reorientations of about their molecular long axis. A principle axis system (PAS) with one axis
(here we chose the z axis) parallel to the rotation axis can be defined, in which the order tensor
is given by the traceless diagonal matrix

1
-1 0

0

5=5

D[

0
0 0f. (49)
0 1
Two of its elements are identical. The position of the third element defines the direction of the
motional axis its value given by the order parameter S which is the only quantity necessary for
describing the geometry of this system or motion. With Equation 48, it becomes apparent that

the order parameter is given by
S = (Py(cosv)) (50)

with ¥ being the angle between the vector and the z axis. Equation 50 gives a general definition
of the order parameter, also for systems without uniaxial symmetry.

For a stiff system where only motions of small amplitude occur, an order parameter approach-
ing unity can be determined. Isotropic molecular dynamics are described by an order parameter
of zero, and an order parameter of S = —% is calculated for isotropic molecular motions in a
plane perpendicular to the z axis. A C-H bond of an hydrocarbon chain in all-trans conformation

performing fast motions about its chain axis is an example yielding such an order parameter [83].

The order parameter of specific molecular segments, for example in a lipid bilayer sample,
can be determined from various NMR experiments. Hereby the influence of molecular motions
on nuclear spin interactions is used, for example the orientation dependence (anisotropy) of the
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dipolar coupling (see Equation 46 in Section 3.4.2). Such experiments determining the dipolar
coupling constant are particularly well suited for the investigation of molecular motions with
rates exceeding the range of dipolar couplings that a vector can assume. In this case of fast limit,
all possible vector positions are explored during the time interval of wgl ~ 50 us (determined
for a system performing large amplitude motions) over which the time average is taken and
consequently, the result depends exclusively on the geometry of motion. For vector of a fixed
length (for example a C-H bond), the order parameter is given by the ratio of the experimentally
determined residual coupling constant (wp) = wp res and the rigid-lattice value wp

§ = “Dires, (51)
wp

Depending on the molecular system investigated, it reveals specific features of the motional
geometry. When the general form of movement is known, for example, when a vector performs
uniaxial reorientations or distinct jump motions, then the average angle between the vector and
rotational axis can be determined from the order parameter. When on the opposite, an angle of
reorientation can be reasoned with regard to the molecular structure, then conclusions on the
shape of motion can possibly be drawn. Various motion’s patterns and the corresponding order
parameters can be found in Reference [84]. However, without any knowledge about the geometry
of motion, the order parameter alone is difficult to analyze. Additionally, from most experiments,
only absolute values of order parameters are measured rendering the interpretation even more
complicated.

Further difficulties arise when a system exhibits a distribution of dipolar couplings or when
several distinct motional patterns are superimposed. Generally, the total order parameter of a
system showing superimposed motions that are independent of one another can be calculated
from the product of the order parameters of the separate motions. However, it can happen that
equal order parameters are determined for systems with completely different distributions and
conformations [83].

4.2 Correlation Function and Spectral Density

Besides, the geometry of molecular dynamics, also the time scales will be described. In membrane
systems, a variety of molecular motions occur over a broad time window from picoseconds to
hours or even days [8,9]. For the following theoretical considerations, we firstly introduce a
general functional value f(t), which is assumed to be a real number that can refer to any motion
dependent quantity. Using this observable, a stochastic motion can be described mathematically
by the auto-correlation function given by [77]

g(r) = (f(&) - f(E+7)). (52)

As for the order parameter, the average is taken over time and over all particles. For the two
limiting cases of zero and infinite time 7, we get g(0) = (f(t)?) and g(1 — o0) = (f(1))%. At two
time points ¢ and ¢ + 7 enclosing an interval 7 that is small compared to the time scale of the
motional fluctuations, the motion dependent quantity f shows two similar values, mostly with
the same sign yielding a positive product close to < f (t)2>. For a time interval 7 that is long in
comparison with the motional time scale, there is no consistent relationship between the two
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values f(t) and f(t+ 7). They can have the same sign or opposite ones and correspondingly yield
a positive or negative product with a random value. The ensemble average over all products
amounts to a value close to zero and the system is said to “have lost its memory”.

In the following, we will consider reorientation dynamics of the unit vector n referring to
a C—H bond with normalized length and the motion dependent quantity will be the dipolar
coupling constant influencing for example relaxation times of the system. In this case, the specific
auto-correlation function is given by the second Legendre polynomial calculated from the scalar
product of the vector 7 at two different time points 7 and 7 + ¢ which equals the angle between
the respective vectors [85]:

9(1) = (P(n(t)n(t + 7))) (53)

This correlation function is equivalent to g1(7) = (Pa(cos¥(t)) - Po(cos¥(t + 7))) with ¢ being
the angle between 1 and the external magnetic field, when the vector 1 performs uniaxial
reorientations.

For a C-H vector only performing isotropic dynamics, the correlation function is simply
represented by an exponential decay g(r) = ¢g(0)e”/™ which contains the correlation time 7,
that is a measure for the time scale of the motion and thus for the time interval needed to
randomize the vector orientation. Fast motions induce fast fluctuations of the dipolar coupling
consequently causing a fast decay of the auto-correlation function which is described by a small
correlation time 7.. Slow motions, on the contrary, result in a slow decay and a long correlation
time 7., accordingly. As molecular motion generally gets faster with rising temperature, also
the correlation time decreases. In case of restricted molecular motions, some correlation of the
bond orientations to their initial state remains even after infinite long time and consequently,
the correlation function does not decay to zero.

In Figure 8(a), a correlation function describing the dynamics of a C—H bond in a lipid bilayer
sample is shown. It can be represented by a two-step model as:

g(t) = (1 — SZ) gs(t) + SE gs(t) (54)

The correlation function g describes the fast rotational anisotropic diffusion of the molecular
segments. Often, its decay is more complicated than a simple exponential function, but it can
generally be modeled by a superposition of exponential functions with different correlation times.
Equation 54 contains a second term accounting for the fact that these fast motions are not
sufficient to completely randomize the bond orientations. Despite the great disorder in a bilayer
in the liquid crystalline phase, in average, a lipid molecule stays aligned parallel to the membrane
normal keeping a certain residual order characterized by the order parameter Scy. Additionally,
a second correlation function gy is introduced which describes slower isotropic motions, which,
for example, result from the diffusion of lipids on the vesicle surface. However, on short time
scales, gs can be considered as equal to one, that is the total correlation function decays on a
plateau value given by S%H.

Fourier transformation of the auto correlation function ¢(7) yields the spectral density J(w).

J(w) = 2/0OO g(7) exp(—iwT)dr (55)
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An example is shown in Figure 8(b). Fast fluctuations with short correlation times result in a
broad spectral density function and slow fluctuations with long correlation times are characterized
by a sharp spectral density function.

J(o)
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Figure 8: Schematic representation of (a) an autocorrelation function of a C—H bond in a lipid bilayer and
(b) the respective spectral density.

4.3 Molecular Motions in Lipid Bilayers

Lipid membranes exhibit a broad variety of molecular dynamics that occur on a wide range of
timescales. Most of these motions can be detected using NMR spectroscopy hereby covering a
time range from picoseconds to seconds [77].

Molecular motions with correlation times smaller than microseconds, we define as fast
dynamics which firstly include the fast oscillations or librations of the nuclei about their average
position occuring on a time scale of picoseconds or shorter [77]. Also segmental motions like
gauche/trans isomerizations of the lipid alkyl chains exhibit short correlation times in a range
of 7. &~ 0.1ns [9]. Furthermore, some motions of the entire molecule belong to the group of
fast dynamics although they are slightly slower than segmental dynamics. This includes for
example, the diffusional reorientation of the lipids about their molecular long axis and local
lateral movements of the molecules which occur on a timescale of nanoseconds. The wobbling or
tumbling motion of the lipid long axis, also described as a fluctuation in a cone, is slower by
about one order of magnitude [9,69].

Because correlation times of fast rotational diffusive motions are below the spectral time-scale,
they cause an averaging of nuclear spin interactions therefore influencing the results of NMR
experiments, for example by narrowing the spectral lines. This can be used to determine motional
geometries in a lipid bilayer in the liquid crystalline phase. Fast dynamics with correlation times
much smaller than the inverse dipolar coupling constant of a few kHz (for '3C-'H) cause an
averaging of the dipole—dipole couplings, from which the order parameter can be determined
(see Section 4.1). Furthermore, as already explained in Section 3.5, motions occurring on the
Larmor time scale (|wgTo| ~ 1), like atomic vibrations and fast local rotations of molecular groups,
influence the 77 relaxation time from which information about motional geometry as well as
correlation times can be obtained with some effort [8,86,87]. Accordingly, the T} relaxation time
can also be used to investigate the influence of guest molecules on a lipid bilayer. For example in
presence of cholesterol, T1(*H) of the lipid glycerol backbone is reduced due to a slow down of
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the fast molecular dynamics [88,89].

Molecular dynamics with correlation times in the range of microseconds to milliseconds
are here referred to as intermediate motions. For example, reorientational motions of lipid
molecules due to bilayer undulations occur on an intermediate time scale [62]. They arise
from elastic properties of the bilayer, which in turn can be studied using microscopic methods.
Because intermediate motions occur on the spectral time-scale, they cause spectral line shape
perturbations [77] which in turn can be utilized to study the motional process. For example, the
reorientations of lipid molecules can be investigated by the help of the transverse relaxation time
Ty of 3P [90,91] or 2H [92]. Hereby, motion-induced changes of the CSA or the quadrupolar
coupling are used, respectively. Additionally, molecular motions on a time scale of microseconds
influence the rotating frame relaxation time 77, [62].

Slow motions exhibit correlation times longer than milliseconds. These include collective
motions like slow membrane undulations [8,69]. Also reorientation motions of lipid molecules
due to their lateral diffusion on the vesicle surface belong to this group. For a bilayer in the
fluid phase, a diffusion coefficient of D ~ 10~ m?/s can be measured by pulsed-field-gradient
NMR [41,93].

Ultraslow motions comprise the tumbling of the whole vesicle and flip-flop motions of the
lipids between the two leaflets of the bilayer, which are also referred to as transversal lipid
diffusion. Because this requires the energy-intensive movement of the hydrophilic lipid head
group through the hydrophobic bilayer core, flip-flop motions only rarely occur in pure lipid
bilayers [7]. The respective correlation times range from many milliseconds up to hours or even
days depending on the type of lipid and on the temperature [9,94]. In biological membranes
however, the flip-flop process is mediated by enzymes and therefore occurs more frequently and
in regulated manner [59]. Also for the lipid bilayer/guest molecule systems investigated here, the
lipid flip-flop motions can be crucial, possibly allowing for the transport of a guest molecule from
one side of the membrane to the other.

Although slow motional processes do not influence the spectral line form or relaxation
processes, they can be detected by specific NMR experiments. For example, flip-flop motions
were studied by exchange NMR techniques [41,94].






5 NMR Methods for the Investigation of Membrane Systems

Solid-state NMR techniques are well suited for the investigation of membrane systems allowing for
the determination of molecular structure and dynamics with atomic resolution [95]. For example,
conformations, averaged distances between molecular segments or the main characteristics of
motional processes, that is amplitude, geometry and correlation times, can be obtained.

In the following section, some basic concepts of solid-state NMR, and the specific methods
used in this work are introduced, and to illustrate their application, some results for pure lipid
bilayer samples are presented. The related experiments were set up and conducted specifically for
demonstration purposes, and the larger part of this section has been published as a methodological
review article [96]. The NMR techniques presented are also highly applicable for the study of
model membrane/guest molecule systems, for example allowing for the detection of possibly
changed lipid dynamics or for investigating position and mobility of the guest molecules in the
membrane.

5.1 Standard Methods of Solid-State NMR

In solid-state NMR we have to deal with broad spectral lines caused by strong anisotropic
interactions such as the dipolar coupling or the chemical shielding. However, several methods
were developed to obtain good spectral resolution for solid or liquid crystalline powder sample,
like lipid MLVs in water [78,95].

5.1.1 Magic Angle Spinning (MAS)

Magic angle spinning (MAS) is probably the most relevant possibility to enhance spectral
resolution in solid-state NMR. It affects anisotropic spin interactions in a similar way as the
isotropic tumbling of molecules in solution [78]. To explain this effect, we firstly note that the
secular Hamiltonians of the chemical shift and the heteronuclear dipolar coupling both show
an orientation dependence of the form P»(cosd) with ¥ being the angle between the magnetic
field By and the orientation of the spin interaction tensor (see Equations 35 and 41 in Section
3.4). In case of lipid MLV samples, the fast reorientation motion of the lipid molecules leads
to averaged spin interaction tensors exhibiting a symmetry axis along the lipid long-axis and
consequently, 9 is the angle between the membrane normal and magnetic field.

For the MAS experiment, the sample is contained in a cylindrical NMR rotor which rapidly
rotates about an axis inclined by the magic angle of 5, = 54.74° with respect to the static
magnetic field. This causes the molecular orientation to change periodically over time. When
the rotation is fast enough, the orientation dependence of the spin interactions can be described

by its time average written as
(Py(cos 1)) = Pa(cos @) Pa(cos ). (56)

Here, 6 is the angle between the principal axis of the shielding tensor, which is the bilayer normal
in case of lipid samples, and the spinning axis of the rotor. In a powder sample it can assume all
values between 0° and 180°. The angle f is in-between the spinning axis of the rotor and the
magnetic field (see Figure 9(a)). Choosing 8 = (i, the second Legendre Polynomial of the cosine
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of this angle vanishes (P(cos fm) = 0) and so does the whole orientation dependent term of the
anisotropic interaction (Ps(cost)) = 0. However, the averaging only works optimally, when the
spinning frequency is about three times or more greater than the anisotropic interaction. In this
case the powder pattern is reduced to a single line at the isotropic value and consequently the
chemical-shift resolution is regained, comparable to what is common in solution-state NMR. In
case of a spinning speed less than or comparable with the size of the anisotropic interaction,
a sideband spectrum is observed with a central resonance at the isotropic chemical shift and
sidebands spaced with a distance equal to the rotor frequency. Although, spinning frequencies
of more than 100 kHz can be reached currently [97], sample preparation for such fast-spinning
rotors is difficult and increased pressure due to large centrifugal forces can cause undesirable
structural changes [20]. Therefore, moderate spinning frequencies of about 5 to 10 kHz are used
for the investigation of lipid samples. Examples for 'H spectra of DPPC acquired under static
conditions and under MAS can be seen in Figure 9(b).
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Figure 9: (a) Principle of the MAS experiment. Anisotropic spin interactions are averaged because of
rapid rotation of the sample about an axis inclined by the magic angle to the magnetic field. (b) 'H
spectra of DPPC acquired at 50 °C under static conditions and under MAS with a spinning rate of 5 kHz .

5.1.2 Heteronuclear Dipolar Decoupling

In solid-state NMR, the resonances of often dilute, low-v nuclei such as '3C or 3'P are usually
broadened due to strong heteronuclear dipolar interactions with the surrounding abundant 'H
nuclei. MAS at moderate spinning speeds cannot average these interactions completely, To
achieve nevertheless well-resolved '3C spectra, high-power heteronuclear decoupling [77,78] is
applied during signal acquisition, that is an r.f. field with an amplitude w; and a frequency close
to the proton resonance frequency is continuously irradiated on the 'H channel (continuous-wave
(CW) decoupling). This causes repeated transitions of the 'H spins between the two states
|a) and |B), which in turn averages the 'H-'3C coupling to zero when the transition rate wy is
fast in comparison to the coupling constant wp res. Consequently, effects of the heteronuclear
dipolar interaction and the J-coupling are absent, yielding a '>C spectrum with sharp, not split
lines which is easier to interprete due to less peak overlap and crowding. Although, the CW
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decoupling technique is quite effective, it needs a relatively high r.f. power, possible causing
sample heating, which is especially relevant for lipid samples containing high amounts of water.
Therefore, different phase-modulated decoupling sequences are applied allowing for more effective
decoupling with less power. A widely used decoupling scheme is the Two Pulse Phase Modulation
(TPPM) sequence [98]. It consists of a continuous repetition of two pulses slightly shorter than
180° (for example 165° [99]) with different phases (-10°and -10°). Another standard decoupling
scheme is the Small Phase INcremental Alternation with 64 steps (SPINAL-64) [99]. It contains
the basic two-pulse step of the TPPM sequence but with an additional stepwise variation of the
phase angle improving the broadband decoupling performance of the sequence for liquid crystals
and solids. Both, the TPPM and the SPINAL-64 sequence, are widely used in NMR, experiments
on lipid bilayer samples [100]. Due to the relatively high molecular mobility, a decoupling power
of 50 kHz is usually sufficient for lipid bilayers in the liquid-crystalline phase.

5.1.3 Homonuclear Dipolar Decoupling

Like the heteronuclear dipolar coupling, also the homonuclear dipolar interaction between
abundant nuclei like 'H is too strong to be averaged by MAS alone. Therefore, different
techniques for the suppression of homonuclear dipolar interactions were developed. We apply
them here in some instances in combination with other methods for the determination of
heteronuclear dipolar couplings.

As one possibility for homonuclear decoupling in the indirectly-detected dimension, a number
of multipulse sequences, like WAHUHA, MREV-8, BLEW-12 and BR-24, can be used [101].
Another approach is given by the Lee-Goldburg (LG) scheme [102] and its variants [101,103].
These sequences involve the continuous irradiation of 360° pulses which are applied off-resonant
by 4w /v/2 causing an effective magnetic field in the rotating frame that is tilted away from the
By field by the magic angle. Averaging of the dipolar interaction is reached when a nutation
frequency w; is chosen that exceeds the dipolar coupling wpres. In the Frequency-Switched
Lee-Goldburg (FSLG) sequence, the offset frequency is switched rapidly between the positive
and the negative LG condition and at the same time the pulse phase is shifted by 7 [101]. This
sequence has a high tolerance to pulse errors and also works well at low pulse power. Like the
pure LG scheme, also the FSLG sequence exhibits a scaling factor of x = 1/v/3 = 0.577 which
defines by how much the chemical-shift and heteronuclear dipolar interactions are reduced during
the pulse sequence.

5.2 'H MAS Spectra

Valuable information about molecular composition and dynamics in lipid samples can directly be
gained from simple 'H MAS spectra. For example the gel-to-liquid crystalline phase transition of
lipid bilayers is reflected in changes of peak intensities near the respective temperature. As can
be seen in Figure 9(b) in Section 5.1, the 'H spectrum of a DPPC MLV sample acquired under
static conditions only shows broad and overlapping peaks. However, 'H MAS spectra of fluid
lipid bilayer systems above the phase transition temperature are well resolved even at moderate
spinning frequencies of 5-10 kHz [25,104, 105]. Besides the center peaks, also spinning sidebands
can be seen, their peak intensities depending on the strength of residual homonuclear dipolar
interactions.
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Figure 10: (a) 'H spectra of DPPC at different temperatures recorded with a spinning frequency of 5kHz;
and (b) temperature dependence of the acyl chain peak intensity, normalized such that it reaches unity at
high temperatures. From variations of the baseline for some points, we determined an uncertainty of 10 %.

'H spectra of DPPC at 5kHz MAS acquired at different temperatures are shown in Fig-
ure 10(a). The peak assignment is well-known from literature [25,106]. The signals in the range
of 3 to 6 ppm originate from the lipid glycerol backbone and the choline group and peaks of
the lipid acyl chain appear between 0 and 3ppm. The signal of carbon 2 shows two maxima
reflecting the different conformations of the two lipid chains in the upper region. Despite the use
of D50, a water signal, mainly originating from HDO, appears in the spectrum. As the position
of the water signal shows a significant temperature dependence, it was used for verification of
the temperature calibration [82,100].

Spectra recorded at temperatures below the phase transition of DPPC only show low resolution
(T =30 °C in Figure 10a). This can be explained by the well-defined packing and comparably low
mobility of the lipid acyl chains inducing strong inter- and intra-molecular 'H-'H dipole-dipole
couplings, which cause line broadening down to baseline level [25,104,105]. Consequently, the
aliphatic and glycerol resonances are not visible, at least when a moderate spinning frequency is
used. Only some peaks of the lipid headgroup can be seen due to the increased mobility of these
molecular segments even in the gel phase.

When the sample is heated to temperatures near the phase transition temperature, the lipid
signals increase over a range of about 5°C before reaching a maximal value which they keep
subsequently at all higher temperatures. Such a transition temperature range instead of the
expected sharp transition is caused by a temperature gradient over the sample in the rotor and
by sample inhomogeneity. We assign the phase transition temperature to the inflection point of
the sigmoidal trend.

At high temperatures, the bilayer is in the liquid crystalline phase which is characterized by
high molecular mobility. 'H-'H dipolar interactions still exist, but due to dynamic averaging,
they are sufficiently weak and rendered inhomogeneous, leading to well-resolved peaks with high
intensities in the 'H spectrum (7 = 55 °C in Figure 10(a)). In this phase, the signal intensities
are proportional to the number of protons at the peak-specific chemical site. Consequently, the
peak integrals can be considered as an estimate of the number of mobile lipid molecules and
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therefore allow for the observation of the main phase transition.

To determine meaningful peak intensities, quantitative 'H spectra need to be acquired which
is achieved by using weight-controlled samples, a recycle delay (d; = 8s) much larger than the
T} relaxation time, and Curie correction for the temperature dependence of the intensity (see
Equation 22 in Section 3.2). Especially for temperatures below or near the phase transition,
baseline correction is necessary to eliminate contributions from underlying broad signals of
immobile protons. For this, a linear or a parabolic function can be used depending on the spectral
region. Subsequently, the signal intensities are determined by integration over the respective
centerband peak as well as over the spinning sidebands. Especially for signals from the glycerol
group and the upper chain region, the spinning sidebands contain significant intensity because
these segments have the lowest molecular mobility and therefore the highest residual dipole-dipole
coupling. Contrary, the sideband intensity of signals from the choline head group and the tail
ends is negligibly small due to high molecular dynamics [107]. In Figure 10(b), results are shown
for the temperature dependence of the normalized signal intensity from the alkyl chains and
from the glycerol backbone. As expected, the phase transition of DPPC occurs at a temperature
of about 42°C (see Table 1). The slight intensity decrease with rising temperature above the
phase transition can possibly be explained by shimming issues.

5.3 13C MAS Spectra

While a 'H spectrum has a chemical shift dispersion of only about 10 ppm, a 3C spectrum spans
beyond 200 ppm allowing for a better 3C spectral resolution. This difference can be explained
by the higher mass of the carbon atom as compared to the proton [77]. Similar to the case of
'H, information about molecular composition, dynamics and packing can be gained from peak
intensities and positions in the C spectrum.

5.3.1 Direct Polarization

In the most simple experiment, referred to as Direct Polarization (DP), a '3C spectrum is recorded
after applying a single 90° hard pulse. Additionally, MAS at 5kHz and heteronuclear decoupling
are applied to remove effects from CSA and heteronuclear 'H-13C couplings. Homonuclear
dipolar interactions are not relevant for a dilute spin such as '>C. Under these conditions, well-
resolved spectra can be gained for lipid bilayer systems especially in the liquid-crystalline phase.
Furthermore, for DP spectra recorded with a recycle delay long enough to allow for complete
T1 relaxation, the area under each resonance line is proportional to the number of nuclei at the
respective chemical site. The width of the resonance lines depends on magnetic field homogeneity,
the MAS rate, the efficiency of the 'H decoupling and the '3C transverse relaxation time.
Figure 11(b) shows DP spectra of DPPC for a temperature below and a temperature above
the main phase transition. The peak assignment was done according to literature [25,106]. Due
to the high mobility of the choline lipid headgroup in the liquid crystalline phase as well as in the
gel phase, the signals from the «, 8 and v carbon are unchanged by temperature and correspond
to the resonance of an average conformation. In contrast, segmental dynamics of the glycerol
backbone and the acyl chains are considerably more restricted in the gel phase than in the liquid
crystalline phase resulting in broader peaks of these molecular groups at temperatures below the
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phase transition temperature. For example the peak of carbon 1 of the COO group is very broad
at 30°C and clearly resolved with high intensity at 50 °C.

Furthermore, the positions of the peaks from the acyl chain region differ between the two
spectra. The largest signal from the center-chain CHy groups is shifted downfield by about 3 ppm
in the gel phase vs. the liquid-crystalline phase. This can be explained the y-gauche effect [108]
which characterizes the influence of chain conformation on the chemical shift. In this case, the
hydrocarbon chains of a lipid show an increased population of all-trans conformation in the gel
phase. In the liquid crystalline-phase however, they are disordered and change rapidly between
trans and gauche conformation.

As in the case of 'H, some alkyl resonances are split in two because the signals for the two
individual acyl chains are partially separated. This is the case for the upper chain region, for
example carbon 1 and 3, where the two lipid tails differ in conformation [82].
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Figure 11: (a) Pulse sequences for the excitation of transverse '*C magnetization; (b) 1*C MAS spectra of
DPPC. Results for the temperatures 30 °C and 60 °C and for the excitation schemes DP, CP and INEPT
are compared. Note that the spectrum at 30 °C is measured with a considerably higher number of scans
to compensate for the broader lines. For the CP spectrum a contact pulse of 5 ms was used.

5.3.2 Methods for Signal Enhancement

Although a '3C spectrum shows a broad chemical shift dispersion, the lower spin density and
gyromagnetic ratio of 13C as compared to 'H also results in a reduced sensitivity. As a consequence,
more scans need to be accumulated, rendering the acquisition of a C spectrum more time
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consuming. To improve this, several signal enhancement methods were developed. which are
based on magnetization transfer from 'H to '3C, thus exploiting the higher signal intensities and
the shorter recycle delay of 'H. They enable the recording of a spectrum with higher sensitivity
but also render the peak intensities non-quantitative.

Cross-polarization (CP) transfer is one of these techniques used by default in solid-state
NMR. This method is most effective for rigid samples or regions in samples where the dipolar
coupling is not averaged by molecular dynamics, because the polarization transfer is mediated
by through-space dipolar interactions. The pulse sequence is shown in Figure 34 (a) in the
middle. It starts with a 7/2 pulse on the proton channel which creates transverse magnetization.
Subsequently, a contact pulse is applied, that is, two r.f. fields on-resonant with the Larmor
frequencies are irradiated simultaneously on the 'H and C channel over a few milliseconds.
The 'H r.f. field is aligned to the direction of the transverse 'H magnetization sustaining it at
least to a certain degree.

During the contact pulse, polarization transfer occurs. We will refrain here from an exact
explanation of this process using average Hamiltonian theory and instead give a brief illustration
by firstly introducing a doubly rotating frame [78], given by the magnetic fields exerted on the
spins during the contact pulse. Specifically, the By ('H) field acts as quantization axis for protons
in the rotating frame and the B;(!3C) field for the carbons. The energy gaps of the two rotating
frame spin states are equal for the two nuclei when the amplitudes of the contact pulses are
chosen to fulfill the Hartmann-Hahn condition

B ("H)| = [7eBi(C) £ nw| (57)

with n = 1,2,3... and w, being the MAS rotation frequency. In this case, energy can be
redistributed between 'H und '3C spins, mediated by the heteronuclear dipolar coupling. However,
because the spin quantization axes are perpendicular to the By field, the net energy and the
net spin polarization of the system need to be conserved. This means that every change of
polarization of one spin (*H) needs to be compensated for by the transition of a second spin
polarization (*3C) in the opposite direction. Energy and polarization flow from 'H to '3C spins
finally occurs because the initial magnitude of the transverse 'H magnetization, given by the
equilibrium z-magnetization in the By field, is too large to be sustained by the spin lock field and
on the contrary, the initial transverse *C magnetization is zero The transfer process proceeds
over a longer time period because homonuclear dipolar couplings allow for continuous further
transport of spin polarization between the protons.

Generally, a longer contact pulse gives more time for the magnetization transfer which results
in better signal in the spectrum acquired directly afterwards. However, due to 77, relaxation of
the spin-locked magnetization, the CP transfer also becomes less efficient for longer times and
the peak intensities decay again. Thus, a suitable medium contact time needs to be chosen.

For rigid samples exhibiting strong heteronuclear dipolar couplings (d ~ 15 — 22kHz), a short
contact time 7cp is sufficient due to the fast CP transfer rate. For samples with weaker dipolar
interactions, for example sample systems showing a high molecular mobility, longer contact pulses
need to be used and the sequence is generally less efficient. The optimal recycle delay is 577 (*H).

When using the CP sequence in combination with MAS, it is advantageous to apply variable
amplitude contact pulses to increase the transfer efficiency and reduce the sensitivity to small



42 5 NMR METHODS FOR THE INVESTIGATION OF MEMBRANE SYSTEMS

missettings of the Hartmann—Hahn match. Here, we used the ramped-amplitude (RAMP) CP
method in which the proton or carbon spin-lock field in the rotating frame is gradually increased.
This sequence reduces the signal sensitivity on pulse amplitude and Bj field inhomogeneities
and it ensures that also in complex systems the Hartmann—Hahn condition can be satisfied for
all spins [109,110]. It has proven to be useful for the investigation of lipid samples before [62].
However, a potential disadvantage of the CP method in general, are the long r.f. irradiation
times, possibly causing sample heating which is especially relevant for the aqueous lipid samples.

For magnetization transfer in solution-state NMR, the refocused Insensitive Nuclei ENhanced
by Polarization Transfer (INEPT) method is applied frequently. This technique uses the through-
bond J-coupling between nuclei to induce magnetization transfer and is therefore most effective
for 13C atoms of mobile molecules in solution, which show sharp lines in the NMR spectrum
with homogeneous widths smaller than the J-coupling constant [111]. Independently of the bond
orientation, the magnetization is transferred from a proton defined by the spin operator Itoa
directly bonded carbon that has the spin operator S,

Here, we use the refocused INEPT method, which was developed by Burum and Ernst [112].
It includes the INEPT transfer introduced by Morris and Freeman [113] and simultaneously
allows for heteronuclear decoupling during acquisition [77]. The pulse sequence is shown in Figure
11(a) on the right. By the first 90° pulse, transverse 'H magnetization is created. During the time
intervals 27, and 279, 'H and '3C magnetization precess under the influence of the heteronuclear
J-coupling allowing for the magnetization transfer to occur. To refocus off-resonance effects,
there is a 180° pulse in the center of each time period. Using the product operator formalism,
the dominant term of the spin density matrix can be calculated to develop from p; I, after
the first pulse, over pa o 21,5, after the first time interval 271 to ps o S*y at the beginning of
signal acquisition. The signal enhancement of this sequence is given by [114]

F(Tl, TQ) = ]\vafH sin (27TJCHT1) - sin (QFJCHTQ) . COS(NHfl) (27TJCH7'2) (58)
c
with Ny being the number of directly bonded protons. By choosing 7 = % and m = %

or 75 = %20 we obtain maximal signal intensity for the resonance of a CHy or a CHs group
JCH 7 )

respectively. However, these criteria are not strict under experimental conditions due to additional
influence from distributions of J-couplings and relaxation effects. Additionally, for an efficient
application of the INEPT sequence under MAS, the evolution delays need to be rotor-synchronized,
that is 71 and 7 need to be chosen as integer multiples of the rotor period [111,115]. Assuming
a coupling constant of Jopg ~ 140 Hz, we used time delays of 71 = 1.94ms and 7 = 0.97ms at a
spinning frequency of 5.15kHz [82].

As the lipid bilayer itself represents a system in-between solid and liquid, both signal
enhancement methods might be applicable. Furthermore, besides the purpose of intensity
enhancement, also information on molecular mobility can be gained from the CP and INEPT
signal intensities due to their influence on the sequence efficiency. Nowacka et al. [116] found out
that under typical experimental conditions, there is nearly no INEPT signal and maximal CP
signal for molecules performing slow and/or anisotropic motions with 7. > 10 us and/or S > 0.5.
In contrast, for molecules showing fast isotropic motions with 7. < 0.01 us and .S < 0.05, the CP
signal is very small and the INEPT signal is maximal and when intermediate molecular motions
with a 7, in the order of microseconds are present, only a small polarization transfer can be



5.4 DETERMINATION OF Ty RELAXATION TIMES 43

reached with both methods [116].

With these in mind, the molecular mobility of a lipid bilayer and also the association of a
guest molecule with the membrane can be investigated by simply comparing peak intensities in
the CP and INEPT spectra. As an example, Figure 11(b) shows a DP, a CP and a refocused
INEPT spectrum of DPPC at 60°C in comparison. Because the lipid molecules perform fast
motions with 7. < 0.01 us and 0 < S < 0.3 in the fluid state, the refocused INEPT sequence
generally enhances the 13C signal more efficiently than the CP method [117]. In this regime,
the ratio between CP and INEPT intensity can be used as a measure of the order parameter
S [116]. For example, the methyl groups at the chain ends and the y carbons in the head group
are very mobile having small order parameters. Accordingly, the INEPT spectrum shows a
much higher signal for these peaks than the CP spectrum. On the contrary, the CP spectrum
shows a resonance of higher intensity for the large peak of the acyl chain middle region which is
motionally restricted.

Comparison of signal intensities from the two different enhancement methods can also be
used to examine model membrane/guest molecule systems. For example, a guest molecule that
is incorporated into a bilayer is motionally constrained and will therefore give rise to larger CP
and smaller INEPT signals than a molecule that moves isotropically in the surrounding water.

5.4 Determination of 77 Relaxation Times

For the determination of the longitudinal relaxation time 77, we used the SATuration RECovery
(SATREC) pulse sequence and a “Torchia-like” experiment. All experiments were applied under
MAS to achieve chemical resolution.

The SATREC sequence starts with a 90° pulse (or a train of 90° pulses) by which longitudinal
magnetization is removed. The magnetization that is partly recovered during the following
time period 7, is then flipped back in the transversal plane by help of another 90° pulse. The
detection of 13C signal is conducted under simultaneous heteronuclear dipolar decoupling. Fourier
transformation yields a spectrum with chemical resolution. After repeating the experiment for
a number of waiting times 7 and determining the peak intensity I(7) of the chemical site of
interest from each spectrum, the relaxation time can be determined from

1(7) = I (1 - e_TLl) . (59)

The Torchia sequence was introduced in 1978 by D. A. Torchia for the determination of
T1(*3C) relaxation times. Here, we used a modified version of this sequence (see Figure 12(a)) [87],
replacing the initial CP unit by an INEPT sequence (see Section 5.3.2) to create transverse
13C magnetization. The subsequent 90° pulse on the '3C channel flips this magnetization
alternately in positive and negative z-direction. Because of the INEPT unit in the beginning, the
resulting longitudinal magnetization is enhanced compared to the equilibrium value. During the
following waiting time 7, the magnetization relaxes back approaching its equilibrium value I for
T — 00. Another 90° pulse on the '*C channel flips the magnetization back to the transversal
plane and subsequently the signal is detected under proton decoupling. Using an alternating
receiver phase, the difference signal of the positive and the negative magnetization is recorded.
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Figure 12: (a) “Torchia-like” pulse sequence and (b) intensity decay curves determined from this experiment
at a carbon Larmor frequency of wy = 100.59 MHz for three resonances of DMPC at 47 °C. The symbols
represent the measured data and the lines correspond to the exponential fit functions. The resulting
R; relaxation rates are shown in (c) as black symbols. The grey symbols represent literature values for
sonicated DMPC vesicles at 50 °C measured at a carbon Larmor frequency of wy = 90.80 MHz [8]

The relaxation time T3 of a specific chemical site can be determined from the respective peak
integrals determined for a number of different waiting times 7:

I(7) = 2Iixgpre T (60)

The SATREC sequence was applied to determine relaxation times T3 (*H) and for 7} (*3C)
relaxation times, both sequences were used yielding similar results. Compared to the SATREC
sequence, the “Torchia-like” experiment has the advantage that in the long-time limit the signal
intenisities tend to zero, rendering the fit more stable.

In Figure 12, intensity decay curves and results for R; relaxation rates determined for DMPC
at 47°C using the “Torchia-like” experiment are shown. For all peaks, we obtain a single
exponential signal decay as assumed in Equation 60, although in some cases segments with
potentially different relaxation times contribute to one signal. Similar results were found in
literature for example for protons [88,107]. However, this does not mean that all contributing
nuclei exhibit the same relaxation time. Instead, also the superposition of a number of functions
decaying with different time constants, can result in an exponential-like function [88].

The R, profile of the lipid molecule represents the segmental mobility confirming the motional
gradient extending from the glycerol backbone in both directions. As can be seen in Figure 12(c),
our measured data resembles the literature values very well and also literature results for R;
of 'H and ?H show similar characteristic profiles [23,62]. Due to the increasing mobility of the
lipid tails towards the middle of the membrane, the relaxation rates decrease in this direction.
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The glycerol moeity exhibits the largest R; values because in this molecular region less motions
are present that induce 7] relaxation and the relaxation rates of the choline group are slightly
smaller again.

From literature results, it can be concluded that molecular motions with rates higher than
the Larmor frequency contribute to the longitudinal relaxation because relaxation rates decrease
with rising temperature [8,62]. Furthermore, in literature, the lipid dynamics were studied more
in detail by measuring 7} relaxation times of 2H or '3C for different magnetic field strengths and
describing the results assuming certain motional models. It was concluded that although fast
motions (like gauche-trans isomerisations) contribute as the major part, also slower collective
whole molecule motions influence T} [8,86,118].

Besides being used for the investigation of molecular motions in pure lipid bilayers, the
measurement of 77 relaxation times can also be used to study the influence of a guest molecule
on lipid dynamics [75].

Assuming that the longitudinal relaxation of '3C magnetization of CH, CHy and CHjs groups
in lipid samples is mainly caused by fluctuating dipolar interaction of the carbon with the directly
bonded protons [119], a relation between the R; relaxation rates and the rotational correlation
times 7; of the molecular segments can be established applying appropriate quantum theoretical
treatments [77]. The NMR relaxation rate can be expressed by help of the spectral density
J(w) [120]:

— d%HNH
20

The dipolar coupling constant dcp is given in Equation 39 in Section 3.4.2, the carbon and proton

Ry [J(wg — we) + 3J(we) + 6J (we + wi)] (61)

Larmor frequencies are denoted as wg and wy and Ny is the number of bound protons. A general
expression for the correlation function describing rotational dynamics of a C-H bond vector in a
lipid molecule is already given in Equation 54 in Section 4.2. We assume a multi-exponential
function for describing the fast decay [87] and the slow decay we omit. From the resulting
correlation function

g(t) = (1= SEn) Y ae™"/™ (62)
we calculate a spectral density of
N ~
—9(1 — §2 —
) =20 - 88 (63)

which can be inserted in Equation 61. From this, we see that the relaxation rate depends on
amplitudes and rates of the motion, described by order parameter and correlation time.

5.5 The NOESY Experiment

A powerful method to determine the atomistic resolution structure of lipid bilayer systems is the
two-dimensional Nuclear Overhauser Enhancement (2D NOESY) experiment. Most commonly,
the NOESY experiment is used in solution-state NMR to determine fixed intramolecular distances
in organic chemical structures [77]. However, conducted in combination with MAS, the NOESY
experiment can also be applied to investigate more rigid sample systems like liposome dispersions.
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In this case, the interest lies in the temporary spatial proximity of nuclei of different molecules.

The first NOESY MAS spectra of DMPC were recorded about 30 years ago [104], followed
by a number of further investigations on pure lipid samples [107,121]. Furthermore, the NOESY
experiment was used to detect the most favorable location and orientation of various guest
molecules in fluid lipid bilayers [69]. Various small molecules in lipid bilayers were found to
show a high mobility and with this a broad spatial distribution [69]. For example, the location
distribution of different aromatic compounds such as flavonoids [122], indole [123], multidrug
transporter substrates [124] or a cannabinoid ligand [125], was determined. The penetration
capability of water [69,121] and the interaction of the membrane with ethanol [70,71] was
investigated. Also, peptides in interaction with model membranes were studied by the NOESY
experiment and precise structural information were obtained [126].

Due to the good resolution of 'H MAS NMR spectra and the long spin-lattice relaxation
times, the 'H-'H NOESY experiment is generally well-suited for the investigation of lipid
samples [107,127]. For an even better separation of spectral lines, we used a relatively high
spinning rate of about 10 kHz. Additionally, the spectral width was chosen to be a multiple of
the spinning frequency to avoid problems with spinning side bands.

Typically, a simple three-pulse sequence in the phase-sensitive mode is used (see Figure
13) [77,128]. To explain its mode of operation, we consider a homonuclear ensemble of spins that
are not directly bonded but can approach each other on a small distance. In thermal equilibrium,
the initial state can be characterized by pg ~ > I,.. The index n counts the distinguishable
spins of one system. The first 90° pulse creates transverse magnetization, which evolves under
the influence of the isotropic chemical shift during the waiting time ¢;. In this way, each spin is
labeled with its characteristic resonance frequency €2,9. The phase of the second 90° pulse is
chosen in a way, that after the pulse the magnetization is aligned along the z-direction again.
Omitting the T5 decay for simplicity, the spin density operator of the system is now given by
P>, I, cos(Qnot1). Mediated by the dipolar interaction of neighboring spins, magnetization
exchange can take place during the following mixing time 7. This process can be described

using the Solomon equations [77]:
d

dTInix

I.=RI, (64)

Here, the cross-relaxation matrix or exchange matrix is denoted by R. It will be discussed in
more detail later. The z components of the spin operators of the different spins are written in

one vector: R
<Ii.>
I.=|<l»x> (65)
The solution of Equation 64 is given by
I.(Tiix) = exp{(—RTmix) }-(0). (66)

With the last 90° pulse, detectable transverse magnetization is produced and subsequently, the
spin system once again evolves under the influence of the chemical shift during the acquisition
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time to. The final magnetization can then be written as

M (t1, T t2) = — > 79" [exp(Rinix) ], Re [¢7m01 | M. (67)

By repeating the experiment for a number of equally spaced ¢; times, a data matrix s(t1,t2) is
obtain and from this a two-dimensional spectrum S(€21,2) can be calculated by double Fourier
transformation. When the States-TPPI (Time-Proportional Phase Incrementation) procedure
is used for data acquisition and analyzation, the resulting spectrum is characterized by pure
absorption lineshapes [77]. It contains in the first dimension the resonance frequencies of the
protons before and in the second dimension the frequencies after the mixing time, i.e. after a
possible polarization transfer. A cross peak will appear when polarization transfer occurred
between two protons with respective chemical shifts. Valuable information about the spatial
proximity of different nuclei can be gained from the cross peaks in the spectrum. Generally,
a NOESY spectrum acquired with a short mixing interval mn; in the sequence, only contains
diagonal peaks. With rising myix, cross peaks appear and get more intense while the diagonal
peaks get weaker. In spectra acquired with long mixing times the peak intensities decrease again
due to spin-lattice relaxation [77,121].

In Figure 13(c), a 2D NOESY spectrum recorded for POPC with a mixing time of 7yix =
300ms at a temperature of 25°C is shown. Cross peaks for nearly all lipid resonances are visible,
also for signals of protons that are far apart from each other within one lipid molecule, like protons
of the head group and the tail ends. According to literature [127], these peaks are created by
direct contacts (distance smaller than 5 A) of neighboring molecules which emphasizes the great
molecular disorder in lipid bilayers in the fluid phase [107]. From NOESY experiments on samples
of DMPC and partially deuterated DMPC in a number of different mixing ratios, Huster et
al. [107] concluded, that most cross peaks come from intermolecular interactions. Intramolecular
magnetization exchange, in contrast, only occurs between neighboring protons [129] or between
the two tails of one lipid [107].

For a quantitative description of the NOESY spectrum, the peak intensities given by their
peak volumes need to be determined. The intensities of all peaks determined for one spectrum
are collected in a matrix A referred to as peak volume matrix. Details about the determination
of A are given in the Supplementary Section C.1.

From Equation 67, it can be concluded that the volume matrix A shows the following
dependence on the mixing time 7Tyix:

A (Tiix) = exp{(—Rmmix) }A(0) (68)

The relaxation rate matrix can be written out as [107]

P11 012 ... OIN

021 P22 ... O2N
R p—

ON1 ON2 ... PNN

with N being the number of peaks in the spectrum. For a lipid/guest molecule system, we
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typically have a matrix with about 15 x 15 elements. The cross-relaxation rates o,,, describe
the magnetization transfer from a spin m to another spin n. The relaxation rate matrix R is not
symmetric, but its elements fulfill the relation

kmOnm = knOmn (69)

with k,, being the number of spins contributing signal to resonance n. The effective relaxation
rates pnn of the diagonal peaks can be calculated from the spin lattice relaxation rates R, of
the respective peaks and the cross-relaxation rates oy,

n

Pnn = Rpn — Z Omn- (70)

m=1

From the volume matrix dependence on the mixing time, cross-relaxation rates can be
determined by using different methods, such as the single mixing time approach, the spin-pair
interaction model or the full matrix approach [107].
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Figure 13: (a) Pulse sequence of the 2D NOESY experiment and results for POPC at 25°C: (b) Mixing
time dependence of the diagonal peak intensity from carbon 3 and of the cross peak intensity between the
resonances of carbon 2 and 3 in the upper acyl chain region, and (c) 2D spectrum from an experiment
with a mixing time of T,;x = 300ms. An MAS frequency of 10 kHz was used and the experiments were
conducted for 512 t; times.
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Single-Mixing Time Analysis: Among the three methods, the single-mixing time analysis
represents the easiest way to determine cross-relaxation rates [107]. It relies on the approximation
of Equation 68 by the first two terms of the Taylor expansion of the exponential function, which
is valid for short mixing times. Rearranging the resulting equation yields the following expression

Gnm (Tmix)

(71)

Jnm - 7 N_
Amm (Tmix)Tmix
from which a cross-relaxation rate o,,, can be calculated by solely using the volumes a;,,, and
anm of the respective diagonal and cross peak determined at one specific short mixing time Tpix.
However, as this method is very simplistic, the results are not very reliable and should only
be considered as qualitative. Especially, results for systems with different 77 (*H) cannot be
compared because different systematic errors can occur [107].

Spin-Pair Interaction Model: Another way to obtain cross-relaxation rates from peak
intensities is the spin-pair interaction model which reduces the multi-spin system to an isolated
spin pair assuming that the spin system is reasonably well decoupled [69,107]. In this case,
the intensity of the cross peak of interest and the corresponding diagonal peak intensity need
to be determined from NOESY spectra acquired for different mixing times. For lipid samples,
we choose several mixing times between 1 ms and 1s to have data points over the whole range
including the initial increase and the subsequent decrease of the cross peaks (see Figure 13(b)).
This makes the data analysis fast and easy but requires a certain experimental time. The fit
function describing the mixing time dependence of the cross peak intensities

[ (Tini )| = 0.5 (0) [+ 7270 o] =i e (72)

is taken from Reference [107]. In the last factor, spin lattice relaxation is considered. The
peak volume a,,,,,(0) at mixing time 7mix = 0 can be determined from back extrapolation
of the respective diagonal peak intensities or it is measured directly. To stabilize the fitting
process, amm(0) enters as a fixed value and only T, and oy, are determined from the fit. This
procedure yields good results for high and medium-high cross-relaxation rates. However, for
weakly-interacting spin pairs, magnetization transfer to other spins is not negligible anymore
and the cross-relaxation rates determined using the spin pair approach are systematically too
small [107]. Especially for investigating the interaction between lipids and mobile guest molecules
that might move in and out of the membrane, the precise determination of small cross-relaxation
rates is relevant.

Full-Matrix Approach: As the last method, we introduce the full-matrix approach which
is a more elaborate method yielding the most reliable results, also for small cross-relaxation
rates [107]. Basically, the cross-relaxation rate matrix is determined by using the function given
in Equation 68 as a fit function to describe the experimental data. For this, the entire peak
volume matrices A(ry) for a few different mixing times are needed and also the matrix A(0)
approximated from a measurement with 7,;x = 1 ms, which is more precise than a measurement
with back-to-back pulses at mixing time zero [107], has to be determined. Additionally, the spin
lattice relaxation rate Ry, is obtained for every peak using the SATREC pulse sequence (see Sec-
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tion 5.4) on the 'H channel. After rearranging Equation 68 and diagonalizing the volume matrix,
the cross-relaxation matrix R can be calculated from the volume matrix of one two-dimensional
spectrum at any mixing time and the relaxation rates R,, of all peaks, or from two volume
matrices determined for any two different mixing times. The result was used as a starting value
for the fit. Furthermore, the peak volumes were normalized in a way that all intensity curves
apnm (Tmix) reached a maximal value of about 1.0 at some point 7yix. This ensures that during
the fit all peaks have similar relevance, also potentially small lipid-guest molecule cross peaks.

The fit is carried out on the entire peak volume matrices, that is all curves @, (Tmix) are used
simultaneously. To stabilize this procedure, several conditions are used. Firstly, the elements of
A(0) are fixed to equal the experimental values. Considering Equation 69 and using that the
ratio k,/kn equals the ratio of the relative peak intensities anp(0)/amm(0), it can be concluded
that only one half of the cross-relaxation matrix needs to be determined by fit. With this, the
volume matrices calculated from the fit function are enforced to be symmetric. Also the diagonal
values of R are not determined by fit, but calculated from Equation 70 using the relaxation
rates R, determined from the SATREC experiment. Although positive cross peaks, measured
in all experiments here, result in negative cross-relaxation rates, in the fit some of them could
become positive because volumes of small peaks can show a high scattering. Therefore, all
cross-relaxation rates are enforced to be smaller than zero. Considering all these conditions, a
stable fit can be obtained even when some volumes of small cross peaks are not determined very
precisely.

The whole procedure was set up as a MATLAB routine and tested successfully for a sample of
pure POPC and another one of pure DLPC. The results for POPC are given in the supplementary
material. Generally, the matrix approach yields very accurate results [107]. However, the main
disadvantage of this method is that the volumes of all peaks in the spectrum need to be determined.
This is time consuming and can be rather imprecise for small and/or overlapping peaks.

NOESY cross-relaxation rates simultaneously contain information about molecular structures
and dynamics. Specifically, they are influenced by molecular dynamics changing length and
orientation of the vector connecting the interacting protons [121,129].

In a similar way as already explained for the longitudinal relaxation rates R; (see Section
5.4), the cross-relaxation rates oy, can be calculated from the spectral density [129,130] which
results from the respective cross correlation function given by

i~ { T (M ) "

ij

where the two sums include the results of all protons contributing to the two peaks designated

as n and m with the individual protons being referred to by the indices ¢ and j, respectively.

5
167

the internuclear connection vector 7;; and the membrane normal. Fourier transformation of the

The spherical harmonic Yoo (7;5) = (3cos?;; — 1) is calculated using the angle ¥;; between

the cross correlation function yields the spectral density Jy,, (see Equation 55 in Section 4) from
which the cross-relaxation rate can be calculated using

Onm = (210/5)7 82 (110 /47)? [3Trum (2w0) — 0.5 (0)] - (74)
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When the cross correlation function can be described by a sum of exponential functions
Com(t) =, a;e~t/7, then the Fourier transformation can be done analytically and the re-
sulting cross-relaxation rate is given by

Vg 6
- S I S 75
Ty Z ; ; il { T2 } (75)

From this formula, conclusions about the sign of the cross-relaxation rate can be drawn [77].

For short correlation times, the last term becomes dominant and the resulting cross correlation
rates positive. Consequently, the cross peaks are negative. One example are the cross peaks
between resonances of lipid choline or glycerol groups and water molecules, which are highly
mobile causing correlation times for the interaction in the order of 100 ps [69,121].

For the interaction of larger molecules, like two lipids or a lipid and a larger guest molecule,
longer correlation times in the nanosecond range play a role. In this case, the last term in
Equation 75 is smaller than the first one, the NOESY cross-relaxation rates are negative and the
cross peaks positive.

In our investigations, we mainly want to exploit the strong distance dependence of the
correlation function (see Equation 73) and consequently the cross relaxation rate, which is
contained in the prefactors a; = a;(1 /r?j) in Equation 75. This means, that only proton
pairs with an internuclear distance smaller than 5 A contribute considerably [107]. Due to the
high mobility, flexibility and disorder of the lipid molecules, the internuclear distances change
constantly and consequently, the cross-relaxation rates become a measure of the probability of
close approach of the respective nuclei [69], that is, the cross-relaxation rates depend on the
number of close contacts and their duration [71]. However, this contact probability can only be
deduced from the cross-relaxation rate when the rotational correlation time of the internuclear
vector is equal for all contacts. From a direct comparison of results from NOESY experiments
and MD simulations, Feller et al. concluded that the cross-relaxation rates are not directly and
not in all cases proportional to contact probabilities [129]. Nevertheless, they can help to localize
a guest molecule in a bilayer.

Besides the direct magnetization transfer considered here, also spin diffusion could occur,
possibly transporting the magnetization for example along a lipid hydrocarbon chain. In this case
the mathematically treatment shown above would not be valid. However, from measurements on
partly deuterated samples, Huster et al. concluded that spin diffusion does not play a role in
fluid lipid samples [107,127].

5.6 Order Parameters Determined from Dipolar Couplings

A valuable source for the study of structure and dynamics in lipid bilayer samples is the dipolar
coupling, which can be determined with atomic detail by various well-established NMR, experi-
ments. Besides being used for the investigation of internuclear distances, also the order parameter
can be calculated from the dipolar coupling constant exploiting the fact that fast molecular
dynamics (7. << wBl ~ 50 ps) average and, consequently, reduce the dipolar interaction (see
Equation 51 in Section 4.1). In this case of fast dynamics, the time scale of the molecular motion
is inaccessible from an experiment for determining the dipolar coupling. However, for motions
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with intermediate correlation times of 7. & wgl, the phase coherence of the spin polarization is
lost during an NMR experiment with a typical time scale of several microseconds and the resulting
Ty relaxation contains information about the motional rates. Slow motions with correlation times
Te >> wp ! do not influence the experiment and consequently a coupling constant equal to the
rigid coupling is measured.

Order parameters determined from coupling constants are very useful for the study of lipid
bilayer/guest molecule systems. When the molecule is deeply incorporated in the membrane
performing anisotropic and restricted dynamics, a coupling constant different from zero is
determined. On the opposite, a guest molecule that does not attach to the bilayer but is dissolved
in the surrounding water shows nearly isotropic mobility that averages all couplings to about
zero. Additionally, a guest molecule can enhance or decrease the mobility restrictions of the lipid
molecules.

As molecular dynamics average quadrupolar couplings in a similar way as dipolar interactions,
order parameters for lipid membrane systems were usually determined from the measurement of
quadrupolar couplings applying classical static 2H NMR. experiments for a long time [8,22,23,34,
131]. Because, the quadrupolar coupling is larger than the dipolar coupling constant, the accuracy
of the 2H NMR experiment is generally increased and the time range of the fast limit is smaller [83].
However, isotope labeling is required due to the low natural abundance of 2H. As selective
deuteration approaches are cumbersome, in many 2H NMR studies fully- or per-deuterated
phospholipid molecules are used instead and specific methods of data analysis like the “de-paking”
procedure [23,132] are applied or special higher-dimensional MAS experiments [133,134] are used
which allow for the site-specific detection of quadrupolar couplings and thus order parameters.

In this work, we refrain from the 2H NMR techniques and consider experiments to detect
homonuclear "H-'H and heteronuclear "*C-'H dipolar couplings instead. For chemical resolution,
MAS is needed, which, however, is combined with the loss of precious information contained in the
anisotropic interactions such as the CSA or the dipolar coupling. Nevertheless, order parameters
can be extracted either from residual dipolar couplings which are not completely averaged by
MAS or by the help of so-called recoupling methods. These are special pulse sequences that
selectively and temporarily bring back anisotropic interactions under MAS. Examples are the
frequently used REDOR sequence [135], which consists of 180 °pulses applied at every half rotor
period, or the symmetry-based sequences of Levitt [136]. Here, we apply so-called Separate
Local Field (SLF) experiments which yield 2D spectra containing the isotropic chemical shift site
specificity in the direct dimension, and the structural or dynamic information from the dipolar
interaction in the indirect dimension [137]. In the following section, we will introduce the two
SLF experiments DIPSHIFT and R-PDLF, with which "*C—H dipolar coupling constants can
be determined. Subsequently, we explain the Double-Quantum (DQ) experiment which provides
analogous "H-'H coupling constants.

5.6.1 The DIPSHIFT Experiment

The DIPolar chemical SHIFT correlation (DIPSHIFT) pulse sequence is an SLF technique
commonly applied to measure residual dipolar couplings [137,138]. Additionally, it can be used
to determine correlation times of motions on the intermediate scale [139].

The DIPSHIFT technique detects the evolution of the rare *C spins under the influence of
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all dipolar local fields produced by the surrounding protons. However, due to the strong distance
dependence of the dipolar coupling (see Section 3.4.2, Equation 39), in most cases, the dominant
contributions come from covalently bound protons, which therefore, will be considered solely in
the calculations following later in this section. Instead of reintroducing heteronuclear dipolar
interactions, in the basic DIPSHIFT experiment, only remaining dipolar sideband intensities are
exploited [82,140]. Consequently, low or medium MAS frequencies are required.

The specific DIPSHIFT pulse sequence applied in this project is shown in Figure 14(a) [141].
In the beginning, transverse '3C magnetization is excited by using CP or just a 90° pulse. During
the following evolution time ¢;, a 'H-"H homonuclear decoupling sequence applied allowing the
system to develop under the influence of the heteronuclear dipolar interaction and the resonance
offsets only. Here, we used the simple LG and the FSLG sequence. Subsequently, a heteronuclear
decoupling sequence, like SPINALG4, is applied and consequently the influence of the C-H dipolar
coupling on the ¥C spin evolution is stopped. Signal loss due to chemical shift of the carbons
is refocused by a 180° pulse on the 3C channel applied after half of the rotation period /2
after the excitation sequence, that is in the middle of the sequence. Heteronuclear decoupling
is continued during the acquisition time ¢5 which starts after a total time interval of 7, after
excitation. Subsequent Fourier transformation yields a C spectrum with chemical resolution.
The whole experiment is repeated for a number of ¢; times which are incremented from zero to
the full rotor period 7. Because the pulse sequence has the same length for all ¢; steps, the
DIPSHIFT experiment is a so-called constant-time experiment. This means special attention
must be paid to possible signal loss due T, relaxation, which might affect some parts of the
sample more than others [142].

For data analysis, the peak intensities are determined by integration and plotted as a
function of t; yielding a characteristic DIPSHIFT curve I(¢;) for each chemical site that can be
distinguished within the spectrum. For ¢; = 0, we have maximal signal intensity. With increasing
t1 the influence of the heteronuclear dipolar interaction rises and the signal intensity decreases until
half the rotor period 7;/2 is reached. The influence of the dipolar interaction is reversed during
the second half of the rotation period and a second maximum, a so-called rotor echo, appears
after 7. However, due to 15 effects, which are caused by molecular motions on the intermediate
time scale affecting the decoupling performance or by imperfections of the pulse sequence, this
second maximum does not necessarily reach the initial intensity again [139,141]. Information
about the dipolar coupling is contained in the characteristic minimum of the DIPSHIFT curve,
which is lower for higher coupling constants.

The DIPSHIFT curves I(t1) can be described by specific fit functions which allow for the
determination of dipolar coupling constants from fitting the experimentally obtained curves
which resemble an FID signal only influenced by the dipolar coupling [143,144]. The resulting
functions that describe the DIPSHIFT curves of CH, CHs and CHj3 groups are given in the
Supplementary Section C.3. When determining the dipolar coupling constant using any of these
formulas, the characteristic scaling factor of 0.577 introduced by the homonuclear decoupling
sequence, needs to be considered additionally (see Section 5.1). Deviations from the typical
curve form can occur when a short CP is used for excitation. In this case the magnetization
distribution in the sample might depend on bond orientations rendering the resulting DIPSHIFT
curve asymmetric [145].

Using the basic DIPSHIFT experiment introduced here, coupling constants down to 4 kHz



54 5 NMR METHODS FOR THE INVESTIGATION OF MEMBRANE SYSTEMS

can be measured when an MAS frequency of 5 kHz is applied. Smaller spinning frequencies result
in DIPSHIFT curves with lower minima allowing for the extraction of smaller coupling constants.
However, with the spinning speed also the spectral resolution decreases which possibly results
in peak overlap and consequently renders the data analyzation difficult. Therefore, a modified
version of the DIPSHIFT experiment was introduced which allows for the determination of small
coupling constants of a few kHz which are typical for mobile lipid molecules in fluid bilayers.

In the T»-recDIPSHIFT experiment from Cobo et al. [141], the basic DIPSHIFT experiment
is applied in combination with rotor-synchronized 180° pulses to recouple heteronuclear dipolar
couplings averaged by MAS. The pulse sequence is shown in Figure 14(b). Compared to the
DIPSHIFT experiment, a mostly longer ¢; time of t; = N7, with N = 1,2,3,..., is chosen.
During this time period, additional 180° pulses are applied on the '*C channel at each half
rotor period except of at the N7,/2 position which allows for a full refocusing of isotropic
and anisotropic chemical shifts. As a consequence, the recDIPSHIFT curve shows a greater
modulation depth than the DIPSHIFT curve. For the investigation of lipid systems, we used
an amplification factor of N = 4 to determine dipolar couplings in the range from about 0.3 to
5 kHz.
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Figure 14: Pulse sequence of (a) the DIPSHIFT experiment and (b) the recDIPSHIFT experiment. In (c)
modulation curves of selected resonances determined from the recDIPSHIFT experiment for DMPC at
47°C are shown. The symbols represent the measured data points and the lines are fit functions given by
the respective equations in the Supplementary Section C.3 additionally considering an exponential T5
decay.

Both DIPSHIFT-based methods described above are rather easy to set-up and robust with
respect to pulse imperfections. They allow for the measurement of a wide range of dipolar
couplings from about 1 to 22kHz. Hereby, the DIPSHIFT sequence should be used to determine
coupling constants bigger than 5kHz and the recDIPSHIFT sequence for coupling constants
smaller than 5kHz.
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However, by using the DIPSHIFT experiment only one averaged dipolar coupling constant
can be determined for each modulation curve, that is for each peak in the 3C spectrum. This
can be an important drawback rendering data analyzation imprecise in cases like CHy groups
having two distinct C—H dynamical order parameters, for crowded regions containing overlapping
peaks from different molecular segments or for heterogeneous samples where one chemical site
shows different dipolar couplings.

From literature, the wide application of the DIPSHIFT method, also for the investigation of
lipid membrane systems, can be recognized. Besides for the study of pure lipid bilayers, DIPSHIFT
experiments were used for the investigation of lipid bilayer/guest molecule systems [144]. For
example, Middleton et al. determined the influence of added peptides, proteins and drug molecules
on the dipolar coupling of DMPC lipids forming MLV [146]. Also the motional geometry of various
guest molecules in a membrane, like oligocholate macrocycles [73], peptide [75], cannabinoid
ligand [125], were investigated by using the DIPSHIFT techniques.

Here we present exemplary the results of the recDIPSHIFT experiment for a sample of pure
DMPC in water in the liquid-crystalline phase at 47 °C. The resulting modulation curves of some
resonances are shown in Figure 14(c). For the carbon gz and 13, the fit functions describe the
data rather well. However, for carbon 2 the theoretical function has slightly a different form than
the experimentally determined curve. The reason is, that for calculating the fit function, we
assume identical coupling constants for all C-H bond contributing to the modulation curve. For
the resonance of carbon 2, this is, however, not valid because the two bonds of one CHy group
and the bonds in the two different tails show different coupling constants [144]. The results for
all distinguishable resonances are summarized in Figure 17.

5.6.2 The R-PDLF Experiment

Proton-Detected Local Field (PDLF) NMR, is another method for the determination of heteronu-
clear dipolar coupling constants. In this experiment, the dipolar field induced by a '3C spin on its
neighboring 'H spins is probed at the abundant 'H nuclei rather than at the rare '3C nuclei like it
is done using the DIPSHIFT method. Therefore, PDLF spectra are governed by simple two-spin
interactions which renders data analysis easier. One example for an PDLF experiment is the
Dipolar Recoupling On-axis with Scaling and Shape preservation (DROSS) sequence, which has
been applied to study the effect of cholesterol [147] and of oxidized lipids [148] on lipid bilayers.
Besides the determination of absolute values of order parameters |Scu|, a modified version of the
DROSS experiment also allows for the detection of the sign of the order parameter [140].
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Figure 15: R-PDLF experiment.
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Here, we use the R-PDLF sequence, which provides a better resolution than the DROSS
experiment [82]. It contains a combination of R-type recoupling blocks, developed from Levitt’s
symmetry based sequences [136], and the PDLF method and was used by Dvinskikh et al. for
the first time [115]. It is suitable for slow to intermediate MAS frequencies.

In Figure 15, the pulse sequence of the R-PDLF experiment is shown. It starts with the
irradiation of rotor-synchronized R18] blocks on the proton channel over a total time of ¢; which
is incremented by increasing the number of R18] blocks. Such an R block causes the suppression
of homonuclear dipolar interactions among the 'H spins and simultaneously reactivates the
heteronuclear dipolar coupling between 'H and 'C nuclei and the '"H CSA interaction. The
(R187)g block, applied in the beginning of the sequence, contains nine pairs of 180° pulses. One
pulse of the pair has a phase of 70° and the other one of -70°. Each pulse has a length of 1/18
of the rotor period.

After the first set of (R187)y blocks applied for a time t;/2, a second set with a phase shift of
180° is used. These (R18I)180 blocks contain pairs of two pulses with the phases 70° and 290 °.
Additionally, a 180° pulse is irradiated on the 3C channel at t1/2. This allows for a partial
suppressing of the 'H CSA interaction [115]. Hence, during the #; interval, 'H polarization
modulated by the *C-'H dipolar interaction is produced [82] and can be transferred to 3C spins
in the next step. Depending on the method applied for this, the selection of certain spin pairs is
possible [115].

The CP transfer is used when interest lies in the signals of stiff molecular segments for
example of cholesterol in a lipid bilayer [61]. However, only a short CP contact time should
be used to avoid redistribution of 'H polarization via spin diffusion. To determine the order
parameters of very mobile molecular segments, for example of lipids in the liquid crystalline
phase, the R-PDLF experiment with a rotor-synchronised refocused INEPT polarization transfer
can be applied [61]. In this case, polarization transfer occurs almost exclusively between directly
bonded carbons and protons, facilitating the measurement of one-bond dipolar interactions [115].

During the subsequent acquisition time t5, the '3C magnetization evolves under influence of
the chemical shift interaction [82]. After processing the measured data s(t1,t2) by 2D Fourier
transformation, we get a 2D spectrum S(wy,ws) with the *C chemical shift in one dimension
(we2) and a dipolar spectrum for each chemical site in the second dimension. As an example, a
part of an R-PDLF spectrum recorded for DMPC is shown in Figure 16. Due to the influence of
the R blocks, the dipolar spectra do not resemble the typical form of a Pake pattern but they
show n = 2 rotary-resonance lineshapes instead [82]. The splitting Av between the two horns is
proportional to the residual dipolar coupling constant vp res = Wp res/(27):

Av = +0.315 vp yes = 0.315|Scn| - 22 kHz (76)

Deviations from the spectrum form can come from incomplete suppression of "H-'H inter-
actions [82] or from second-order average-Hamiltonian dipolar terms due to which the signal
intensities do not decay to zero for long t; times, but to a certain offset value resulting in a
strong center peak in the dipolar spectrum [149]. Additional smaller splittings can arise from
interactions of the carbon with remote protons [150].

Although the distance determination between the two peaks is very precise, the dipolar
spectrum can be affected by systematic errors. The largest uncertainty comes from missettings
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of the 'H r.f. field amplitude and from r.f. field inhomogeneity [151]. A relative error of the
pulse amplitude of F10 % results in relative error of +10 % of the coupling constant. For higher
pulse amplitude missettings the influence on the resulting measurement increases even more.
Inhomogeneity of the r.f. field usually results in an overestimation of the coupling constant.

Because the smallest ¢ increment equals the lengths of two R blocks, the maximal widths
of the resulting dipolar spectra and with this the maximal dipolar coupling accessible with
this method is determined by the spinning frequency. However, modifications of the sequence
also allow for smaller ¢; increments and the determination of higher dipolar couplings using
moderate spinning speeds. The smallest coupling resolvable in the dipolar spectrum depends on
the longest time t; over which the R blocks can be applied causing only little sample heating.
Here, a coupling of about 0.3 kHz could still be resolved from the dipolar spectrum. Even smaller
couplings can sometimes be determined from the time-dependent signal. This, however, is only
possible when the respective chemical site exhibits only one dipolar coupling.

The main advantage of the R-PDLF experiment in comparison to the DIPSHIFT method is
the higher dipolar resolution. Because dipolar spectra obtained from the R-PDLF sequence are
governed by simple two-spin interactions, it is possible to resolve two or more different dipolar
couplings from the same chemical site [115,152]. A disadvantage of the R-PDLF experiment is
the smaller scaling factor [149].
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Figure 16: (a) Detail of the 2D R-PDLF spectrum of DMPC at 47°C showing the partly overlapping
resonances originating from the lipid alkyl chains. The carbons of the lipid tails and their respective peaks
are enumerated along the chain starting at the ester bond with 1 and ending at the tail end with 14 (see
Figure 11(b)). The dipolar spectrum (b) is given by the cross-section at the highest peak denoted by the
dotted line in (a).

The R-PDLF experiment can well be used for the determination of the small order parameters
in lipid bilayers [82,153] or other liquid crystalline systems [115,154]. Here, we present results
for a DMPC MLV sample at 47°C. The entire 2D R-PDLF spectrum, dipolar spectra at the
peak positions and the ¢; time decay of the respective peak maxima are shown in Figure 62 in
the Supplementary Section C.4. In Figure 16, the crowded spectral region containing the partly
overlapping resonances of the lipid alkyl chains is shown. The peak assignment was done based
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on literature results [61,155]. The resulting order parameters Scy for all the different carbons in
the DMPC molecule are given in Figure 17 in the next section.

5.6.3 C—-H Order Parameters of DMPC

Using Equation 51 given in Section 4.1, we can calculate the order parameter Scgp from the
residual dipolar couplings determined by using the recDIPSHIFT or the R-PDLF sequence. We
assume here a rigid coupling constant of wp = 22kHz [77,144].

In Figure 17, the results for DMPC measured at 47 °C are shown in comparison with some
literature data determined at 50 °C. The results from the recDIPSHIFT and R-PDLF sequence
agree well. Because of the limited resolution of the recDIPSHIFT experiment, we only obtain
one averaged coupling constant for all C-H bonds contributing to the main alkyl peak.

The order parameters from literature, especially the values determined from ?H NMR
experiments, are higher than the values measured here. Similar observations were already made
before by Warschawski et al. [147]. They explained the higher order parameters Scp compared
to Scy by the missing 'H decoupling during the ?H experiments, the Ty anisotropy leading to
partial signal relaxation during the sequence and the different timescales for the 2H and the
I'H-13C experiment. However, we here determined a larger difference between Scy and Scp than
Warschawski et al. Other groups found no or only a very small difference between the order
parameters determined from *C-'H dipolar couplings or 2H quadrupolar couplings [61,156].

As we measured at a slightly lower temperature (47 °C), order parameters determined here
should be slightly higher than the literature values determined at 50 °C. However, this difference
is small only amounting to about AS = 0.01 for AT = 5°C [34,131]. Therefore, also uncertainties
in the temperature determination should only have minor influence. We conclude that additional
factors might be responsible for the reduction of our order parameters Scp, for example a
beginning sample degradation (see Supplementary Section B). Also the water content (about
50 wt%) cannot be considered as a reason for the different results as it was roughly the same for
our measurements and the samples used in literature.

The carbons of the choline group show the smallest order parameters reflecting the high
mobility of this group. The highest values are determined for the glycerol group and the upper
chain region because the mobility of these segments is most restricted. The order parameters
determined for the alkyl chains reflect the mobility gradient in the lipid molecule. For the upper
chain region, we measure S ~ 0.2 which is a reasonable result as it lies in-between the values
for an isotropically mobile segment (S = 0) and a rigid chain in all-trans conformation rotating
about its long-axis (S = 0.5). It includes gauch-trans isomerizations and wobbling motions of
the whole molecule occurring additional to the fast rotational reorientations [118]. Towards the
chain end, the order parameter decreases to a very small value, because the chain ends nearly
perform isotropic motions.

The order parameter profile can also be explained by a packing density argument [118].
Because of defects in the upper acyl chain regions, the tails have different lengths which result
in free space in the middle of the bilayer allowing for increased chain mobility. In literature,
the order parameters determined for the lipid chains are often interpreted quantitatively. Using
specific theoretical models, for example the bilayer thickness, the area per lipid molecule and the
chain geometry can be determined [8,34, 131,156, 157].
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Figure 17: Comparison of order parameters measured for pure DMPC at 47°C using the recDIPSHIFT
and the R-PDLF experiment and literature values. Petrache et al. [34] and Douliez et al. [131] determined
the order parameters from 2H NMR measurements and Leftin et al. [156] used the DROSS sequence to
measure Scy-

The lipid segments showing nearly isotropic mobility, like the carbons of the choline headgroups
or the chain ends, exhibit identical couplings for all respective bonds [140]. However, from the
resonances of some carbons situated near the motionally more restricted glycerol backbone or
at the upper chain region, two or more different couplings can be detected by the R-PDLF
experiment. From the DIPSHIFT experiment however, we only determine one value which
represents an averaged coupling constant.

For example, three different order parameters were found for carbon 2. The largest value
results from the two C-H bonds of the respective carbon in the sn-1 chain. The two different
weaker couplings come from the sn-2 chain, which is bend causing the respective CHy group to
lay in a plane not perpendicular to the bilayer normal [9,23,82,131].

Also for the g; resonance, two order parameters can be found. While one C-H bond shows a
high coupling constant similar to the results of other C-H bonds of the glycerol group, the other
one is oriented nearly in the magic angle with respect to the bilayer normal, which results in an
effective coupling of about zero [61,82]. Therefore, the respective dipolar spectrum determined
by the R-PDLF sequence shows a middle peak of higher relative intensity than for the other
spectra.

As already explained above for some examples, the order parameter reacts sensitively on
external conditions. For example the lipids in a bilayer in the gel phase show considerable
higher dipolar couplings than the lipids in a bilayer in the liquid-crystalline phase. Additionally,
molecular motions on the intermediate timescale, appearing in the gel phase, can cause T5 effects,
which can lead to significant signal loss rendering the experiments difficult [23]. For a lipid bilayer
in the liquid-crystalline phase, the order parameter determined for the lipid chains decreases with
rising temperature [150,157]. Furthermore, the molecular order depends on the specific type of
the molecular system. For example, by introducing one or more double bonds in the lipid alkyl
chains the order parameter is decreased. Also, the introduction of a guest molecule in the bilayer
can change the lipid order parameters. While, certain molecules like a synthetic cannabinoid
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ligand [125], the ras-peptide [126] or oxidized lipids [148] increase the disorder in the lipid alkyl
chain region, other molecules like cholesterol [23,25,61] or a fluorotelomer alcohol [155] cause an
increase of the chain order parameter and enhances the stretching of the chains.

5.6.4 H-H Order Parameters determined by the BaBa-xy16 Experiment

As shown in the previous section, 'H-13C dipolar couplings determined from NMR experiments
can often be used to probe local order, structure and motional geometries in lipid bilayer
systems. However, the methods presented also show limitations, such as a low signal-to-noise
ratio associated with the carbon detection and a significant inaccuracy in determining small
coupling constants of 1kHz or below, which is especially disadvantageous for the investigation
of highly mobile guest molecules of low concentration in the bilayer. As an alternative, we will
therefore introduce Double-Quantum (DQ) NMR methods, which exploit the strong 'H signal to
measure residual "H-'H dipolar couplings and thus the related order parameter Sg.
Generally, DQ experiments applied under static conditions are well suited and frequently
used for the investigation of molecular dynamics in polymer networks or melts yielding a coupling
constant of an average monomer unit [142,158]. To achieve chemical resolution, we here use the
Back-to-Back (BaBa) double-quantum recoupling pulse sequence which is applied in combination
with MAS [159] and allows for the determination of rather small 'H-'H couplings down to about
100 Hz. Additionally, information on the distribution of the dipolar couplings can be obtained.
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Figure 18: BaBa-xy16 pulse sequence as introduced in ref. [159]. All black bars symbolize 90° pulses. The
pulse phases @; are varied as described in the text.

Originally, the BaBa (“back-to-back”, referring to pulse placement) experiment was developed
by Feike et al. [160]. Later on, Saalwéchter et al. added the xy-16 phase cycle known from CPMG
(Carr-Purcell Meiboom-Gill)-type and REDOR experiments [161] to achieve a truly broadband
BaBa variant, termed BaBa-xy16 [159]. The respective pulse sequence is shown in Figure 18.
In the general scheme, we have an excitation sequence creating DQ coherences, an optional ¢
evolution time, and a (mainly just inverted) reconversion sequence which produces measurable
magnetization. The excitation and the reconversion units contain a simple two-pulse sequence as
the basic building block, the function of which is explained in the Supplementary Section C.5.
Due to the specific choice of the pulse phases, additional virtual 180° pulses are included in the
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sequence that cancel out offset and chemical-shift effects. The resulting basic four-pulse building
block is repeated several times with different pulse phases, so that the complete excitation and
the reconversion sequences contain a variable number of 90° pulses and have an equal length
TbQ, which is an integer multiple of the rotation period 7. Additionally, we have a preparation
step containing a spin temperature inversion at the beginning of the total pulse sequence, and in
the end there is a read-out pulse before signal acquisition starts during to [159].

As a result, we have a 2D data set with chemical resolution in the direct dimension and
information on the recoupled homonuclear dipolar coupling in the indirect dimension. Un-
like the simple two-pulse sequence, the BaBa experiment yields a pure DQ Hamiltonian (see
Supplementary Section C.5) [142].
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Figure 19: (a) DQ intensity, reference signal and DQ build-up curve determined as exemplary data from a
polybutadiene rubber sample. Due to dipolar truncation all resonances of the polymer roughly yield the
same build-up curve.(b) Sideband pattern determined as exemplary data from an aromatic compound
inserted in a POPC bilayer.

There are essentially two ways to obtain dipolar-coupling information from this experiment.
As the first option, DQ build-up curves are recorded by incrementing mpq of the excitation and
the reconversion blocks while setting the delay time ¢; in-between the two blocks to zero, and as
a second possibility, DQ sideband patterns [142,162] are obtained by fixing Tpq at a suitable
value and incrementing ¢ in small steps At; < 7y, followed by Fourier transformation over this
indirect spectral dimension [159]. In both cases, a 4-step DQ selection phase cycle, rotating
the excitation (or reconversion) base phase in 90° steps, is applied. Alternation of the receiver
phase between £180° yields the DQ signal Inq = (sin ¢pq(0) sin ¢pq(t1)). The brackets denote
the powder average, ¢pq(t1) is the dipolar phase factor and ¢; is the starting time of the block,
which is relevant when t1 # n7y.

We first focus on build-up curve analysis. In this case (¢pq(0) = ¢pq(t1 = 0) = ¢pq), the
DQ signal, acquired with receiver alternation, is given by Ipg = <sin2 ¢DQ>. The intensities need
to be normalized to account for relaxation effects occurring because transverse magnetization is
present during the excitation and the reconversion sequence. Therefore, a second signal function
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without receiver phase alternation, the reference signal I, = <0082 ¢DQ>, is recorded. From this
intensity, we can calculate the sum Ixnq = Ipq + Iref, Which is a type of multi-spin dipolar echo
function. The point-by-point normalized DQ build-up curve follows from

Inq < sin® ¢nq - R(27pQ) > e
Inpq = - - = (sin , 77
e Ivnvq — Ttan (cos? ¢pq + sin? ¢pq) - R(2mpq) (sin” ¢pq) (77)

which is corrected for motion-related relaxation, pulse sequence imperfections and higher-order
dephasing terms (see Figure 19(a)). Potential damping is described by the factor R(2mq).
In the denominator, we subtract the contribution Ii,; of uncoupled spins showing a slowly
relaxing, often exponential tail in I..;. These may be related to isotropically mobile defects in an
inhomogeneous system.

The DQ build-up curve I,,pq is theoretically expected to approach a value 0.5 in the long-time
limit, which represents a test criterion for successful normalization. However, this plateau
value might not be reached in case of very weak dipolar couplings or when relaxation effects
cannot be eliminated by normalization for example because of intermediate motions or because
of a distribution of couplings coming from different components [142]. On the other hand,
experimental data sometimes also shows a small overshoot above 0.5 because of higher coherences
occurring in the multi-quantum system [142].

While the build-up curve originating from a single spin pair contains oscillations, a spin
ensemble yields a smooth curve. A slow build-up resembles a system with small dipolar couplings
and strong interactions cause a fast build-up. To quantify this effect, the dipolar coupling
constant is determined using different fit functions that describe the build-up curve. The simplest
approach is the second-moment approximation

: 1 _
Lipa(mpq) = (sin? épa(mnq)) = 5 {1 — e *(balmal)} (78)
with the mean-square phase factor [159]
2 _ 6 5 2 79
<¢DQ(TDQ)> ~ 52 VD res TDQ - ( )

It fits the data well up to an intensity of I,pg ~ 0.45 [163]. An even better approximation of the
experimental data is provided by the “Abragam-like” build-up function

Ling(mnq) = 0.5 (1 — exp{—(0.295 vp res TDQ) "} X €08(0.455 VD res TDQ)) » (80)

which was found empirically by Chassé et al. [163].

Due to inhomogeneities, most samples feature a distribution of coupling constants. The
simplest way to take this into account is by introducing a Gaussian distribution function

/ 1 _(“Dues—"Dires)
p(VD,res):ﬁe 202 (81)

with o being the standard deviation. For the second-moment approach, the resulting fit function
can be calculated analytically. An “Abragam-like” build-up function combined with a coupling
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constant distribution (resulting in a mere two-parameter fit) can be implemented numerically
with a finite-step integration extending over about vp ;e = £30.

The DQ build-up curve analysis is only possible for small coupling constants up to about
1kHz. Stronger dipolar couplings lead to a very fast increase of the DQ build-up curve which
shows in this case only a few data points in the meaningful initial build-up region. The increment
of Tpq can not be set arbitrarily small as it has to be an integer multiple of the rotation period
Ty, the minimum value of which is determined by the fastest feasible MAS frequency. Therefore,
spinning side-band analysis using an incremented ¢; at fixed Tpq is preferred for the accurate
determination of stronger dipolar couplings.

For this, we choose an excitation time 7pq beyond the maximum of the normalized DQ build-
up curve. and the waiting time ¢; is incremented in steps much smaller than the rotation period.
The 2D DQ-SQ correlation spectrum resulting from 2D Fourier transformation shows a spinning
sideband pattern in the indirect (DQ) spectral dimension, which reflects the coupling constant
of the protons (see Figure 19(b) for an example). Again assuming a Gaussian distribution,
UD,res and the distribution width o can be determined from the sideband pattern on the basis
of a fit function developed by K. Saalwéchter, which uses a look-up table for the DQ signal
intensities determined for different MAS frequencies [142]. The distribution might arise from
actual inhomogeneities in the sample, but also from couplings to remote protons or from a bias
in the assumed isotropic powder average caused by an anisotropic transversal relaxation [5,142].
During the fit, the first-order sidebands are neglected as their intensity is influenced by differential
relaxation [142].

Like the DIPSHIFT experiment, the BaBa experiment for the determination of spinning
sidebands is practically a constant-time experiment during which signal relaxation of some sample
components can occur.






6 MD Simulations and Results for Pure Lipid Bilayer Systems

6.1 Introduction

Using computer simulations, molecular systems can be created virtually and their behavior over
time can be observed. Time scales and system sizes accessible, depend on the resolution used. The
combined application of experiments and simulations can provide meaningful results. On the one
hand, simulations can be used to explain experimental results. For example, different molecular
configurations can be simulated to find out which one yields results closest to the experimental
values. On the other hand, the correctness of simulations can be validated by comparison of
specific quantities determined from the experiment and from the simulated trajectories. Because
various parameters can be measured with chemical resolution, NMR is one of the most important
methods to validate simulations [8]. Simulations of trajectories with time ranges of microseconds
to milliseconds using all-atom descriptions are becoming possible nowadays. They represent an
important method in addition to experiment and theory. Also for the description of membrane
systems, simulations are used commonly [83]. Most widely applied are Molecular Dynamics (MD)
and Monte Carlo (MC) simulations.

In this work, we conducted MD simulations, using the software package GROMACS 5.1.4
(GRoningen MAchine for Chemical Simulations) [164]. A basic description of MD simulations in
general can be found in References [165,166]. The atoms are modeled as classical objects that
move according to Newton’s laws. A particle with index ¢ is defined by its position r; at time
zero and its mass m;. When the potential energy function V' describing the system is known,
then we can determine the force F'; on one particle and from this the particle positions after
time ¢ using
dz’l’i
drz

The trajectory containing the positions of all interacting particles from an initial state throughout

:Fz :v,,-iV(’l"l,...,T‘N). (82)

m;

the course of time is calculated numerically by discretization and integration of this equation.
Specifically, we use the leap frog algorithm. An integration time step of 2fs was chosen.

The set of mathematical functions with their corresponding parameters describing the
interactions V' between and within the molecules is called “force field”. They include forces
between bonded atoms associated with bond-stretching and changes of bond angles and dihedrals
as well as forces between non-bonded atoms like van der Waals and electrostatic forces. Parameters
for these interactions are determined from ab initio quantum calculations and they are adjusted
empirically to fit experimental results [166]. For this work, we used the force field of Poger et
al. [167] to describe the lipid bilayer.

Depending on the information to be extracted, different simulations from low-resolution
coarse-grained to atomistic resolution are possible. Here, we use the united atom model, in which
all atoms of one methyl or methylene group are treated as a single interaction center at the
position of the carbon.

As it is not possible to simulate a sample of macroscopic dimensions, we use a simulation box
containing 128 lipids and a few thousands of water molecules, and periodic boundary conditions.

The systems simulated are NpT' ensembles, that is the number N of atoms, the pressure
p and the temperature T were kept constant while the size of the simulation box of about
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6.5 x 6.5 x 10nm was flexible. A Nosé-Hoover thermostat was used to keep the temperature
stable.

MD simulations are subject to various limitations and therefore results should be interpreted
carefully. Firstly, the force field is subject to uncertainties as its parameters are determined
so that a specific experimental quantity is predicted [166]. Furthermore, to reliably extract
certain quantities, the trajectories need to be long enough which is especially relevant for the
determination of NMR relaxation rates, and also the simulation box needs to be large enough so
that a converged average value is reached.

The MD simulations used in this work were set-up and run by T. M. Ferreira and analyzed by
myself. In Figure 20, a snapshot of the trajectory of a DMPC bilayer in water is shown. In the
following, we determine order parameters and relaxation times from these simulated trajectories
and compare with results from NMR, experiments.

Figure 20: Snapshot of simulated trajectory of a
DMPC bilayer in water at a simulation time of
20ns. The plot was created with VMD. Different
colors symbolize different atoms: oxygen =red; car-
bon = black; hydrogen = white; phosphorous = yellow;
nitrogen = blue.

6.2 Lipid Order Parameters Determined from Simulated Trajectories

Firstly, we want to calculate order parameters from the trajectories simulated and compare with
experimental results. The Saupe matrix for the connecting vector r» = (zyz)T between two atoms
can be calculated using Equation 48 given in Section 4 which can be rewritten as

1 L X/ BanmBam
o st £ ()

|rnm’2

with a and 3 denoting the three dimensions z, y and z. The index n is counting the time frames
and m the molecules in the system.

We firstly calculated the Saupe matrix for a system of a pure DMPC bilayer simulated. As
the membrane is oriented in a way that the bilayer normal is aligned parallel to the z-axis, the
order parameter S is given by S, determined from Equation 83. In Figure 21(a), the zz and the
xy component of the order tensor is given calculated as the average from all time frames until
the time point ¢ plotted on the z-axis. The black line represents the average over all lipids which
converges fast to a stable value that is to the order parameter S,, or to zero for the off-diagonal
matrix element S;,. However, the results calculated for two individual lipid molecules shown in
red and blue that we picked exemplarily, do not in all cases reach a stable value in the given
time period. The grey area represents the order parameter range calculated from all individual
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Figure 21: Results from the simulation of a DMPC bilayer in water at 47°C: (a) order matrix elements
calculated from a trajectory of given time length for different C-H bonds of the lipid, and (b) order
parameter profile for the whole lipid molecule calculated as average over the entire simulation time of
400 ns and all lipids. For comparison, also order parameters determined from the R-PDLF experiment
(see Section 5.6.3) and literature values [131] are shown.
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molecules. The upper and the lower boundary are determined from the maximal and minimal
value of the 128 values calculated for the individual lipids. Especially, for the choline head group
and the glycerol backbone, this range of order parameters is quite large indicating that averaging
over one molecule is not enough. For values determined for the middle of the chain and towards
the chain end, this behavior improves, that is, an averaging is reached sooner. This observation is
in agreement with literature where it was found that order parameters of the glycerol backbone
and the choline group are generally less well described by simulations than order parameters of
the acyl chains [168].

In Figure 21(b), the results for the order parameter determined from the full time-length
simulated for the different lipid segments are shown and compared with values determined from
the R-PDLF experiment and from literature. For the alkyl chains the simulation results match
well with literature values while our experimentally determined results lie below. Reasons for
this were already discussed in Section 5.6.3. Also the temperature of the system simulated and
the real sample might not precisely be the same. It could be that the phase transition of the
system simulated occurs at a different temperature. Order parameters determined for the choline
head group are quite small in both, the experimental and the simulation results. For the glycerol
region, the order parameters do not match very well. This is in agreement with literature [61,168]
and with the results shown above, that the order parameter from the MD simulations for the
headgroup region is least accurate.

6.3 R; Relaxation Rates Determined from Simulated Trajectories
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Figure 22: Results from simulations of a DMPC bilayer in water: (a) Correlation function describing the
reorientational motion of the C-H bond of carbon 5 which is located in the middle part of the lipid acyl
chain; (b) R; relaxation rates determined for the different positions in the lipid molecule in comparison
with experimentally determined values already shown in Figure 12(b) in Section 5.4.

Besides the order parameter, we also determined R; relaxation rates from the simulated systems
[83,87]. For this, we calculated the second rank reorientational correlation function given in
Equation 53 in Section 4 by using the GROMACS command rotacf. As slower motions with
correlation times much longer than nanoseconds do not contribute significantly to R, a trajectory
of about 200 ns usually is long enough. Subsequently, a multi-exponential decay function was
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fitted to the correlation function using the order parameters calculated in the last section as
plateau value (see Figure 22(a) for an example). From the fit function, we determined the
relaxation rates as explained in Section 5.4.

As it can be seen in Figure 22(b), the resulting R; values generally match the experimental
data quite well. Similar as for the order parameter, the largest differences between relaxation
rates from experiment and simulation occur for the choline group and the glycerol backbone.






7 Lipid Bilayers and Amphiphilic Triblock Copolymers

In the following section, NMR investigations and MD simulations of phospholipid bilayers in
interaction with amphiphilic block copolymers will be presented. Numerous studies can be found
in literature describing the influence of polymer structure and outer conditions on the interaction
with the lipid membranes [13,60,169,170]. Here we consider linear triblock copolymers consisting
of a lipophilic middle block in-between two hydrophilic end blocks.

7.1 Amphiphilic Triblock Copolymers

Poloxamers, also known under the commercial names Pluronic or Synperonic, are triblock
copolymers composed of a hydrophobic Poly(Propylene Oxide) (PPO) middle block and two
hydrophilic Poly(Ethylene Oxide) (PEO) end blocks (see Figure 23(a)). They were investigated
intensively in literature with regard to their behavior in water or in interaction with lipid
bilayers [171-173].

Pluronics exhibit many properties advantageous for their use in research and their application.
They are surface active, nonionic and noncytotoxic. Being synthesized routinely via anionic
addition polymerization [171], Pluronics are commercially available with a series of different
block lengths which strongly influence the sample properties. Their molecular weights can range
from 1100 to 14000 kg/mol and their PEO:PPO weight ratio from 1:9 to 8:2 [173,174]. Pluronics
can occur as liquids, pastes or solids.

Exploiting their interaction potential with lipid membranes, Pluronics find numerous ap-
plications, for example in medicine, pharmacy or cosmetics. Hydrophilic Pluronics can help
healing wounds caused by thermal burns, frostbite or electrical shock [1,2]. As one example,
the Pluronic P188 incorporates in damaged membranes, restores the membrane integrity and
subsequently is squeezed-out again leaving an intact membrane behind [173-175]. Drug delivery
systems represent another important field of application. Polymer micelles can allow for drug
solubilization and controlled release [176-178]. It was also suggested to use Pluronics for the
preparation of sterically stabilized liposomes for drug delivery [13,66]. Certain Pluronics help to
overcome the multidrug resistance of cancer cells. These polymers accelerate the drug permeation
through the membrane, impede the action of efflux proteins, like the P-glycoprotein and as a
result increase the cytotoxic activity of anticancer agents, like doxorubicin [60,169,172,178-180].
Sensitive cells, however, are only weakly influenced by the Pluronics. The anticancer agent
SP1049C developed for the treatment of multi-drug resistant cells contains doxorubicin and the
Pluronics L61 and F127 [3].

Properties and phase behavior of the Pluronics in water are drastically influenced by the
hydrophobicity of the individual polymer blocks. Due to the additional oxygen atoms in the
chain, the PPO block is less hydrophobic than for example an alkyl chain, rendering the entire
copolymer water-solvable at low concentrations. At low temperatures, also pure PPO is solvable
in water [13,181]. It gets more unpolar and dehydrates with increasing temperature until the
cloud point is reached at about 10-15°C. At higher temperatures, PPO can be assumed to be
hydrophobic as it segregates in water [181]. In contrast, PEO is water solvable over a broad
temperature range of 0 - 100 °C [181]. Nevertheless, also the hydrophobicity of PEO rises with
increasing temperature which can be explained by the destruction of a hydrogen bond network
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between PEO and water or, alternatively, by the preference for more apolar conformations
at higher temperatures [7,171,182,183]. An inverse temperature dependence of the Pluronic
solubility in water is the overall consequence, that is, with increasing temperature Pluronics
become less solvable which results in the self-assembly into a variety of structures [181,184].

Pluronics with PEO blocks that constitute more than roughly 20% of the molecular weight of
the entire copolymer form micelles [181] which have hydrophilic PEO corona and a core mainly
containing the hydrophobic PPO blocks but also some PEO units [182]. Due to the gradual
change of the polymer hydrophobicity with temperature and partly also due to polydispersity
and impurities, the micellization is not a sharp transition, but stretches over a wide temperature
or concentration range [171,173,181,182]. Consequently, using different measurement methods,
like surface tension measurements, scattering techniques, calorimetry, viscosimetry or diffusion
measurements, different values for the cmc are detected varying by up to 10 orders of magnitude
[171,178]. Some Pluronic solutions of higher concentration exhibit a thermoreversible gel transition
associated with the aggregation of the micelles and changes of their structure [171,181,182]. Also
hexagonal, cubic or lamellar liquid-crystalline phases can form in some cases [171,181,182,184,185].
At higher temperatures, phase separation occurs which causes clouding of the solution [182,185].

By modification of individual polymer blocks, specific changes of polymer properties can be
induced and the interaction of the polymer with other molecules like the lipids in a membrane can
be tuned. For example, copolymers containing hyperbranched polyglycerol as hydrophilic block
show more pronounced effects on membranes than block copolymers with linear PEO blocks [60].
Also polymers with different hydrophobic middle blocks, like polystyrene (PS) instead of PPO,
were investigated in interaction with lipid bilayers [186].

Here, we studied a triblock copolymer, with Poly(Glycerol MonomethAcrylate) (PGMA)
blocks replacing the PEO-blocks (see Figure 23(b)) [187] for which we use the short name
GP. They were synthesized by the atom transfer radical polymerization technique [187]. Like
the Pluronics, also GPs form different structures in water like unimers, unimer-aggregates and
micelles which possibly coexist over a wide range of temperatures and concentrations [187].

PEO — PPO — PEO PGMA — PPO — PGMA

o Q,
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HO OH HO OH
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Figure 23: Chemical structures of the amphiphilic triblock copolymers (a) Pluronic and (b) GP. The
hydrophilic blocks are depicted in blue and the hydrophobic blocks in red.

7.2 Polymers Interacting with Lipid Bilayers

For the mode of interaction of the triblock copolymers with the lipid membranes different
possibilities can be imagined. Due to the hydrophobic effect, the hydrophobic PPO block
preferentially penetrates inside the lipid bilayer, while the hydrophilic parts are located at the
surface where they interact with the hydrophilic membrane head group layer and are in contact
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with water.

Polymers with a very short hydrophobic PPO block can only reach to a short distance into the
bilayer core [14]. On the opposite, very long PPO blocks can insert deeply into the membrane and
assume there different conformations. For example, they could coil up forming compact cylinders
or they could lay in-between the two lipid leaflets as shown in Figures 24(a) and (b), respectively.
Investigations from Baekmark et al. on a lipid bilayer system interacting with a PEO-PS-PEO
copolymer lead to the conclusion that a PS block, twice as long as the hydrophobic bilayer
thickness, most probably does not form a compact structure but is located partly in-between the
two bilayer leaflets thereby causing least disturbances of the lipids [186]. Also Rossi et al. found
from simulations that longer hydrophobic polymers incorporated in lipid membranes are located
preferably close to the center of the membrane [188].

Polymers with hydrophobic PPO blocks of a length exceeding the 3 to 4 nm hydrophobic
thickness of the bilayer [33] can assume a membrane-spanning configuration with the two PEO
blocks located at opposite sides of the membrane (see Figure 24(a)). From experiments and
simulations, a minimal PPO block length of 30 [40,189] or 40 units [13,14,190,191] was determined
depending on the specific system used. Polymers with shorter PPO blocks fold to incorporate
from one side into the membrane as shown in Figure 24(b).

Additional to the PPO block length, also the lengths of hydrophilic block, the hydrophobicity
of the whole polymer and the way of sample preparation influence the way of incorporation
[14,16,18,60,191-195]. Many experimental and simulation-based investigations were conducted
to determine which configuration is the preferred one. However, a conclusive solution was not
found. Depending on the specific sample system, both, the membrane-spanning and the U-form
configuration were detected [66,186,190,196] and also transitions are possible [197]. A detailed
computational study was done by Rabbel et al. [197] who determined the free energy difference
between the transmembrane and the hairpin configuration from Monte-Carlo simulations on a
coarse-grained model where they varied the hydrophobicity (which depends on the temperature)
and the length of the polymer middle block. When it is too short or when its hydrophobicity is too
small then the entire polymer is desorbed from the bilayer. The membrane-spanning configuration
is preferred for polymers with middle blocks exhibiting a certain minimum hydrophobicity that
are just long enough to span the membrane but would not reach far into the hydrophobic bilayer
core in hairpin configuration. The hairpin mode only gets preferred for longer blocks. For long
and strongly hydrophobic middle blocks, both configurations exhibit the same free energy, that
is they are equally probable.

Furthermore, polymer aggregation inside the membrane is possible [180,191,198,199], which
could lead to the formation of defective areas making the membrane more permeable [179]. For
example, Frey et al. found lipid-rich, polymer-rich and mixed regions in fluorescence microscopy
images of DPPC in mixture with various Pluronics and from their MC simulations using a
coarse-grained model, a lipid corralling effect of the polymers was seen [16].

Like the polymer configuration, also the amount of polymer that is incorporated into the
membrane depends on the polymer structure and outer conditions. Bryskhe et al. only found
a very small miscibility of the lipid soybean lecithin and the Pluronic L121 concluding that
the two substances generally form separated phases and only a small amount of the polymer is
incorporated in the lipid bilayer independently of the sample preparation method [200]. Also
Krylova et al. determined an extremely low affinity of the Pluronic L61 to egg yolk lecithin
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vesicles, which nevertheless influences the bilayer properties [179]. Other groups, however, got
different results. For a similar system of egg yolk lecithin and L61, Zhirnov et al. determined,
that about half of the Pluronic L61 binds to liposomes [201]. Hédicke et al. additionally found
out that Pluronics only incorporate effectively in lipid membranes when their cmt value is higher
than the lipid phase transition temperature 7y, allowing polymer unimers to interact with the
membrane in the liquid-crystalline phase [202].

Besides the lipid bilayers with polymers incorporated, also other aggregates like polymer
micelles, mixed micelles containing polymers and lipids or bilayer patches can exist [202].

For the GPs, we generally expect similar ways of interaction with the membrane as for the
Pluronics. However, also differences can occur because PGMA has a higher propensity to act as
hydrogen bond donor and acceptor and additionally is more bulky than PEO and could therefore
cause a stronger disturbance of the membrane [11].

As the polymers can associate with the lipid membranes in various ways, they also can
have different influence on membrane properties. Pluronics of relatively high hydrophilicity
have long PEO blocks that adsorb to the membrane surface and therefore can protect or seal
the membrane [13, 18,190, 203] and sterically stabilize it [190]. In contrast, more hydrophobic
polymers with short PEO blocks and a longer PPO middle block tend to increase the membrane
permeability and also can accelerate the lipid flip-flop motion possibly because the PPO blocks
cause disturbances of the membrane and also because the Pluronics can act as carriers transporting
lipids through the membrane [60,66,179,180,189,194,203-206]. On the opposite however, Nawaz
et al. claim, that due to hydrophobic interactions with the lipid tails, the PPO block stabilizes
the membrane while the short PEO chains cause structural defects [189]. Rabbel et al. concluded
from their MC simulations that both copolymers in the transmembrane state and copolymers in
U-form can increase or decrease membrane permeability depending on the hydrophilicity of the
polymer middle block [197].

As a follow-up of previous work done on lipid bilayer/GP systems [11,144], we here seek to
investigate the specific configuration of different polymers inside a number of phosphatidylcholine
membranes with variable bilayer thickness and acyl chain saturation using a combination of

NMR techniques and MD simulations. y

(a) (b) (c) (d) (e)

Figure 24: Possible configurations of a polymer in interaction with a lipid bilayer: (a) membrane-spanning
configuration with parts of the polymer PPO block being located in-between the bilayer leaflets, (b)
U-form configuration with the PPO block coiled up, (¢) U-form configuration of a few polymers that form
an aggregate in the membrane, (d) polymer aggregate attached to the membrane surface, or (e) single
polymer that does not interact with the membrane. The lipid headgroups are represented by blue balls
and the acyl chains as red lines. Also for the polymer, the hydrophilic parts are drawn in blue and the
hydrophobic parts in red. The color scheme will also be used in the following Figures showing snapshots
of simulated trajectories.
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7.3 Samples

In this work, we investigated a number of different mixtures of the lipids DPPC, DMPC, DLPC
and DOPC and various Pluronics and GPs, characteristics of which are given in Tables 2 and 3.
The Pluronics PE3100 (EO;-PO15-EO;), PE3500 (EO11-PO16-EO11), PE4300 (EOg-PO2;-EOg),
PE6100 (EO2-PO39p-EO2) and PE8100 (EO3-PO4-EO3) are denoted as given by BASF. The
first digit of the number is characteristic for the molecular weight of the polymer PPO block and
the second digit multiplied by ten approximately equals the weight fraction of PEO in the entire
polymer.

Considering the explanations of the last section, only the polymer PE8100 and possibly
also PE6100 have a PPO block long enough to span a lipid membrane. Furthermore, as all
the Pluronics investigated are rather hydrophobic, they should not be able to seal or stabilize
the membrane but instead increase their permeability. Also due to the high hydrophobicity,
Pluronics like PE6100 exhibit a low solubility and a small cmc value. They do not form micelles
but “crew-cut” aggregates that can agglomerate and coexist with unimers [205]. For a 20:1
mixture of DMPC and PE6100 with a water content of 50 wt%, we calculate a concentration
of ¢ = 0.071mol/L for the polymer in water when we assume that the lipid bilayers form a
phase separated from the polymer-in-water phase that is located in-between the bilayers. This
concentration lies well above the cmc of PE6100 of 1.1-10~*mol/L.

polymer Nppo Nprgo My /g/mol PD cmc / mol/L [169]

PE3100 15 1 1000 1.44 N/A

PE3500 16 11 1900 1.59 5.3-1073
PE4300 21 6 1750 1.55 2.2.1073
PE6100 30 2 2000 1.55 1.1-1074
PESIO0 40 3 2600 1.50 2.3.107°

Table 2: Pluronic samples: the block lengths Nppo and Npgo, which can vary by about monomer unit,
and the molecular weight M., are given by BASF. The polydispersity PD was measured by gel permeation
chromatography by M. Jbeily. The cmc values are taken from literature.

Besides the Pluronics, we also investigated the three polymers GP12 (GMAg)-PO12-GMAy),
GP17 (GMA2p-PO17-GMAyy) and GP34 (GMA9)-PO34-GMAy) in interaction with lipid mem-
branes. These polymers have identical hydrophilic end blocks and a hydrophobic middle block
of varying length. While GP34 has a PPO block possibly long enough to span the membrane,
GP12 and GP17 are not expected to enter the membrane deeply.

polymer Nppo Npgma My / g/mol PD

GP12 12 20 7500 1.2
GP17 17 20 7700 1.3
GP34 34 20 8600 N/A

Table 3: GP samples: The polymers were synthesized and characterized by the Physical Chemistry of
Polymers Group of the Martin-Luther-University Halle-Wittenberg.
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7.4 Polymer and Lipid-Polymer Systems Simulated

For the simulation of the lipid/polymer systems, we used the same set-up for the lipid membrane
as described in Section 6.1. Each leaflet of the bilayer consists of 64 lipids and the membrane is
surrounded by about 600 water molecules. The force field for the polymer molecules was built in
accordance with the force field by A. Goliaei et al. [207] with a slight modification to get PEO
blocks terminated by only one proton each. The atactic PPO block of the real samples was
modeled to be syndiotactic.

To validate the polymer force field, two systems of a single polymer in water were simulated.
With the first system, the molecular dynamics were checked. The polymer PE3500 was chosen
because of all Pluronic samples investigated here, it exhibits the highest cmc which makes it easier
to produce a solution of unimers experimentally that is comparable with the simulated system.
In Figure 25 three snapshots of the simulation are shown. The polymer tumbles isotropically
in solution with rapidly changing conformations. As a second system, the considerably bigger
Pluronic P85 (EO25-P0O49-EO25) in water was investigated with regard to the molecular structure.
The size of the polymer coil in solution can be defined by radius of gyration R, which is given by

9
R = *z Y (rn—rm)?). (84)
n,m=1

The indizes n and m count all atoms of the polymer, N is the total number of atoms in the
sample and the vectors 7, ,,, describe the atom positions. The average over all time steps is taken.
From the simulation, a value of R; = 1.56 nm using a trajectory of 240ns was determined. This
value compares well with experimental and simulation results of about 1.4 to 1.8 nm [207, 208].

(a) 4 ns (b) 16 ns (c) 30 ns

Figure 25: Snapshots from simulation of PE3500 in water at the simulation time indicated.

In the following, the different lipid/polymer systems simulated will be introduced. The lipid
(DMPC, DPPC), the polymer (PE3100, PE6100) and the polymer configuration were varied.

Membrane-Spanning: Firstly, a system of six polymers incorporated in membrane-spanning
configuration in the lipid bilayer was investigated. The total lipid-to-polymer molar ratio amounts
to 21.3 in this case. The system will be referred to as “membrane-spanning” in the following. It
was simulated for the three combinations DMPC and PE6100, DMPC and PE3100 and DPPC
and PE6100. Only results for the DMPC/PE6100 system are shown in this section since the
other systems behave in a similar way.
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Figure 26: Six polymers PE6100 in membrane-spanning configuration spread homogeneously in a DMPC
bilayer: (a), (b) snapshots (side views) taken after a simulation time of 100 ns, whereby only one of the
six polymers is shown in (b) so that the membrane-spanning configuration is clearly visible; (c¢) snapshot
(side view) taken after a simulation time of 1us and (d) the corresponding top view; (e) z-coordinates of
certain polymer C atoms and an O atom averaged over all polymers together with the position of the
lipid bilayer in z-direction represented by the grey area; and (f) z-coordinate of the last C atom at one
end of the polymer chain plotted for all polymers separately together with the bilayer position.

For the starting configuration, the polymers were put in the membrane slightly separated from
each other, fully stretched and aligned parallel to the bilayer normal. After energy minimization,
the polymer chains are partly coiled so that the polymer PEO blocks are situated in the bilayer
head group region while the hydrophobic PPO block is incorporated completely into the bilayer
acyl chain region. The resulting system after a simulation time of 100ns and 1 pus is shown
schematically in Figure 26(a) - (d).

To demonstrate that all chains stay in membrane-spanning configuration during the whole
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simulation time of 1.2 ps, the time-dependence of the z-coordinate describing the position of
certain polymer atoms are plotted together with the average coordinate of the lipid phosphorous
defining the edges of the bilayer. More precisely, in Figure 26(e), we can see curves for the
z-coordinates of a C-atom at one end of the polymer chain, an O-atom in the chain middle and
another C-atom at the other end of the chain. For this, the average over all polymers was taken.
In the beginning of the trajectory the polymer chains still seem to be slightly stretched. However,
after 50 ns the carbons of the PEO blocks are on a similar position as the lipid phosphorous
atoms indicating that the PEO blocks are incorporated in the lipid head group region. The
oxygen in the middle of the PPO block stays in the bilayer center during the whole simulation

time.

Additionally, in Figure 26(f), the z-coordinates of one chain end are shown for all polymers
separately demonstrating that they all behave the same. For the calculation of order parameters
and relaxation times given in later Sections, the trajectory was analyzed from ¢ = 50 ns onwards.

Single Polymer in U-form: Secondly, a system of a single polymer incorporated in U-form
in the lipid bilayer was investigated. It will be referred to as “single polymer in U-form” and
was set-up for the mixtures of DMPC and PE6100, and DMPC and PE3100. As both systems
showed a similar behavior, we will again only present results for DMPC/PE6100 in this section.

In the initial step, the polymer chain was put on top of the bilayer. It then quickly associated

) 40 ns ) 135 ns ) 500 ns

—PEO (last C atom in last block)
—PPO (O atom in the middle of the chain)
— DMPC (P atom)

| — PEO (first C atom in first block)

z/nm

N W bh OO N 0 ©

Figure 27: Single polymer PE6100 in interaction with DMPC bilayer: (a)-(c) side view at different
simulation times; (d) z-coordinates of certain polymer atoms together with the position of the lipid bilayer
(grey area) in z-direction. The polymer, originally placed on top of the membrane, enters the bilayer at
about 130 ns and stays deeply incorporated in U-form until the end of the simulation.
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with the lipid head groups. After about 130 ns simulation time, the polymer PPO block started
to enter the hydrophobic bilayer region and after about 230 ns it was deeply inserted while the
two PEO blocks stayed in the headgroup region at the same side of the bilayer. This polymer
configuration remained stable until the end of the simulation.

The entire incorporation process is depicted in Figure 27. Snapshots of the system are shown
in (a)-(c). In a similar way as already introduced for the “membrane-spanning” system, the
polymer position with respect to the bilayer was determined by means of the z-coordinates of
three atoms in the polymer chain. The result is depicted in (d) showing in detail the incorporation
of the center of the PPO block (represented by the red line) in the lipid bilayer (grey area) over
time.

Our observations are compatible with simulation results from literature, where the build-in of
a polymer in a membrane is usually described as a two-step process [18,175,191,203]. In the first
step, the polymer adsorbs to the membrane surface making contact with lipid head groups and
in the second step, the polymer inserts completely into the membrane. This way of incorporation
was also confirmed experimentally [198]. For more hydrophilic Pluronics, however, the build-in is
expected to take very long, so that the polymer basically stays on top of the membrane.

From the polymer coordinates shown in Figure 27(d), it also can be concluded, that after built-
in, the polymer stays in U-form during the rest of the simulation time. Flips of the PEO blocks
to the other side of the bilayer do not occur. This behavior is in accordance with literature [191]
and can be explained by the high barrier created by the hydrophobic lipid hydrocarbon region.

For comparison with order parameters and relaxation times determined from NMR experi-
ments, the trajectory of the “single polymer in U-form” system was analyzed from 250 ns onwards
when the polymer is well incorporated into the lipid bilayer.

Six Polymers in U-form: As a third system, six PE6100 polymers build-in a DMPC bi-
layer in U-form were investigated. The system will be referred to as “six polymers in U-form”.

Initially, three of the polymers were placed above and three below the bilayer in the water
phase. The following incorporation process is depicted in Figure 28. In (a)-(f) snapshots from
the simulation are shown and in (g)-(i) the position of certain atoms in the polymer chains with
respect to the lipid bilayer can be seen. In the beginning, four polymer molecules associate
with each other and with the lipid head groups on top of the bilayer and two polymers attach
together to the bottom of the bilayer. Due to the periodic boundary conditions, the polymers
can approach the bilayer from both sides. After about 200 ns the two polymer groups start to
connect to each other and after about 230ns the two lower polymers desorb again from the
bilayer bottom, so that at 250 ns a single, nearly spherical polymer aggregate is situated on top
of the lipid bilayer in contact with the lipid head group region. This aggregate starts entering the
bilayer at about 330 ns until it is completely incorporated at about 450 ns. During the polymer
build-in, the size of the simulation box increases slightly by about 0.4 nm. Subsequently, the
polymers start to separate from each other until they are distributed roughly homogeneously
over the whole bilayer. During the entire simulation time, they keep the U-form configuration.
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Figure 28: Six PE6100 polymers interacting with DMPC bilayer: (a)-(f) snapshots (side view) at different
simulation times; (h)-(i) z-coordinates of two C-atoms on opposite chain ends and the center O-atom of
the PPO block in comparison with the position of the lipid bilayer (grey area). The polymers enter the
membrane in U-form as an aggregate and subsequently distribute homogeneously over the bilayer.
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To investigate the dispersion process in more detail, the average distance in the z-y-plane
between the polymer molecules over time was determined. In every time step, the x and y
coordinates of a specific C atom were picked for every polymer. The z-components were neglected.
Taking the periodic boundary conditions into account, all distances between the six C atoms were
determined and averaged. The whole procedure was repeated for another nine carbons along the
polymer chain and the total result was then calculated as the average over all ten values. In
Figure 29 the time-dependent curve determined for the system is shown in comparison with the
curve determined in the same way for the “membrane-spanning” system, for which we expect a
homogeneous distribution of the polymers. Accordingly, it can be seen that the average distance
between the polymers has a relatively stable value over the entire simulation time. For the
“six polymers in U-form” system however, the average distance between the polymers increases
after the aggregate incorporated in the membrane indicating that the aggregate dissolves. For
simulation times greater than 700 ns, the curve roughly reached the value of the curve of the
“membrane-spanning” system indicating that from this time on the polymers are distributed
roughly homogeneously over the bilayer.

These observations, however, are not in accordance with results from literature. Using
coarse-grained MD simulations, Hezaveh et al. found out that PPO blocks of different Pluronics
aggregate in a DMPC bilayer [191]. Also Pembouong et al. conlcuded from MD simulations
which were applied in combination with!H NMR experiments that PPO blocks of the Pluronic

L64 in membrane form clusters [199].
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Order parameters and relaxation times for the system “six polymers in U-form” were calcu-
lated using the trajectory from 700 ns onwards.

Aggregate on Top of Membrane: The last system investigated consists of an aggregate
of six PE6100 polymers on top of a DMPC bilayer. It will be referred to as “aggregate on top of
membrane”. To create this system, the polymer molecules were allowed to self-assemble in the
water phase. Afterwards the resulting polymer aggregate was placed above the lipid bilayer. It
directly attached loosely to the bilayer head group region. In contrast to the previous system,
the polymers did not enter deeply into the membrane, but stayed on top of the bilayer during
the entire simulation time of 600 ns.
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Figure 30: Six polymers PE6100 on top of DMPC bilayer: (a)-(c) snapshots (side views and top view)
taken at different simulation times; (d)-(f) z-coordinates of certain polymer atoms, which stay located
on top of the lipid bilayer (grey area) for the entire simulation time indicating that the polymers do not
enter the lipid bilayer.

The simulation snapshots in Figure 30(a)-(c) show the polymer aggregate which exhibits
a roughly spherical form on top of the membrane. In Figure 30(d), it can be seen from the
z-coordinates of specific polymer atoms, that during the whole simulation time all polymer chains
stay positioned on top of the bilayer. The single PEO blocks only attach temporarily to the lipid
head group region while the PPO blocks mostly do not show direct contact with the bilayer (see
Figure 30(f) and (e) respectively). However, with regard to the other systems simulated, we
believe that the polymer aggregate on top of the bilayer does not resemble a stable state of the
system but that the polymers would enter the membrane after an even longer simulation time.

Also in literature, the interaction of polymer micelles with lipid bilayers was investigated.
Hezaveh et al. and Adhikari et al. found out that the build-in of a polymer micelle is more
complicated and time-consuming than the incorporation of a single polymer molecule into a lipid
membrane [175,191] which is in accordance with our results.

Data analysis to compare with NMR results for order parameters and relaxation times was
done from a simulation time of 50 ns onwards.
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7.5 DSC Results

For a general overview about the phase behavior of the different lipid/polymer systems depending
on temperature, we performed Differential Scanning Calorimetry (DSC) measurements. Basically,
a calorimeter consists of a sample cell containing the lipid system to be investigated and a
reference cell that only accommodates the solvent (water) [7,10]. Both cells are simultaneously
heated (upscan) or cooled (downscan) with constant rate. By permanently adjusting the heating
power, the temperature difference of the two cells is kept zero at all times during this process.
Meanwhile, the differential heat is recorded as function of temperature. It is proportional to heat
capacity Ac,. Deviations from the baseline indicate that a thermally-induced event is happening
in the sample system.

For our measurements we used a Microcal VP-DSC to record DSC curves with a heating rate
of 1°C/min. At least three up and down scans were performed for each mixture until the curves
did not change anymore. For baseline correction, we additionally recorded the DSC curve of pure
deuterated water and subtracted it from the DSC curves of our lipid samples. An additional
cubic baseline correction was performed for the determination of peak areas.

While we use samples of 50 wt% water for the NMR measurements, the DSC experiments
were conducted using distinctly more dilute solutions with a lipid concentration of 1 mmol/L.
Nevertheless, the different sample systems should be comparable as complete hydration is present
in both cases although the polymer may have an effect on the limit for excess water.

In Figure 31, a typical DSC curve for a phospholipid
in water sample is shown. Two peaks are visible. The
small and broad peak at lower temperature belongs to

the pretransition and the second sharp and strong peak 8] main
indicates the main phase transition which is a transition - phase|
of first order. The position of the peak maximum is H.f ®1 transition
defined as the phase transition temperature Tj,, the % 44 AT
peak width AT} 5 is a measure for the cooperativity ;oc v
of the transition process and the area underneath the ZQ.ZA B aH

- J pretransition
peak represents the enthalpy of transition AH. From 04 .
this, the transition entropy AS = A?H can be calculated 10 15 20 25 30
because for first-order phase transitions, the change of temperature T/ °C

free energy equals zero (AG = AH — TAS = 0) at
the center of the phase transition. For DMPC, the
pretransition appears at about 16°C and the main
transition at about 24°C (see Figure 31). For the
enthalpy of the main phase transition, we determine AH,, ~ 23kJ/mol and for the entropy

Figure 31: DSC thermogram for DMPC.

ASy, ~ 78J/(mol K). All values are in accordance with literature results [9].

It is also known from literature, that samples of pure Pluronics in water show a broad
endothermic peak that reflects the process of micellization [171,184,202,209]. The heat of
micellization is caused by the dehydration of the PPO block [184]. The peak position defines
the cmt. In accordance with this, we measured a DSC curve (see upmost curve in Figure 33(a))
with a very broad endothermic peak stretching from about 20 °C to about 60 °C for a sample of
PE6100 dissolved in deuterated water at a concentration of 1 mmol/L.
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Figure 32: DSC curves recorded for mixtures of different ratios of (a) DMPC/GP12, (b) DMPC/GP17,
(c) DMPC/GP34 (data from [11]) and (d) DMPC/PE6100.
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Figure 33: (a) DSC curves of the mixtures of DMPC and PE6100 shown on a larger temperature scale
than in Figure 32(d); and (b) temperature difference of the melting peak positions from pure DMPC and
from the four triblock copolymer mixtures depending on the molar ratio Xpypc of lipid in the mixture.

Also DSC curves of different lipid/Pluronic mixtures are given in a number of literature
sources. As a general result it was found that with rising polymer concentration, the main
phase transition broadens [13,199,205,209] while depending on the sample system the melting
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temperature Ty, decreases [199,205,209] or nearly remains constant [13,205]. For a system of
DPPC and L121 (EO5-POgs-EO5), mainly separated phases were detected and consequently,
the DSC phase transition peaks in the mixture are nearly identical to the ones in the pure
samples [200].

Here, we performed DSC measurements for different mixtures of DMPC and the polymers
GP12, GP17, GP34 and PE6100. Experiments on the systems DMPC/PE6100 and DMPC/GP34
were partially done by C. Schwieger [11].

From the results shown in Figure 32, we can conclude that all four polymers interact with
the lipid membrane because for all sample systems changes of the main phase transition peak
can be detected. The DSC curves for the different mixtures of the two systems DMPC/G12 and
DMPC/GP17 look similar. With rising polymer content the transition peak broadens, splits into
two peaks and gradually shifts to lower temperature. The change of phase transition temperature
is shown in Figure 33(b) as a function of the polymer concentration. Also for the mixtures of
DMPC and GP34 and DMPC and PE6100, the main phase transition peak broadens with rising
polymer content and shifts to lower temperatures. This shift however is more distinct than for
the mixtures with GP12 and GP17 (see Figure 33(b)). Additionally, we found for all samples
that within the uncertainty limits, the area underneath the main phase transition peak roughly
stays the same for all mixing ratios.

Our results generally agree with the literature results described above. For their interpretation,
we firstly state that guest molecules can have different influence on the phase transition seen in
the DSC curve. Molecules that stabilize the membrane by interacting with the head groups lead
to an increase of Ty,. An example are the hydrophilic PEO blocks, which additionally cause a
dehydration of the membrane leading to a higher packing [210]. The PGMA blocks possibly have
an even higher effect on the lipid headgroups than the PEO blocks due to their high capability
of forming hydrogen bonds. On the other hand, membrane systems with molecules that disturb
the lipid packing by incorporating in hydrophobic region exhibit a lower Ty,. As a consequence,
a competition of both effects is present in most cases [11]. From the lower melting temperature
determined for our systems, we therefore conclude, that the lipid disturbing effect dominates.
For the mixtures with GP34 and PE6100 it is larger than for the mixtures with GP12 and GP17,
probably because GP34 and PE6100 insert more deeply into the membrane.

Furthermore, the decrease of the melting point temperature can be described as a freezing
point depression which arises when the polymers interact more strongly with the membrane in
the liquid-crystalline phase than the membrane in the gel phase. In a later section, we will see
that also results from other experiments indicate that the block copolymers do not incorporate
in the gel phase membrane.

As a general description of all separate features of the DSC curves is cumbersome, the results
can also be interpreted using the classification of McElhaney [10]. The systems of DMPC/GP34
and DMPC/PE6100 behave similar to type A systems, which are defined by a decreasing Ty,
a increasing AT/, and a AH that stays unchanged with rising guest molecule concentration.
Guest molecules of these systems are expected to interact with the upper acyl chain region of the
lipid bilayer. The systems DMPC/GP12 and DMPC/GP17 on the other hand can be classified
as type B or D showing an additional DSC peak at the main phase transition which is indicative
for guest molecules located near the hydrophobic/hydrophilic interface of the bilayer or guest
molecules interacting with the lipid head groups at the bilayer surface, respectively.
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In Figure 33(a), the DSC curve of the DMPC/PE6100 mixtures is shown on a broader
temperature range. Besides the main lipid phase transition, we can see that for high polymer
contents an additional broad peak at high temperatures appears, indicated by the grey arrows,
probably originating from polymers that are not bound to the membrane but can form micelles
instead. As expected, for the 5:1 mixture, the aggregation process starts already at lower
temperature than for the 7:1 mixture due to the higher polymer content.

7.6 '3C Spectra
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Figure 34: 3C DP MAS spectra of (a) samples of DMPC and PE6100 in different mixing ratios, (b)
various DMPC /polymer mixtures of a molar ratio of 20:1 and (c) a DP, a CP and an INEPT spectrum of
a DMPC/PE6100 20:1 mixture. All spectra were acquired at temperatures between 35°C and 40 °C.
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In this section, '3C spectra, of the different lipid/copolymer mixtures are presented. In Fig-
ure 34(a), DP spectra of mixtures of DMPC and PE6100 of different ratios as well as spectra for
the pure lipid and the pure polymer in about 50 wt% deuterated water are shown. DP spectra
recorded for mixtures of DMPC with the different polymers are depicted in Figure 34(b). Peak
assignment for the polymer peaks was done according to References [119,211].

From slight shifts of the lipid peaks, we can conclude on lipid/polymer interactions [144].
These effects, however, are not very significant.

The polymer peaks of nearly all mixtures are sharp and well resolved, indicating a relative
high mobility. This can be further confirmed by comparing the results from CP, INEPT and DP
excitation as shown in Figure 34(c) for the 20:1 mixture of DMPC and PE6100. The signals
from the polymer PPO block show highest intensity in the INEPT spectrum, are much smaller
in the DP spectrum and in the CP spectrum, they are nearly not visible.

Furthermore, it is known from literature, that width and position of the Pluronic signals
depend on their aggregation state and on possible interactions with the membrane. In '3C spectra
of Pluronics in water acquired under static conditions, the PPO methyl peak of polymers in
micelles are shifted downfield by about 0.9 ppm in comparison to unimer resonances. The position
of the PEO peaks, however, is the same for unimers and polymers in micelles [212]. For Pluronics
incorporated deeply into a lipid bilayer, the PPO methyl peaks are broader than for Pluronics in
solution [193]. It is difficult however, to draw quantitative conclusions on the interaction between
lipids and polymers from the PPO methyl peaks of our '3C MAS spectra alone. Furthermore,
we expect similar peak positions from aggregated polymers and polymers incorporated in lipid
bilayers.

While the highly hydrophobic Pluronics PE3100, PE6100 and PE8100 in mixture with DMPC
only show one PPO methyl peak, two PPO methyl peaks can be seen in Figure 34(b) for the
mixtures DMPC/PE3500 and DMPC/PE4300. Because these two Pluronics have the highest cmc
values, the right peak probably originates from unimers dissolved in the water layers in-between
the lipid bilayers. For the DMPC/GP mixtures, the polymer PPO methyl peak is rather broad.
It is shifted a bit further downfield for DMPC/GP17 than for DMPC/GP34, indicating that
more GP17 is dissolved in water than GP34.

7.7 Cross-Relaxation Rates

The NOESY experiment was applied to get information about the location and possibly also the
configuration of the copolymers in the membrane. In Figure 35(a) a 2D NOESY spectrum of
DMPC/PE6100 in the liquid crystalline phase at a temperature of 40 °C is shown. The assignment
of the polymer peaks, which are denoted in red, was done according to literature [184,213|. Peaks
from the polymer PEO block cannot be distinguished because in case of the PE6100 polymer
this block is quite short and therefore only gives small signal which additionally overlaps with
peaks from the lipid headgroup region.

Cross peaks between the resonances of the polymer PPO block and the lipid can clearly be
seen reflecting the close contact between the molecules. Especially from the polymer/lipid acyl
chain cross peaks, we can conclude that the polymer is not only adsorbed onto the surface but
penetrates deeply into the lipid membrane. The relatively small intensity of the cross peaks might
be explained by the weak and rather transient contacts in the fluid bilayer. Another possible reason
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could be the formation of polymer domains as already suggested in literature [180,191,198,199].
In this case, interaction between polymers and lipids would only occur at the boundaries.

As for the pure lipid samples, we assume that spin diffusion is not relevant for the magneti-
zation exchange in the lipid /polymer systems (see Section 5.5) because like the lipids, also the
polymers exhibit high molecular mobility as already explained in the last section.

In general, the NOESY spectra of all lipid/Pluronic mixtures investigated and of the
lipid/GP34 mixtures [11]) show similar cross peaks confirming the insertion of the polymer into
the lipid bilayer (see Table 4). This result fits to previous investigations from literature showing

DMPC o
: § qor2adedetelontin.,
N V‘{/O/%\O\X/O S
| [} =N (1 0 939291 \g/\/\/\/\/\/\/
b : |
] o PE6100 ; /f’\b/o%oﬂ\/o\H
0
] 0 0101 |PPO3
] g
© 0.084
. &
1 @ c 0.06
S
£ 0.044
A (1]
] ' ©
@ % 0.02
o
' © 0.00-

Yy B o 9,9, 9, 2 341314

(b)

Figure 35: (a) 2D NOESY spectrum of DMPC/PE6100 measured at a temperature of 40°C using a
mixing time of 7, = 550 ms and an MAS frequency of 5kHz; (b) cross-relaxation rates determined from
the cross peaks of the PPO methyl group (PPO3) of the polymer and the lipid resonances using the spin
pair approach.

lipid-polymer cross peaks

yes

no/small

DLPC/GP34 50:1
DPPC/GP34 50:1

DMPC/PE3100 20:1
DMPC/PE4300 20:1
DMPC/PE6100 20:1
DMPC/PES8100 20:1

DPPC/PE3100 20:1
DOPC/PE6100 20:1

DLPC/GP17 20:1
DMPC/GP17 10:1

DMPC,/Chol/PE6100 60:20:3

Table 4: Summary of results from 2D NOESY spectra.
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that hydrophobic Pluronics reach deeply into the bilayer core [13,203].

However, no lipid-polymer cross peaks could be detected for the mixtures DLPC/GP17,
DMPC/GP17 and DMPC/cholesterol/PE6100 with a lipid/cholesterol ratio of 3:1. In these
three cases, the polymer is not inserted into the membrane. Instead, it might not interact with
the membrane at all or it is adsorbed loosely to the membrane surface.

For the lipid/GP17 mixtures, this lack of strong interaction can probably be explained by the
structure of the polymer GP17, more specifically by the ratio of its hydrophilic and hydrophobic
molecular blocks. In contrast to these results, we can detect lipid-polymer cross peaks for the
mixtures DMPC/PE3100 and DPPC/PE3100. Seemingly the polymer PE3100 is build in the
membrane to a significant degree although it even has a slightly shorter PPO block then GP17.
However, the hydrophilic PGMA blocks of GP17 are much bigger than the PEO blocks of
PE3100, which only consist of about one monomer each. Consequently, the total hydrophilicity
of the polymer GP17 is higher and the hydrophilic PGMA blocks might be able to shield the
hydrophobic PPO block possibly preventing it from inserting into the membrane. These findings
are consistent with literature results suggesting that more hydrophilic Pluronics preferentially
interact with the membrane surface [18,190,203].

The missing interaction between lipids and polymers found for the DMPC/cholesterol /PE6100
sample can be explained by the ordering of the lipid acyl chains due to cholesterol (see Section
2.4) which results in a more condensed membrane with increased packing density that could
hinder the polymer to enter the membrane. A more detailed description of the influence of
cholesterol on the lipid/polymer systems will be given in Section 7.10.8.

Besides this qualitative analysis, we also determined cross-relaxation rates for the sample
system DMPC/ PE6100 20:1. For this purpose, NOESY spectra were acquired for several mixing
times between 1ms and 1s. We analyzed the signal of the PPO methyl group, because it shows
a suitably isolated peak at about 1.1 ppm, denoted as PPO3 (see Figure 35(a)). The other
polymer signals partly overlap with lipid signals and therefore cannot be further considered.
Consequently, the full matrix approach could not be used as we could not determine the entire
peak volume matrix. Instead, we calculated the cross-relaxation rates from the peak volumes of
the PPO3 cross peaks and the respective diagonal peaks only by using the spin pair approach
(see Section 5.5). The results are shown in Figure 35(b). The highest cross-relaxation rates, we
can see for the lipid acyl chain and especially for the upper chain region indicating that the
polymer PPO block reaches into the hydrophobic bilayer core. Also, the cross-relaxation rates
for the lipid head group are not zero. They might arise from PPO units close to the PEO blocks
which can easily have contact to lipid headgroups facilitated by the high molecular dynamics
in the whole system. However, as the spin pair approach is not precise for determining small
cross-relaxation rates, it only yields qualitative results which should be interpreted carefully.

In literature, cross-relaxation rates determined from the NOESY experiment on lipid mem-
brane systems exhibiting high mobility and molecular disorder are often interpreted in terms
of the contact probability. The highest cross-relaxation rate is taken as an indication of the
preferred location of a guest molecule, like ethanol [70], a peptide [214] or aromatic multidrug
transporter substrates [124], in the membrane [69]. However, in the case of long polymers in
the membrane investigated here, the interpretation of the cross-relaxation rates is more difficult.
Therefore we calculated contact probabilities and cross-relaxation rates from the trajectories of
the different systems simulated and compared them.
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To determine the contact probability for two specific atoms (one from the lipids and one
from the polymer), we record their distance r for all combinations and subsequently, sum up
the resulting 1/7% for each pair and each time step. To speed up the calculations, we use a
cut-off distance of 10 A, that is larger distances are not considered. In Figure 37(a)-(c), contact
probabilities determined for lipid atoms and the polymer PPO block (average value over all
protons from the PPO CHgy groups) are shown for three different systems simulated. For systems
with polymers deeply incorporated into the membrane, we get the highest contact probability
between the polymer PPO block and the lipid chain ends irrespective of the way of incorporation
(membrane-spanning or U-form), because a significant part of the polymers is located deeply
inside the bilayer. For the polymers forming an aggregate on top of the membrane, we naturally
get the highest contact probabilities for the lipid headgroup region and in total much smaller
values than for the other systems. The experimentally determined cross-relaxation rates displayed
in Figure 35(b), however, show a different profile.

Figure 36: Cross correlation functions determined
— B for proton pairs with one proton coming from the
— 7 PPO CHs groups and the other one from the dif-
— 13 ferent lipid segments for the “membrane-spanning”
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lipid chains (7) and the lipid chain ends (13) (see

Figure 35 for the lipid structure). For the plot,
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For their interpretation, we therefore calculate cross-relaxation rates from our trajectories of
the different systems simulated. A similar approach was already used in literature to investigate
the positioning of ethanol in a lipid bilayer [71]. As, due to the use of the united atom model, the
dynamics of the PPO methyl group are not described correctly, we calculate the cross-relaxation
rates for protons of the PPO CHs groups instead and subsequently take the average over the
whole PPO block. For both lipid chains, the cross-relaxation rates are calculated separately and
the average is taken. We only consider one proton of each lipid and polymer CHy group, because
the other proton shows the same behavior. To calculate the cross correlation function from our
simulations, we rewrite Equation 73 given in Section 5.5 as

B 1 KL L 1 322 (1k) 1 322 (16 + t)
Cil) = KLP Zkzzl:%: ) < 2 () 1) et D) ( Bl 1) - (89)

Ip Tlp

The sums are taken over all protons contributing to one resonance, that is all protons with
the same chemical shift of one lipid or polymer molecule and all the protons of the different
molecules. The total numbers of contributing lipid or polymer protons of the entire system
are denoted as L or P. Division by LP yields the correlation function on a per-proton basis,
Additionally, we average over all time steps 73 available with a total number of K. Because for
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longer time steps t, the average is taken over a smaller number K of values, we only calculate
the correlation function for half of our simulated trajectory. As explained in Section 5.5, the
correlation function subsequently is described by a fit function given as the sum of exponentials
Ci;(t) =, ane ™. We use fixed parameters 7, varying from 1072 to 10%s in steps of 10°!
and determine the prefactors a, by fit. As we can see in Figure 36, for long times ¢, all correlation
functions show an identical decay originating from the lateral diffusion of lipids and polymers.
The cross relaxation rates are then calculated using to Equation 75 in Section 5.5. Because they
are dominated by the terms containing long 7,, it is important to determine the respective a,,
precisely that describe the tail of the correlation function.
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Figure 37: Results for different DMPC/PE6100 systems: (a)-(c) contactprobabilities determined from the
different systems simulated; (d)-(f) cross-relaxation rates of the respective systems; (g) comparison of
contact probabilities and relaxation rates determined from the cross corrleation function omitting the
angular dependence (see Equation 86); (h) cross-relaxation rates per proton determined from experiments
and from simulations.
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In Figure 37(d)-(f), the resulting cross-relaxation rates, calculated on a per-proton-basis, are
shown for three different systems. The cross relaxation rates determined for the systems with
PE6100 incorporated deeply into the membrane show a maximum at the upper acyl chain region
of the lipids. The profile of the cross relaxation rates therefore is different than the profile of
the contact probabilities. Cross-relaxation rates determined for the system “aggregate on top of
membrane” are considerably smaller and very roughly show the same behavior as the respective
contact probabilities.

For a better understanding of the differences between the contact probabilities and the cross
relaxation rates, we calculated the cross relaxation rates a second time omitting the angular
dependence of Equation 73 (Section 5.5). As a result, we get the correlation function

Coylt) = ——— iii ! ! (86)
N AnKLP T 3 (1k) rl?’p(Tk—i-t)

lp

from which we calculate the cross-relaxation rates in the same way as described above. The
results for the “membrane-spanning” system are shown in Figure 37(g) in comparison to the
contact probabilities calculated before which were normalized to roughly give the same intensities.
It can be seen that the profiles of the contact probabilities and the cross-relaxation rates without
angular dependence along the lipid molecule match quite well. Therefore, we conclude that
the experimentally determined cross-relaxation rates cannot just be interpreted in terms of
contact probabilities for our lipid/polymer systems but that the correlation times describing
the reorientational motions of the connecting vectors also influence these cross-relaxation rates
significantly.

In Figure 37(h), the cross-relaxation rates determined from experiment and simulation are
shown in comparison. For this, the experimental values already shown in Figure 35(b) were
normalized by division by the number of contributing protons and multiplied by a factor of 0.6 to
get a good match of the experimental and simulation results. This additional factor might arise
because only about half of the polymers available gets incorporated into the membrane. The
experimentally determined values match best with the simulation results from the 'membrane-
spanning’ system. However, also the results from the “single polymer in U-form” system look
quite similar, so that a safe conclusion on the polymer configuration in the membrane cannot be
drawn. Also both configurations might occur.

7.8 Order Parameter Scy of Lipid Molecules

The R-PDLF and the recDIPSHIFT experiment were performed to determine heteronuclear
dipolar coupling constants of the lipids in mixture with triblock copolymers and from this conclude
on molecular order and dynamics. As an interaction between lipid and polymer molecules was
clearly proven in the previous sections, it could be imagined that the polymers alter the lipid
packing or influence lipid headgroup dynamics.

In literature, different results for the influence of the polymer on the lipid packing can
be found. While more hydrophobic Pluronics apparently increase the bilayer rigidity and the
lipid order parameters [16,189,190,192], more hydrophilic Pluronics rather seem to lower the
lipid ordering [191,194]. However, also hydrophobic Pluronics were found to disturb the lipid
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packing [18,194,203,206]. Yet other sources claim that lipid dynamics and packing are unchanged
by the polymers [18,186].

From our results shown in Figure 38, we can conclude that within the experimental error the
lipid order parameters are the same for the different lipid/Pluronic mixtures and identical to the
results from the pure lipid sample. Increasing the polymer concentration did not result in any
changes and also for the mixtures of DMPC and GP34, it was found that the polymer does not
influence the lipid order parameters [144]

An analysis of the polymer resonances from the '3C detected SLF experiments was not
successful. Despite we have proven that the polymer is inserted deeply into the membrane,
anisotropic motions of the polymers in the membrane cannot be detected. Instead, the residual
heteronuclear dipolar couplings of the copolymer seem to be highly averaged. In the recDIPSHIFT
curves, a modulation is hardly visible and the dipolar spectrum acquired using the R-PDLF
experiment only shows an intense middle peak and broad rather shallow peaks at the sides that
hint to a distribution of couplings (see Figure 67 in the Supplementary Section E.2).

For comparison, the lipid order parameters were calculated from the simulated trajectories
of all different systems (see Figure 39(a)). In accordance with the experimental results, the
lipid order parameters are not influenced by the presence of the polymer. In Figure 39(b),
additionally the order parameters calculated for the lipid acyl chains from the upper and the
lower bilayer leaflet are shown separately. While for the system of pure DMPC, we find identical
order parameters for the upper and the lower leaflet, a difference can be seen for the system
with six polymers incorporated in U-form in the upper leaflet. In this case, the lipids in the
upper leaflet show a higher order parameter than the lipids in the lower leaflet or in the pure
DMPC system. However, this effect of lipid ordering is not strong and also can be explained by
the relatively high polymer concentration in this leaflet, which probably would not occur in real
samples.

Generally, we can conclude from experimental and simulation results, that the block copoly-
mers do not influence the lipid packing or their geometry of motions. The most likely explanation
is that the polymer incorporates in the membrane in the least disturbing way and adapts to the
lipid dynamics [186]. Also the formation of polymer aggregates could be a reason as in this case
lipid-polymer interactions would only occur at the aggregate borders. However, our simulations
have shown that also polymers homogeneously distributed over the membrane do not have much
influence on the lipid ordering (see Figure 39(a)).
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Figure 39: DMPC order parameters from MD simulation (a) for the different systems, and (b) for the
upper and lower leaflet separately calculated for two different systems.

7.9 Relaxation Rates R; of Lipid Molecules
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Like the lipid order parameters Sci, also the Ry relaxation rates of the lipid molecules are not
influenced by the polymers. In Figure 40, the results for a pure DPPC sample and for a mixture
with the Pluronic PE3100 determined at 50°C using the SATREC experiment are shown in
comparison. Within the uncertainty limit, the relaxation rates of both samples are the same.
Also for other samples, for example DPPC and DPPC/GP34, nearly identical relaxation rates
were found for the lipids.

In the same way, the relaxation rates of the lipids determined from the trajectories of the MD
simulations are quite similar for all the different systems. The results are shown in Figure 41.

Summarizing the results from experiments and simulations for the lipids, we can conclude
that the fast lipid dynamics are generally not influenced by the polymer as neither the order
parameter nor the relaxation rates show any changes.
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Figure 41: Relaxation Rates R; determined from the MD simulations.

7.10 Polymer Configuration and Dynamics

From the results of the R-PDLF and the recDIPSHIFT sequence, we concluded that the polymers
in mixture with the lipids show a highly averaged heteronuclear dipolar coupling that is too
small to be determined by these experiments (see Section 7.8). Additionally, a wide distribution
of couplings might be present. To nevertheless detect anisotropic polymer motions, we use the
BaBa-xy16 sequence which allows for the measurement of small homonuclear 'H-'H residual
couplings (see Section 5.6.4). This approach for the investigation of lipid/polymer systems
was already introduced in References [96, 144]. Additionally, polymer order parameters were
determined from the simulated trajectories and compared for the different systems.

7.10.1 Analysis of the DQ build-up curve

Using the BaBa-xy16 sequence, we recorded DQ build-up curves. Like for the NOESY experiment,
we analyzed the PPO methyl peak because of all the polymer signals it is resolved best. The
DQ and the reference intensities were determined by integration. A baseline correction was not
necessary.

For samples of pure polymer in deuterated water at a concentration of 50 wt% (GP34 and
PE6100), we did not measure any build-up of DQ intensity which is an indication for isotropic
molecular mobility. Seemingly, the polymers are quite mobile although they are expected to
form aggregates at such a high concentration.

The individual steps of data analysis for experiments conducted on the lipid /polymer samples
are shown in Figure 42 using as an example the results of a 20:1 mixture of DMPC and PE6100.
In part (a), on the very left we can see that for small DQ evolution times Tpq of less than 2 ms,
the DQ intensity first increases very strongly and then decreases again. This is due to an overlap
of the polymer peak with the foot of the large signal of the motionally more restricted lipid acyl
chain (see the spectrum at the top of Figure 35(a) in Section 7.7), causing the large initial peak
in the DQ build-up curve. However, the lipid signal relaxes fast, so that for Tpq exceeding 1 or
2ms, the polymer peak can be separated clearly and the intensity is not influenced by the lipid
molecule anymore, but shows a slow increase of the DQ intensity which is characteristic of the
mobile polymer. For all data analyses, one can therefore just neglect the intensities measured
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during the first 1 or 2ms.

Besides the molecular segments that show anisotropic mobility leading to a build-up of DQ
intensity, there is also a fraction of nuclei exhibiting isotropic mobility. The contribution I,; of
these uncoupled spins was determined by a bi-exponential fit to the intensity difference It — Inq
(see Figure 42(b)) which is generally the best way to identify signal contributions arising from
isotropically mobile moieties [215]. As there is some uncertainty about the starting point from
which data should be used for fitting, we chose six different starting points and took the average
result from all of them. Consequently, we also calculated six different build-up functions in the
next step, which all reached the plateau value of 0.5 at slightly different times and which we all
analyzed separately.

The origin of the isotropically mobile fraction can be attributed to PPO methyl groups within
chains that are not incorporated in the membrane but instead exhibit a high mobility in water
where they exist as unimers or in form of some aggregates, for example small micelles with a
radius of only a few tens of nanometers [187]. However, also polymers that only attach loosely to
the membrane surface or even polymers that fold into a hairpin upon membrane incorporation
could exhibit isotropically mobile parts of the PPO block in the middle of the bilayer. A third
possibility is the formation of polymer domains within the membrane [180,191,198,199]. While
polymer dynamics are anisotropic at the lipid/polymer border, there could be much less motional
restriction for polymers within the domain.

The signal fraction f, of the anisotropically mobile PPO methyl groups is determined from

Lief(0) + Inq(0) — Jail (0)
Iref(o) + IDQ(O)

f a — (87)
For this, the sum intensity at a DQ evolution time of zero I;t(0) + Ipg(0) was determined by
back extrapolation based upon a single-exponential, a bi-exponential or a stretched exponential
fit, to the difference of sum and tail intensities. For this sample, we obtain f, = 0.46 + 0.05. It
reflects the fraction of polymer that is deeply inserted into the lipid bilayer therefore showing
anisotropic, restricted dynamics which result in a coupling constant different from zero.

In the next step, we analyzed the normalized DQ build-up curve shown in Figure 42(c). In
the long-time limit, it reaches a plateau value of 0.5. Although the DQ build-up curve of an
isolated methyl group is theoretically only expected to rise to 0.33 [216], we measure a higher
value, due to the influence of additional couplings to remote protons and dipolar truncation. The
residual dipolar coupling constant is determined using the fit function of the second moment
approach given in Equation 78 in Section 5.6.4. To get stable end results that are comparable
and an estimation of the statistical error for all the different samples investigated, we performed
the fit to the DQ build-up curves for three different fit intervals (starting value at 1, 1.5 and
2ms) and took the average value of all the 18 fits as the result. Additionally, we performed each
experiment about two or three times to check for reproducibility.

For the DMPC/PE6100 20:1 mixture, a coupling constant of vp yes = (153 £ 30) Hz and a
distribution width of o = (53 £ 15) Hz were determined. We also tried the fit using the Abragam-
like function given in Equation 80 in Section 5.6.4. It yields the same value for the coupling
constant vp yes = (153 £ 30) Hz and a significantly higher distribution width of o = (111 £ 15) Hz.
The same tendencies were found for all samples. However, due to the missing initial slope, a
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stable fit could not be reached in all cases by using the Abragam-like function. Therefore, we
will only present results from fits using the second moment approach.

For calculating the order parameter S of the polymer backbone (rather than a specific H-H
internuclear vector) from the residual dipolar coupling measured for the methyl groups of the
PPO block, one can use a reference coupling of about vp .t = 6.3 kHz as estimated for polymers
with similar local spin configuration [142,217]. The resulting order parameter of Syg = 0.023 is
rather small. To calculate this order parameter theoretically, the polymer can be modeled as a
freely fluctuating Gaussian chain of contour length Ry« subtended between two fixed points at
a distance R. Classical arguments yield S = %% [158,218]. Assuming that the polymer has
the membrane-spanning configuration, we can take R to be the hydrophobic membrane thickness
of 2.54 nm [219]. With Rpax = 12.2nm for the fully stretched PPO block [198], we obtain an
order parameter of S = 0.026 which is indeed very close to the experimental value.

However, according to the results of the last sections, it is more probable to assume that
the polymer is not just moving freely between two fix points given by the membrane headgroup
region, but is adapting to the lipid chains instead. This explanation is also supported by the MD
simulation results shown in the following section.

signal intensity of
104
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Figure 42: Results from a DQ experiment on DMPC/PEG6100 20:1 at about 40 °C using a MAS frequency
of 8kHz. The DQ evolution time was incremented between 0 and 1000 rotor periods with Tpq = nr,
n =1,2,3,... for small Tpq and Thq = 4n7r for larger Tpq to avoid intensity reduction due to higher-order
effects [159]. (a) Measured DQ and reference intensities; (b) tail fraction determined from I.ef — Ipg and
sum intensity; (c¢) normalized DQ build-up curve and results from a fit based upon Equation 78 given in
Section 5.6.4

7.10.2 Order Parameters Determined from MD Simulations

As it is not possible to conclude on the polymer configuration in the membrane from the averaged
dipolar coupling constant of the PPO methyl groups alone, we will, in a next step, compare our
experimental results to the respective order parameters of the polymer PPO block calculated
from the trajectories of the different lipid/polymer systems simulated.

Specifically, we determine the order parameter Scc for the C-C bond between the methyl
and methine group (see Figure 43 at the lower right). To compare Scc with the experimentally
determined order parameter S of the polymer backbone, we need to consider a factor of 0.5
which accounts for the fast reorientations about the polymer backbone. From the residual
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dipolar couplings vp ;es measured, we consequently determine the order parameter as [Scc| =
VD res/12.6 kHz.

Besides the calculation of a mean order parameter describing the whole PPO block, simulation
results also allow for the examination of each PO segment separately. Furthermore, the entire
order tensor can be calculated for a detailed investigation of the average chain orientation.
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Figure 43: Position of the polymer PPO block in the membrane determined from the simulated trajectories
of the respective systems as the time-averaged z-coordinate of the C-C bond between the methyl and
methine group for each monomer of the PPO block. For systems containing more than one polymer, also
the average over all polymers was taken.

In a first step, we will have a look on the general location of the polymer chains in the
membrane. For the different systems investigated, Figure 43 shows the averaged positions of
all the individual PO monomers with respect to the z-direction. For this, the z coordinate of
the center of each HC-CHj3 bond in the PPO block was picked and the average over all time
steps and all polymers was calculated. As a result, it was found that except for the different
symmetry for the folded and the transmembrane configuration (chain ends at the same side of
the bilayer or on the opposite sides), the polymer PPO blocks of all systems are arranged in a
similar way inside the bilayer. The chain center in average is situated in the middle of the bilayer
lying perpendicular to the membrane normal, that is over time it temporarily enters the upper
or lower leaflet or it stays in-between the leaflets. The chain ends reach in direction of the lipid
head group region and are partly aligned parallel to the lipid tails.

As already noted in Section 7.4, the polymers in the system ’aggregate on top of membrane’
show a different behavior. On average no connection between the PPO blocks and the bilayer is
visible.

Firestone et al. had concluded that a polymer can anchor the membrane most effectively
when its length is similar to the hydrophobic bilayer thickness, that is, about 40 units [13]. In
contrast, we see here that a PPO block of even 15 units is actually too long to span the membrane
just parallel to the bilayer normal.
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In Figure 44, results for the order tensor elements and the averaged order parameters of the
PPO HC-CHs bonds for the different systems simulated are shown. To explain the relation of
chain localization/orientation and the order tensor, we consider a single PPO block in (a) and
the average over the PPO blocks of all six polymers in (b) for the 'membrane-spanning’ system.
The ends of the PPO block are roughly aligned with the lipid tails thus in average oriented
parallel to the z axis. Therefore, they show a similar order tensor as the lipid chains. The
off-diagonal elements S, S;. and S, are zero due to the averaging caused by fast reorientational
motions about the polymer backbone. However, because of the high level of scatter visible in
Figure 44(a), this can hardly be recognized. The mean values over all six polymers are closer
to zero (see Figure 44(b)). The diagonal matrix element S is similar to the order parameter
determined for the upper chain region of the lipids S,, ~ —0.2 (see Section 5.6.3). As expected
for an order tensor describing uniaxial motions, the other two diagonal components amount to
Sz = Syy = —0.55,, = 0.1.

On average, the middle of the PPO block is situated in the bilayer center. Here, the motional
geometry of the chain is generally the same as for the block ends but the orientation is changed.
Due to fast reorientations about the polymer backbone, the off-diagonal elements of the order
tensor are zero. For a chain that is aligned parallel to x axis, the diagonal elements amount to
Sez = —0.2 = =25, = —25,, which, for example, can be seen for the monomer units 18 to 22
in Figure 44(a). However, in general the polymer chain assumes a random orientation in the
x-y plane. Therefore, we consider an averaged value of 0.5(S;, + Syy) ~ —0.5 which is shown in
Figure 44(b).

In Figure 44(c), results for the order parameter S,, of the PPO HC-CHs bonds are shown for
all the different systems simulated. The order parameters of the polymer PE3500 dissolved in
water are nearly zero, as expected for an isotropically mobile chain. Also the PE6100 polymers in
the aggregate located on top of the membrane show an order parameter close to zero indicating
their high dynamics. Only for one chain end, a slightly negative order parameter is determined
probably originating from polymer chain ends partially attached to the bilayer.

For the systems with the polymer PE6100 deeply incorporated in a lipid bilayer, we find nearly
identical profiles of S,, independently of the actual polymer configuration (membrane-spanning
or U-form). Also the total average order parameter, calculated as the average of the absolute
order parameters of the single PO units, is similar for all the systems and amounts to |[Scc| = 0.1.
Thus, it is not possible to conclude from the order parameter whether the polymer spans the
membrane or whether both ends reach out at the same side of the membrane.

In Table 5, order parameters |Scc| determined from the experiments are shown for comparison.
They are about one order of magnitude smaller than the results from the simulations. However, it
is not surprising to find these differences because the experimentally determined order parameter
is subject to a number of uncertainties. Most relevant is here the error of the rigid coupling
constant arising from couplings to remote protons. But also the average order parameters
determined from the MD simulations are not very precise because the end results are very small.
As additional motions, like lateral diffusion on the vesicle surface or bilayer undulations, which are
not covered by the simulation, do not have a significant influence on the lipid order parameters,
they are also not expected to be relevant for the order parameters of the individual polymer
segments which are quite similar to the ones of the lipid tails.

The distribution of couplings determined from the experiments can be explained by the
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different order parameters for different positions along the chain determined from the MD
simulation. However, it is difficult to determine the coupling distribution from the simulation
results quantitatively. Histograms calculated for the absolute order parameters |Scc| (see Figure
44(f)) show strong fluctuations which probably could only be diminished by recording trajectories
over considerable longer times. Nevertheless, we determined the distribution widths og from
these plots. The results amount to about one third or one half of the the average order parameter
and in this sense roughly match the experimentally determined values.
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Figure 44: (a), (b) Elements of the order tensor determined for all HC-CHj bonds in the polymer PPO
block for the 'membrane-spanning’ system, in (a) the results for one polymer and in (b) average results
over all six polymers are shown; (c¢) order parameters S, of the HC-CHj3 bonds in the polymer PPO
block; and (d)-(f) results from (c¢) for the respective systems plotted as a histogram which allows for the
determination of the order parameter distribution og.
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sample Scc

DMPC/PE6100 0.012 + 0.003

DMPC/PE3100 0.018 4 0.003

DPPC/PE6100 0.012 4+ 0.003
PE3500 0

Table 5: Order parameters of the HC-CH3 bond determined from the experimental results for the
homonuclear dipolar coupling of the PPO methyl group.

From the experiments and from the simulations, we obtained roughly the same order parameter
for PE6100 in DMPC and for PE6100 in DPPC in the membrane-spanning configuration (see
Table 5 and Figure 44(c)). A stronger stretching of the polymer in the slightly thicker DPPC
membrane cannot be observed.

Also for PE3100 incorporated in a DMPC bilayer in membrane-spanning configuration, we
determine roughly the same average order parameter of |Scc| = 0.1 as for PE6100 in DMPC
from the simulations (see Figure 44(c)). A PE3100 polymer incorporated in the bilayer in
U-form, however, yields a average order parameter for the PPO block that is about 1.8 times
larger. As can be seen from Table 5, also the experimentally determined order parameter
for the DMPC/PE3100 mixture is about 1.5 times larger than the order parameter for the
DMPC/PE6100 mixture possibly indicating that for PE3100 in a DMPC membrane, the U-form
configuration is preferred.

7.10.3 Relaxation Rates R; of Polymers

Using the “Torchia-like” pulse sequence (see Section 5.4), we determined R;(*3C) relaxation
rates for a sample of pure polymer in water and for lipid/polymer mixtures. The experimental
results are compared with relaxation rates determined for the respective carbon atoms from the
systems simulated.

Firstly, we investigated a solution of PE3500 in deuterated water at a concentration of
0.01 mol/L. This polymer was chosen because it has the highest cmc value compared to the other
Pluronics investigated and therefore allows for the preparation of a sample containing polymer
unimers like the simulated system used for comparison on the one hand, and simultaneously
exhibits a polymer amount sufficiently high for an acceptable signal-to-noise ratio in the NMR
experiment on the other hand. The concentration chosen slightly exceeds the cmc value of
5.3-1073 mol/L given in Table 2 in Section 7.3. Therefore, polymer unimers and micelles
probably coexist in the sample and both contribute to the measurement. However, as cmc
values can only be determined with an uncertainty of several orders of magnitude, it is not clear
whether micelles are present or whether polymer unimers are dominating. Form literature, it is
known that different relaxation rates for the polymer PPO block are determined for samples of
polymer unimers and samples with polymer micelles [213]. However, in our experiment, a single
exponential decay of the signal intensity was measured (see Figure 45(a)) and consequently a
single relaxation time was determined for each polymer peak. Possibly different relaxation times
from different components could not be distinguished.
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The resulting relaxation rates are given in Table 6. The CHj3 group of PPO exhibits the
slowest relaxation arising from the lower dipolar coupling that is averaged by the fast three-site
jump motions. For the PPO-CHy group a higher relaxation rate is detected than for the CH
group, because of the contribution of two protons. Similar results were already found in literature
for solutions of pure PPO [119].

To compare with results from MD simulations, relaxation rates were determined for the
system of a single PE3500 polymer in water assuming that only the dipolar coupling influences the
13C relaxation [119]. As the dynamics of methyl group are not described well by the united-atom
model, the corresponding relaxation rates were disregarded. The results for the other chemical
sites are shown in Table 7. Similar to the experimental results, we get values of Ry ~ 2s~! for
the PPO CH, group and Ry ~ 1s~! for the PEO CH; group and the for the PPO CH group.
The good agreement of results from experiment and simulation confirm that polymer dynamics
relevant to Ry were simulated correctly.

In the next step, we measured relaxation times of PE6100 in DMPC in a 1:14 mixture at about
30°C. Again only a single exponential decay of the polymer signal intensities was detected (see
Figure 45(b)) although two different polymer fractions are present: polymer that is bound to the
membrane and isotropically mobile polymer that is assumed to diffuse freely in the surrounding
water phase. The relaxation rates determined from the PPO resonances are shown in Table 6.
For the PEO blocks, we could not get any results due to the partial overlap of the PEO resonance
with lipid peaks and because the PEO resonance is only very small (see Figure 34(a) in Section
7.6). The relaxation rates of the polymer PE6100 in interaction with the lipid bilayer are about
double as high as the rates of the pure polymer PE3500 in water indicating a stronger restriction
the polymer dynamics in the membrane.

For comparison, we determined the relaxation rates for all the lipid/polymer systems simulated.
The results are summarized in Table 7. For all the systems of polymers that are deeply
incorporated into the lipid bilayer, we obtain similar results of Ry ~ 3.6s~! for the PPO CH,
group and R; ~ 2s~! for the PEO CH, group and the PPO CH group. The exact polymer
configuration in the membrane or the polymer concentration in the range investigated does not
show an influence. Also the length of the polymer PPO block (PE3100 and PE6100) and of
the lipid acyl chains (DMPC and DPPC) does not make a difference. Even higher relaxation
rates are determined for the polymers forming an aggregate on top of the membrane. As for
the pure Pluronic in water also for the lipid /water systems, the simulation results resemble the
experimental values quite well. Only for the PPO CH group the experimentally determined
value is a bit higher than the value from the MD simulations. But this difference is not very
significant. We conclude that most polymers in the mixture are incorporated into the bilayer or
interact with its surface.

In Figure 46, the results for the polymer R; relaxation rates, determined from the simulation
of the 'membrane-spanning’ system, are shown for all the individual C-H bonds investigated
separately. While the relaxation rates of the PEO blocks decrease towards the chain end because
of the increasing mobility, the relaxation rates of the PPO monomers are roughly constant over
the entire block, only slightly increasing towards the block ends. From the R; profile along the
polymer chain, we conclude that the relaxation rate R; is sensitive to the molecular motions
present. Relaxation rates of the individual polymer C-H bonds in the different systems simulated
are shown in the Appendix D.
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Figure 45: Signal decay recorded with the "Torchia-like’ experiment for (a) PE3500 in water with ¢ >cmc
and (b) DMPC/PE6100 14:1 at about 30°C

sample Ry /st
PEO (CH,) PPO (CH,) PPO (CH) PPO (CHj)

PE3500 in water 1.23+0.02 191+£0.18 1.00£0.10 0.96£0.05

DMPC/PE6100 14:1 3.68+0.15 2.60+0.04 1.5040.04

7

Table 6: R; relaxation rates determined for the different polymer resonances using the “Torchia-like
pulse sequence at about 30 °C. The errors are taken from the fit to the peak intensity decay.

system Ry /st

PEO (CHz) PPO (CHz) PPO (CH)
PE3500
single polymer in water 0.85 2.05 1.07
DMPC/PE6100
single polymer in U-form 1.81 3.79 2.12
six polymers in U-form 1.74 3.59 2.05
membrane-spanning 1.73 3.57 2.03
aggregate on top of membrane 1.37 4.17 2.27
DPPC/PE6100
membrane-spanning 1.71 3.37 1.93
DMPC/PE3100
single polymer in U-form 1.81 3.54 2.01
membrane-spanning 1.84 3.54 2.01

Table 7: R; relaxation rates determined from MD simulations.
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Figure 46: R; relaxation rates determined from MD simulation results of the membrane-spanning system.
Here the results for every C-H bond in the polymer are shown separately.

Considering the multi-exponential fit to the correlation function, we conclude that the
relaxation rates determined from the simulation are influenced significantly by molecular motions
with rates considerably higher than the Larmor frequency, but they also contain contributions
with correlation times near the 77 minimum.

Summarizing the results from this section, we can say that the Rq relaxation rates calculated
from the simulations match the experimentally determined values quite well. However, a
conclusion on the polymer configuration in the membrane cannot be drawn from the R; relaxation
rates.

7.10.4 Comparison of Different Sample Preparation Methods

From literature, it is known that the way of sample preparation decisively influences the interaction
between polymer and lipid bilayer and consequently the membrane properties like the permeability.
When liposomes were formed in presence of the polymers then these polymers are incorporated
deeply into the membrane and presumably the membrane-spanning configuration is preferred.
In case that liposomes were prepared first and mixed with polymer solution subsequently, the
polymer probably only interacts with the membrane surface or enters the membrane from one
side in U-form configuration [18,192-194].

way of preparation fa vpres / Hz o / Hz
normal 046+0.06 1534+30 H3+£15
separated 0.61£005 163+30 64+£15

Table 8: Results from the BaBa-xy16 experiment for a 20:1 mixture of DMPC and PE6100 at 40°C.

For most of our experiments, lipid and copolymer of the desired ratio were codissolved in
methanol/chloroform. Subsequently, the solvent was evaporated and the remaining powder was
hydrated by adding 50 wt% of deuterated water. The resulting lipid bilayers should contain
polymers that are built-in to a large extend. In the next step, we applied a freeze-thaw-vortex
cycle for a few times to achieve a homogeneous mixture. This is necessary to achieve reproducible
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results. However, the cooling of the bilayers might lead to a temporary ’squeeze-out’ of the
polymer from the membrane into the water layers in-between the lipid bilayers, because according
to several literature sources, Pluronics do not incorporate into gel phase membranes [196,220].
After increasing the temperature again, the polymer enters the bilayer when the fluid phase is
reached. We will refer to the whole procedure as the 'normal’ way of sample preparation.

For comparison, we prepared a sample of lipid and copolymer hydrated separately with
50wt% of water and subsequently mixed together. Again, the vortex-freeze-thaw cycle was
applied. We expect, that the polymer firstly interacts with the membrane surface and only after
a while enters the membrane. Additionally, it should only interact with the outermost layer of
the MLV in the beginning [66].

DQ build-up curves were recorded and analyzed for both samples at different temperatures.
The results for 40 °C are shown in Table 8 exemplarily. While the dipolar coupling of the polymer
PPO block and the coupling distribution width are the same within the uncertainty limits, the
‘separately’ prepared sample shows a somewhat higher fraction of polymer with anisotropic
mobility than the 'normal’ sample which is in contrast to our expectations. A reason might be
that due to its high hydrophobicity, the polymer PE6100 enters the membrane very fast so that it
does not matter in which step the two substances are mixed. However, the different preparation
methods could influence the liposome structure.

With the experiment described in the following, we wanted to find out whether the polymer
fraction showing isotropic mobility is located in the water phase around the MLVs or trapped
within the vesicles. Two 20:1 mixtures of DLPC and PE6100 were prepared in the 'normal’
way with 50 wt% water added to the first sample and about double the amount to the second
sample. After the freeze-thaw-vortex cycle, we removed the excess water from second sample
before measurements. From comparison of the peak intensities in the proton spectra of the two
samples, we can see that the polymer content in the second sample is slightly reduced. This
difference, however, is not very large and only amounts to a few percent. Also, the results from
the BaBa-xy16 experiment are similar for both samples. We conclude that only very few polymer
molecules are dissolved in the water phase surrounding the MLVs. Most of the isotropically
mobile polymers are moving within the water layers between the lipid bilayers or are attached to
the membrane surfaces, which corresponds to our findings from the R; measurements.

Accordingly, we also achieved nearly identical results for samples prepared with different
amounts deuterated water (50, 60 and 85 wt%).

7.10.5 Influence of the Polymer Architecture

Influence of Hydrophobic Block: Firstly, we want to investigate the influence of the length
of the PPO middle block. From the BaBa-xy16 experiment, we generally determine for our
samples a decreasing fraction f, of polymers showing anisotropic dynamics with increasing PPO
block length (see Table 9). As can be seen in Figure 47(a), for a roughly constant PEO block
length, f, depends nearly linearly on the PPO block length. One possible explanation could be
that a longer PPO block needs less stretching when built into the membrane and therefore has
more motional freedom and exhibits more segments with an order parameter of zero. However,
results from the MD simulations indicated that lipids and polymers exhibit a similar order which
leads to the conclusion that the polymer fraction exhibiting isotropic mobility mainly originates



106 7 LIPID BILAYERS AND AMPHIPHILIC TRIBLOCK COPOLYMERS

from polymers that are not inserted deeply into the membrane. We conclude that polymers
with a shorter PPO block can build into the membrane more easily taking f, as the amount of
polymer inserted into the membrane.

From literature, it is known that the cmc and the cmt value of Pluronics is decreasing with
increasing PPO block length for PEO blocks of constant length [171,202] (see Table 2 in Section
7.3). Consequently, the unimer concentration in the water phase decreases, so that less single
chains are available that can be inserted into the membrane [178]. Assuming that the micelles
cannot enter the membrane so easily, the block-length-dependence of the cmc therefore supports
our experimental findings.

Furthermore, we know from literature that for Pluronics with identical Npgo/Nppo ratio,
there are more limitations for the bigger polymers to enter the membrane which however also stay
more stable inside the membrane when once built-in [174]. Similarly, Hezaveh et al. found from
coarse-grained MD simulations that due to aggregation and entanglements of the hydrophobic
middle blocks, the polymers with longer PPO blocks need longer or do not manage at all to
enter the membrane in a given time [191]. Both of these literature findings are in agreement with
our results.

From the fraction f, of anisotropically mobile polymer and the lipid-polymer mixing ratio
X:1, we determined the molar fraction of PPO monomers in the membrane:

XpPpro wits = falNpro/(X + faNppo) (88)

With rising PPO block length, the fraction Xppo units increases (see Table 9), that is the amount of
PPO monomers in the membrane increases and consequently their effect on membrane properties.
These findings are in agreement with many different results from literature. For example, it was
found that polymers with longer PPO blocks cause a stronger decrease of the main lipid phase
transition temperature [202], accelerate the lipid flip-flop motion more strongly [60] and increase
the membrane permeability [60,194] more than polymers with shorter PPO blocks.

The two GP polymers GP17 and GP34 exhibit identical hydrophilic blocks and hydrophobic
PPO middle blocks of differing length. While a membrane-bound fraction of about 0.2 can be
measured for GP34 in mixture with DMPC, the polymer GP17 with the smaller PPO block
does not show a higher anisotropic fraction, but in contrast a DQ build-up of the PPO methyl
peak was not detected at all (see Table 10) which means that the respective dipolar coupling
constant is very small or zero. The same result is obtained for a mixture of DLPC and GP17.
In accordance with our DSC results (see Section 7.5), we conclude that GP17 only attaches
loosely to the membrane surface where, according to the MD simulations (see Section 7.10.2),
it probably exhibits nearly isotropic mobility. This explanation was also already proposed
by literature [18,190,203]. Furthermore, also the NOESY experiment confirms the missing
incorporation of the polymer GP17 into the membrane. For a mixture of the copolymer GP12
and DPPC, DMPC or DLPC we would expect similar results as this polymer has an even shorter
PPO block and therefore is less likely to incorporate deeply into the membrane. Also literature
results confirm that polymers with a hydrophobic block that is too short in comparison to the
hydrophilic blocks only adsorb weakly to the membrane surface while more hydrophobic polymers
enter more deeply into the membrane [14,197,203].

For the Pluronics with a PPO block length of 20, 30 and 40 monomers in mixture DMPC,
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we determine dipolar coupling constants that are identical within the uncertainty limit (vp res &
150kHz). Seemingly, these polymers are long enough to easily span the membrane. Only for
the lipid/PE3100 mixtures, we detect a dipolar coupling of vp res = 220 kHz that is significantly
higher. The reason might be the enhanced stretching of this polymer. However, because the
dipolar coupling does not increase gradually with decreasing PPO block length but shows
a sudden jump at about 15 units, also a different polymer configuration (U-form instead of
membrane-spanning) could be the explanation (see Section 7.10.2). For all samples, we find
0/VD res = 0.3. For the mixtures with DLPC, we found similar results as for the mixtures with
DMPC.

For PE6100 in DOPC slightly higher couplings were determined than for PE8100 in DOPC
which can be explained by the higher hydrophobic thickness of the DOPC membrane in comparison
with DMPC. Therefore the polymer block length has a stronger impact.

sample fa XPPO units VD res / Hz o / Hz
DMPC/PE3100 0.724+0.05 0.35£0.05 232 £+ 30 88 £ 15
DMPC/PE4300 0.61£0.05 0.37£0.05 149 £+ 30 45 +15
DMPC/PE6100 0.46 £0.05 0.41£0.05 153 £ 30 53 £ 15
DMPC/PE8100 0.34+0.05 0.40+0.05 1354+30 39+15
DLPC/PE3100 0.544+0.05 0.29£0.05 215+ 30 69 £+ 10
DLPC/PE6100 0.494+0.05 0.42+0.05 143 + 30 44 4+ 10
DOPC/PE6100 0.704+£0.05 0.51£0.05 245 + 30 80 £ 10
DOPC/PE8100 0.57+£0.05 0.53£0.05 176 £+ 30 955 £ 10

Table 9: Results from the BaBa-xyl6 experiment showing the influence of the PPO block length.
Measurements on the mixtures with DMPC and DLPC were conducted at 40 °C and measurements on the
mixtures with DOPC at 30 °C. The molar lipid-to-polymer ratio was 20:1 in all cases. The mole fraction
XpPPO units of PPO monomers relative to the lipid molecules in the bilayer was calculated from Equation
88 assuming f, to be the fraction of polymer built into the membrane.

Influence of Hydrophilic Block: Length and structure of the hydrophilic block also influence
the amount of polymer that is incorporated in the lipid membrane. Here, we generally find that
polymers with bigger hydrophilic blocks incorporate in the membrane to a lesser extend than
polymers with smaller hydrophilic blocks when the hydrophobic PPO block stays the same.

In Table 10, results for the mixtures of DMPC and the polymer PE3100, PE3500 and GP17,
which all have a PPO block of 30 monomers, are compared. The highest anisotropic fraction was
measured for PE3100, which only contains two PEO units. PE3500 has longer PEO blocks of
about ten monomers each and accordingly, less polymer molecules are built-in the membrane. As
already shown before, the polymer GP17 with its bulky PGMA end blocks does not insert into
the membrane at all. In the same way, the polymer GP34 incorporates into the lipid membrane
to a lesser extend than the polymer PE6100 which has smaller hydrophilic blocks (see downer
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part of Table 10).

Additionally, it is already known from literature that Pluronics with longer PEO blocks
incorporate less efficiently into lipid membranes than Pluronics with smaller PEO blocks [14,
16,60,191,195]. This behavior can be explained by the cmc of the polymers which is rising
slightly with increasing PEO block length. Consequently less polymers are available for getting
incorporated in the membrane [171,178,185]. Furthermore, the bulky hydrophilic blocks can
shield the hydrophobic PPO blocks preventing them from entering the membrane. Therefore, the
polymers might only incorporate into the membrane after a very long time or stay as micelles
in the surrounding water [18,203]. Additionally, it was found in experiments [202] and in
simulations [197], that for Pluronics with PEO end blocks exceeding a certain, relatively large
number of EO monomers, the exact block length does not make a further difference for the
lipid/polymer interaction.

In Table 10, we can see that the dipolar coupling constant of the hydrophobic PPO block
is not influenced by the length and structure of the hydrophilic blocks. The bulkiness of the
hydrophilic blocks should have an impact on the possibility to switch between transmembrane
and U-form configuration [197]. In our experiments, however, we could not detect any effect.

sample fa UDres / Hz o / Hz

DMPC/GP17 0 - -
DMPC/PE3500 0.21+0.06 232+30 8315
DMPC/PE3100 0.72£0.06 223+30 88+15

DMPC/GP34 (Anja) 0.184+0.05 130+30 45+ 15
DMPC/PE6100  0.46+0.05 153+30 53 +15

Table 10: Results from the BaBa-xy16 experiment applied at 40 °C showing the influence of structure and
length of the hydrophilic polymer block.

Influence of the Total Polymer Hydrophilicity:
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Figure 47: Results from the BaBa-xy16 experiment: (a) fraction f, of polymer that shows anisotropic
mobility which assumingly corresponds to the fraction of polymer that is incorporated in the lipid
membrane; and (b) mole fraction Xppo units of PPO monomers relative to the lipid molecules in the
bilayer for different 20:1 DMPC/Pluronic mixtures measured at a temperature of 40 °C.
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For a summarizing illustration of the influence of the hydrophilic and the hydrophobic blocks,
we plotted the fraction Xppo units of PPO unimers in the membrane against the ratio of the
polymer block length Nppo/Nppo. In the resulting graph (see Figure 47(b)), we basically see
a linear decrease of Xppo units With increasing Npgo/Nppo, that is the PPO content in the
membrane is decreasing with increasing polymer hydrophilicity which agrees well with results
from literature [16,174].

7.10.6 Temperature Dependence

1.0- ﬂ, e T ? T T% % intensity of lipid g, peak

, o DMPC/PE6100
0.8 %: o DPPC/PE6100

fraction £ of anisotropically

mobile polymer
= DMPC/PE6100
e DPPC/PE6100

normalized intensity

10 20 30 40 50 60
temperature T/ °C

Figure 48: Temperature dependence of lipid and polymer components changing with the lipid phase
transition. The open symbols represent the intensity of the lipid g peak in the proton spectrum. The
data points were normalized such that they reach unity at temperatures above the phase transition
temperature because there all lipid molecules are assumed to be mobile and contribute to the signal. The
filled symbols represent the fraction of anisotropically mobile polymer determined by the BaBa-xy16
experiment. Results for the mixture with DMPC are shown in black and for the mixture with DPPC in
red. The lines are given as guides to the eye.

To get a better understanding of the lipid /polymer interaction and detect possible influences of
the lipid mobility, we performed temperature-dependent measurements. As already explained in
Section 5.2 on the example of a pure lipid sample, we acquired 'H spectra at several temperatures
and determined the intensity of go resonance originating from the lipid glycerol backbone. The
results are shown in Figure 48 as open symbols. In the phase transition region the peak intensity
increases from zero to its maximum value due to the rising number of mobile lipid molecules. We
normalized the data points in a way that they reach an intensity of one for high temperatures
above the phase transition temperature because we assume that at these temperatures all lipid
molecules are mobile and contribute to the signal.

The phase transition temperatures of the two mixtures lies slightly below the ones of the pure
lipids. However, due to the temperature gradient over the sample and possible sample heating
during the experiments, we refrain from determining this relatively small difference quantitatively.
Like for the pure lipid samples, we checked the temperature calibration using the intrinsic water
peak. The broader temperature range determined for the phase transition of the DMPC/PE6100
mixture compared to the phase transition range of the DPPC/PE6100 mixture can most probably
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just be explained by the two different ways of sample preparation used (sample directly in the
rotor between two spacers vs. sample in an additional insert) resulting in a different temperature
gradient over the sample.

The fraction of anisotropically mobile polymer determined from the BaBa-xy16 experiment,
that is the fraction of polymer incorporated in the membrane, is shown in Figure 48 for different
temperatures as filled symbols. As the order in which the data points were collected did not
make any difference, we conclude that all processes detected here are reversible and fast.

Firstly, we can see that there is slightly more polymer in the DMPC than in the DPPC
bilayer. This difference, however, is not very big and will be explained in the next section in
more detail.

When decreasing the temperature below the phase transition temperature, then the fraction
of anisotropically mobile polymer gets smaller until it is not detectable anymore when the lipid
bilayer is in the gel phase. We conclude that in this phase, the polymer is excluded from the
membrane. Similar results also can be found in literature. While Firestone et al. claim that for
their systems the Pluronics are not incorporated in the bilayer at low temperatures because of
the improved water-solubility of the PPO block [13], others groups found that Pluronics generally
do not incorporate in a lipid bilayer in the gel phase and that the water-solubility of the PPO
block does not play a crucial role [196,220]. The latter is in accordance with the results from
our experiments. The tighter packing of the ordered lipid chains in the gel phase results in an
expulsion of the polymer from the membrane [202]. Further literature results that confirm our
findings come from measurements on systems of Pluronics in interaction with lipid monolayers.
Compression of the layer leads to the ’squeeze-out’ of the Pluronic when a certain pressure is
reached and the other way around, the Pluronic only incorporates into the membrane when its
pressure is below a certain value [15,16].

The change of f, at the phase transition temperature can be seen as one more proof that
fa corresponds to the fraction of polymer that is incorporated into the membrane. When it
would contain signal from polymer attached to the membrane surface or from polymer forming
aggregates in the water phase, then it would not decrease to zero when the temperature is
lowered beneath the phase transition temperature because with this neither the lipid headgroup
dynamics nor the water phase change strongly [220].

At temperatures above the phase transition temperature, the fraction of anisotropically
mobile polymer decreases with rising temperature. This could be because there is indeed less
polymer in the membrane at higher temperature keeping the assumption that f, corresponds
to the fraction of polymer in the membrane or because the PPO block becomes more mobile
with rising temperature so that more segments contribute to the signal fraction of the mobile
polymer blocks. A maximum number of polymers inserted into the membrane at the phase
transition temperature can be explained by the fact that at this temperature the bilayer is
exceptionally permeable [221,222] and therefore allows for strong Pluronic-lipid interactions
and consequently an effective incorporation of the Pluronics in the membrane [202,209]. The
increased membrane permeability is also combined with an enhanced flip-flop motion of the lipids
at the phase transition temperature [223]. Therefore, also a polymer PEO block might switch
more easily from one side of the membrane to the other so that a polymer could assume more
easily the transmembrane configuration after entering the membrane.

However, a number of sources from literature also state that with rising temperature the
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amount of polymer absorbed in the membrane is increasing because the bilayer gets more fluid
(the absolute lipid order parameters decrease [34,131,157]) and the polymer become more
hydrophobic which both should stimulate the interaction of the lipid chains and the polymer
PPO block [196,204,220] . Others have concluded that with rising polymer hydrophobicity the
binding strength of polymer and lipid bilayer is increasing and the polymer gets built-in the
membrane more deeply [197].

Further influence might come from the self-assembly of the polymers. From literature results,
it can be concluded that the amount of Pluronics in the membrane depends on the polymer
cme [169,178]. With rising temperature, the cme decreases and consequently less polymer
unimers are available for the incorporation into the lipid bilayer.

The dipolar coupling of vp res = (150 £ 30) Hz and distribution width of o = (55 4= 10) Hz de-
termined for the anisotropically mobile fraction roughly stay the same over the whole temperature
range.

7.10.7 Variation of the Lipid Molecules

In a next step, the influence of the lipid type on the lipid-polymer interaction will be investigated.
While some literature sources state that the composition of the lipid membrane does not influence
the effect of the Pluronic on membrane properties, like the permeability [60], others found that
the incorporation of Pluronics in the membrane depends on the specific lipid structure, for
example the saturation degree of the acyl chains [174].

sample Ja VD res / Hz o / Hz Dc,pure lipid / A
DLPC/PE6100 0.49 £ 0.05 143 £+ 30 44 + 15 20.8
DMPC/PEGlOO 0.46 4+ 0.05 153 £ 30 53 £ 15 24.8
DPPC/PE6100 0.43 +0.05 145 4+ 30 54 £ 15 28.5

Table 11: Results from the BaBa-xy16 experiment demonstrating the influence of the lipid bilayer thickness
measured at about 40°C (the DPPC bilayer is just in the fluid phase) and literature results for the
hydrocarbon thicknesses D¢ pure 1ipid Of the pure lipid bilayers determined at 50 °C.

Results from the DQ experiment for the Pluronics PE6100 in lipid membranes of DLPC,
DMPC and DPPC that exhibit different hydrocarbon thicknesses are shown in Table 11. For
the mixtures with PE6100, the fraction of anisotropically mobile polymer, that is the fraction of
polymer incorporated, slightly decreases with increasing membrane thickness. This difference,
however, is only very small. A possible explanation might be the higher stability of thicker
membranes which reduces the membrane-polymer interaction [11].

Besides the illustration of the results for the different membranes determined at one specific
temperature, also the results from a reduced temperature T,.q = T° — 11, that depends on the
main lipid phase transition temperature could be compared. From the temperature dependence
shown in Figure 48 in Section 7.10.6, we can see that f, at any fixed temperature difference T}eq
is bigger by about 0.05 for DMPC than for DPPC for the mixtures with PE6100.
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The residual dipolar couplings and the distribution width are quite similar for the three
mixtures. An enhanced stretching of the PPO blocks in the thicker membranes was not observed
which is in accordance with results from MD simulations showing the same order parameters for
the mixtures DPPC/PE6100 und DMPC/PE6100 (see Section 7.10.2). From, this we conclude
that the PPO block of PE6100 with 30 units is long enough to easily span also the thickest
membrane formed by DPPC.

Next, we want to investigate the influence of lipid chain saturation on the lipid/polymer
interaction. For this, we compare results from the BaBa-xyl6 sequence for the mixtures
DOPC/PE6100 and DMPC/PE6100, shown in Table 12. DOPC has two unsaturated acyl chains
which show a higher mobility than the saturated chains of DMPC. Additionally, DOPC exhibits a
higher hydrocarbon thickness of D¢ = 27.1 A than DMPC (D¢ = 26.2 A) [224]. For the mixture
with DOPC, we determine a higher incorporated polymer fraction than for the mixture with
DMPC. This finding is in accordance with literature results from Wu et al. who conducted studies
on monolayers of DOPC and DPPC in interaction with the Pluronic P188 which incorporates in
the DOPC monolayer already at a higher pressure than in the DPPC monolayer [174]. Reason
for this behavior is probably the lower chain order in the bilayer with the unsaturated chain [8]
which results in a reduced packing density that generally allows for an easier incorporation of
guest molecules into the membrane [44,190]. Order parameters for the different lipid segments
are shown in Figure 65 in the Supplementary Section E.1.

In comparison to the results for the mixtures of a lipid with saturated chains and a polymer,
we measure a distinctly higher dipolar coupling of about 245 kHz for the polymer PPO block in
the mixture with DOPC. At first sight, this result seems to be contradictory as the lipid chains
in the DOPC bilayer show lower order parameters and so should the polymer which adapts
to the lipid geometry and dynamics. However, the total order parameter and thus the dipolar
coupling of the PPO block is influenced more strongly by the way of polymer incorporation into
the membrane than the exact order parameters of the individual PPO segments.

Additionally, we need to keep in mind that in this case, the way of sample preparation
also could influence the measurement results strongly. While PE6100 is “squeezed-out” from
the membrane at the phase transition temperature, there is no phase transition of DOPC and
consequently the polymer stays in the membrane. This might influence the polymer configuration
and lead to a preferred deeper incorporation of the polymer in the membrane.

sample fa Upres / Hz o / Hz

DOPC/PE6100 0.70+0.05 245+30 80+15
DMPC/PE6100 0.544+0.05 155+30 57+£15

Table 12: Results from BaBa-xy16 experiment at 30 °C showing the influence of saturation of the lipid
chains.
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7.10.8 Addition of Cholesterol

Additional to the lipid/polymer systems, we also investigated mixtures of lipid, polymer and
cholesterol. Cholesterol causes an ordering of the lipid acyl chains which possibly influences the
interaction of lipid and polymer molecules.

Using the R-PDLF experiment, we determined higher lipid order parameters Scp for
DMPC/Chol/PE6100 than for DMPC/PE6100 mixtures which confirms the increased ordering
of the lipid chains in the second sample (for exemplary data see Figure 66 in the Supplementary
Section E.1).

sample fa Upres / Hz o / Hz
DMPC/Chol/PE6100 60:20:3 0 - -

DMPC/Chol/PE6100 120:20:6  0.26 + 0.05 136 30 48 £ 15

DMPC/PE6100 20:1 0.46 £ 0.05 153+30 53 %15

Table 13: Results from the BaBa-xy16 experiment conducted at 40 °C showing the influence of choelsterol
on the lipid/polymer mixtures.

Results from the BaBa-xy16 experiment reflecting the behavior of the polymer PPO block
are shown in Table 13. The higher the cholesterol concentration in the sample, the smaller is
the anisotropic fraction f,, that is, the less polymer is incorporated into the membrane. For the
sample with the highest cholesterol concentration (molar ratio DMPC/Chol is 3:1), a build-up of
the DQ signal is not detected, indicating that the polymer is not inserted into the membrane.

Our findings agree well with literature results. From monolayer studies, it was found that
Pluronics only incorporate in membranes with reduced packing density [15,16,174]. As we increase
the lipid packing density with the addition of cholesterol, a lower incorporation efficiency for the
polymer is expected. Also from results of coarse-grained MD simulation, it was concluded that
Pluronics interact preferentially with membranes exhibiting reduced integrity [175]. Furthermore,
specific lipid/cholesterol/Pluronic samples are described in several publications qualitatively
confirming our results that Pluronics interact less with lipid bilayers containing cholesterol in
higher concentrations [201,204]. Accordingly, the addition of cholesterol also reduces the effect
of Pluronics on membrane properties, for example the membrane permeability [66]. In contrast
to that, also an opposing effect was found in monolayer studies of lipid/cholesterol/Pluronic
systems. For monolayers under low pressure and/or Pluronics with long PEO blocks, Chang et
al. found a preferred interaction of the copolymers with lipid/cholesterol membranes probably
due to the formation of hydrogen bonds between the PEO blocks and the cholesterol hydroxy
group [195]. However, as the Pluronic PE6100 investigated here only exhibits short PEO blocks,
this effect is only weak.

From the results given in Table 13, it can be seen that the presence of cholesterol in the
membrane does not have a significant influence on the dipolar coupling constant determined
for the polymer PPO block. This is in agreement with the results presented in Section 7.10.6,
showing that the total order parameter of the PPO block is not very sensitive to changes of the
lipid order.
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7.10.9 Concentration Dependences

In this section, we discuss the influence of the molar ratio of lipid to polymer on their interaction.
In Figure 49(a), the fraction f, of anisotropically mobile polymer determined from the BaBa-xy16
experiment for mixtures of different polymer concentration are shown. On the z-axis, the molar
fraction Xpmpc = X/(X + 1) of lipid molecules of the DMPC/PE6100 X:1 mixtures is plotted.
With increasing polymer concentration in the sample, we measure an f, that first decreases
approximately linearly and then stays constant.

For an alternative plot of the same data, we again assume f, to be the fraction of polymer
that is built-in the membrane. In Figure 49(b), the molar fraction Xporin = fa/(X + fa) of
polymer in the membranes is plotted versus the molar fraction Xpor, 1ot = 1/(X + 1) of polymer
in the entire sample. It can seen that the amount of polymer in the membrane generally increases
with rising polymer concentration. When more polymer is available then also more polymer
penetrates the membrane. A saturation limit does not seem to be reached for the concentrations
used.

Qualitatively, our findings fit to literature results showing that the amount of Pluronics
bound to the membrane and with this their influence on membrane properties increases with
rising polymer concentration in the sample [179]. It also was found in literature that the amount
of polymer built-in the lipid membrane depends on the polymer concentration relative to the
polymer cmc, more precisely, Pluronics influence membrane properties most efficiently when
their concentration equals the cmc [169, 178, 225]. For our mixtures, however, the polymer

concentration exceeds the cmece in all cases.

For all mixtures a similar dipolar coupling constant of vp yes = (150+20) Hz and a distribution
width of 0 = (53 + 10) Hz were determined indicating that the configuration of the polymers
incorporated in the membrane is similar for all the different mixtures.

The lipid order parameters Scy determined by using the R-PDLF experiment are equal
within the uncertainty range for all the different mixtures. We therefore assume that also at the
high polymer concentrations, the lipid bilayer structure is undisturbed.
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Figure 49: Results from the BaBa-xy16 experiment for mixtures of DMPC and PE6100 for different ratios
measured at 50 °C: (a) polymer fraction f, showing anisotropic mobility depending on the lipid fraction
Xpwmpc of the mixtures; (b) total polymer fraction Xpor, ot in the mixture vs. polymer fraction Xpor, in
in the membrane.
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7.11 Summary of Results for the Lipid/Polymer Systems

It was the aim of this part of the thesis to get a detailed understanding of the interaction of
amphiphilic triblock copolymers with lipid membranes. For the polymers to be investigated
experimentally, we chose various Pluronics and GPs which contain PGMA instead of PEO end
blocks. Additionally, lipid bilayer systems including Pluronics of different configurations were
simulated. Order parameters and relaxation rates determined from the simulations for the lipids
and for the polymers generally agree well with experimental results.

From experiments and simulations, we can conclude that all polymers interact with the lipid
membranes. The most hydrophilic polymers GP12 and GP17, only interact with the membrane
surface as can be seen from the DSC curves, the 2D NOESY spectrum and the BaBa-xy16
experiment. For all other polymers, we can prove that at least a part of the polymers incorporates
deeply into the membrane. In these cases, cross-peaks between resonances from the polymer
PPO block and the lipid tails appear in the 2D NOESY spectrum and a build-up curve for the
PPO methyl resonance can be measured with the BaBa-xy16 experiment. Also from the systems
simulated, we observed the Pluronics penetrate into the membrane. While a single Pluronic
PE6100 enters the membrane after about 130 nm simulation time a polymer aggregate needs
considerably longer.

The increased relaxation rates measured for the membrane/polymer systems as compared
to the relaxation rates of the pure polymer in water indicate a restriction of the mobility of
polymers that are incorporated in the bilayer.

From the simulations, we determined very small order parameters for polymers that are not
incorporated in the lipid bilayer. Polymer chains that are deeply incorporated in lipid bilayer
are on average aligned with the lipid tails near the upper chain region where the individual
chain segments show similar order parameters as the lipid tails. In the center of the bilayer, the
polymer middle part on average lies perpendicular to the bilayer normal between the bilayer
leaflets. However, neither from the polymer order parameters or the R; relaxation rates, nor from
the cross relaxation rates determined from the NOESY experiment, we could draw conclusions on
the polymer configuration in the membrane, as the transmembrane and the U-form configuration
are basically symmetric, yielding the same results. We assume that the shorter polymer PE3100
enters the membrane in U-form while for the longer PE6100 both configurations are possible.

From the BaBa-xy16 experiment, we find a fraction of polymer showing isotropic mobility,
which we attribute to polymers dissolved in the water layers between the membranes, and a
second component that exhibits restricted mobility probably due to the incorporation of the
respective polymer PPO middle blocks into the membrane. With rising total hydrophilicity of
the polymer (decreasing PPO block length, increasing size of the hydrophilic blocks), the amount
of PPO units in the membrane decreases. Furthermore, the amount of polymer that enters
the membrane depends on the membrane fluidity. The polymers generally only penetrate lipid
bilayers in the liquid-crystalline phase and do not incorporate into a lipid bilayer in gel phase. In
comparison to pure lipid bilayers, a smaller amount of polymers enters membranes containing
cholesterol additionally.

Self-assembly of the polymers inside the membrane could not be detected. On the contrary,
from simulations we find, that the polymers of an aggregate in the membrane separate after
about 150 ns simulation time.
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Furthermore, we found that lipid order and fast dynamics are not significantly influenced by
the polymers as neither the lipid order parameters Scp nor the lipid relaxation rates R; change
appreciably.



8 Systems of Lipid Bilayers and Anion Transporters

Controlled molecular permeation through lipid membranes is essential for many biological
processes, for example for the propagation of a nerve signal [7]. Because the hydrophobic core
of a lipid bilayer effectively prevents the passage of ions and polar molecules [7,30], the cell
membrane is a natural barrier for a number of small molecules. However, there exist different
mechanisms to transfer molecules from one side of the membrane to the other. For example,
proteins can provide membrane-spanning hydrophilic channels for molecules to pass through or
they can act as pumps [30]. Furthermore, certain molecules can be transported by membrane
soluble carriers or by exocytosis and endocytosis [7].

In this part of the thesis, we investigate how synthetic molecules are capable of transporting
ions over a lipid membrane. Specifically, we study a series of partially fluorinated anion trans-
porters containing urea and thiourea groups [226,227]. These mobile carriers are able to bind a
target anion, like chloride, from water without involving the countercation, pass through the
membrane and release the anion on the other side [227,228]. Here, we investigate the interaction
of the carrier molecules with the lipid membrane without adding the anions. We applied the
NOESY experiment to determine the average position of the molecules in the membrane.

8.1 Samples and 'H Spectra
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Figure 50: Molecular structures of ureas and thioureas that were investigated in interaction with lipid
bilayers.

Firstly, we investigated two different 1-hexyl-3-phenylthiourea molecules, the structures of which
are shown in Figure 50 on the left. It was shown that the positioning of the phenylthiourea
binding unit within a linear carbon chain strongly influences the transport activity through a
membrane [227]. Secondly, a series of fluorinated tripodal anion transporters containing urea and
thiourea groups (see Figure 50 on the right) was studied. Also for these molecules it was proven
before that they are capable of transporting anions through a lipid bilayer [226]. With rising
degree of fluorination, their lipophilicity is increased and their transport activity enhanced [226].
All anion transporters were investigated in a 1:10 mixture with fully hydrated POPC. The
resulting proton spectra are shown in Figure 51. The signals originating from the aromatic rings
of the anion transporters are well separated from the rest and will be used in the following for
the analysis of cross-relaxation rates.
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Figure 51: 'H MAS spectra of POPC in a 10:1 mixture with different anion transporters (see Figure 50)
acquired at a temperature of 25 °C.

8.2 Results from the NOESY Experiment

To probe the most favorable location of the carrier molecules in the membrane, we acquired
two-dimensional "H-'H NOESY spectra under MAS. Cross peaks between the lipid signals and
the resonances from the aromatic protons of the carrier molecules could be resolved well proving
that the anion transporters penetrate deeply into the membrane. For a quantitative analysis,
we performed the NOESY experiment for different mixing times between 1ms and 1s and
additionally measured T3 ('H) relaxation times using the SATREC experiment. Cross-relaxation
rates were determined subsequently using the full matrix approach as described in Section 5.5.
This most elaborate approach was used because of all the analysis methods, it yields the most
reliable results for small cross-relaxation rates which are expected for carrier molecules that do
not stay permanently inside the membrane. Partially, the cross peaks between the resonances
of the carrier molecules and the lipids are very small and consequently the peak volumes are
difficult determine. For the resulting cross-relaxation rates shown in Figure 52, we therefore
estimate an uncertainty of about 20 %. To allow for better comparison, all cross-relaxation rates
were normalized with regard to the number of contributing protons.

For all samples, the highest cross-relaxation rates were found between the aromatic protons
of the anion transporters and the glycerol backbone and upper chain region of the lipids, possibly
indicating that the carrier molecules are most frequently located in this region of the bilayer.
Comparison with literature shows that this is a rather common result. In interaction with
lipid bilayers, a number of different molecules, for example ethanol [70], aromatic multidrug
transporter substrates [124] or a cannabinoid ligand [125], were found with the highest probability
at the lipid/water interface near the glycerol backbone and the upper acyl chain region by
using the NOESY experiment. Also for the amphiphilic triblock copolymers in interaction with
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lipid membranes, we determined the highest relaxation rates from cross peaks between the
polymer signals and resonances from the upper chain region of the lipids. However, in this
case, the highest cross-relaxation rates did not indicate the preferred location of the polymer in
the membrane but rather arose from the slower reorientational motions of the respective lipid-
polymer interconnecting H-H vectors. Consequently, it cannot be concluded with certainty that
the aromatic rings of the anion transporter preferentially locate in the glycerol backbone-upper
acyl chain region of the lipid bilayer. Instead, the reason for the high cross-relaxation rates could
also be the smaller mobility of these lipid segments. Generally, cross-relaxation rates can only be
interpreted in terms of contact probabilities or molecular distributions when the guest molecules
on their own perform fast isotropic reorientational motions, which is unknown here and most
probably depends on the molecule size.

Although, the cross-relaxation rate profiles look rather similar for all samples investigated,
the total values show differences depending on the precise structure of the anion transporters. For
the aromatic rings in the POPC/al sample, we generally find smaller cross-relaxation rates than
for the aromatic rings in the POPC/a2 sample which can be explained by the higher lipophilicity
of a2 causing a higher attraction to the lipid bilayer [227]. From the results of the tripodal
anion transporters (b1l-b4) in POPC, we conclude that higher cross-relaxation rates can be
determined for molecules containing more fluorinated groups. Also in this case the lipophilicity
of the molecules is enhanced with increasing degree of fluorination, causing a stronger interaction
with the membrane [226]. For the samples POPC/b3 and POPC/b4, we obtain similar results
for the cross-relaxation rates. The substitution of the oxygen in the urea group by sulfur in the
thiourea group does not seem to have much influence on the interaction of the anion transporter
with the membrane, although it is known from literature that it should influence the lipophilicity
of the molecule [226].

In summary, we can say that the highest cross-relaxation rates were generally found between
the aromatic protons of the anion transporters and the protons of the lipid upper acyl chains.
More lipophilic molecules show a stronger interaction with the membrane and consequently
exhibit higher cross-relaxation rates.
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Figure 52: Cross relaxation rates determined for 10:1 mixtures of POPC and the respective carrier molecule
from the NOESY experiment at 25 °C using 10kHz MAS. To avoid peak broadening due to magnetic field
drift, a 2H lock was applied. All cross-relaxation rates were normalized by the number of protons in the
molecule. The uncertainty is estimated to be about 20 %. The cross-relaxation rates determined for the
mixtures with the anion transporters al and a2 are significantly smaller than the cross-relaxation rates of
the mixtures with the anion transporters bl to b4. Therefore, a different scale of the y-axis was used.



9 X-shaped Bolapolyphiles in Interaction with Lipid Bilayers

In this section, we turn on polyphilic rigid molecules, specifically X-shaped bolapolyphiles. In
interaction with lipid membranes, rigid molecules generally can develop a variety of different
structures, for example, they can self-assemble and form pores [74,203] or cause membrane
compartmentalization [229]. As a result, phase transitions can change and the membrane can be
stabilized or destabilized [229].

Bolaamphiphiles form a specific class of amphiphilic molecules. They consist of a of a
hydrophobic middle part with two hydrophilic head groups at both ends. Bolaamphiphiles can
assemble into monolayered membranes and also incorporate in lipid bilayers [230]. Here, we
investigated bolapolyphiles which exhibit both, stiff and flexible hydrophobic units. By varying
the specific chemical structure of the individual molecular regions, we seek to investigate their
influence on the lipid bilayer-bolapolyphile interaction. These results were published in two
papers [5,6].

9.1 Sample Systems and Previous Results

In this work, we studied two different X-shaped bolapolyphilic molecules in interaction with
DPPC and DOPC bilayers. The structure of the bolapolyphiles is shown in Figure 53. Generally,
they consist of a stiff rod-like aromatic core, which is terminated by two identical hydrophilic end

QCrHzp41

OCnH2n+1
~ { \a \
B12: n=12;0R= —¢g OH E12/7:n=12;0R= —¢@ Ojs  OCHs

Figure 53: Chemical structures of the X-shaped bolapolyphiles investigated.

(a) DPPC (b) DPPC /B12 (c) DPPC /E12/7

Figure 54: Confocal fluorescence images taken at room temperature (22 °C). The mixtures were prepared
with a lipid/bolapolyphile molar ratio of 10:1. The autofluorescence of the bolapolyphiles is shown in
green and the red fluorescence comes from a dye label added to the lipids. The scale bars correspond to a
length of 20 um (taken from [5]).
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groups. Additionally, flexible aliphatic side chains are attached to the center of the core. The
length of the rigid core of about 3nm is comparable to the thickness of the lipid bilayer [4,231].
There are a number of molecules available, that exhibit this general structure but differ in lengths
and type of the side chains and the head group [5,229].

We firstly have chosen the bolapolyphile B12 which has glycerol head groups capable of
hydrogen bonding, and side chains of twelve carbons [5]. As B12 mainly consists of hydrophobic
units, it is not water-solvable. Instead, it forms crystals, with the phenyl rings performing 180 °
flips and the side chains showing a certain, although restricted mobility [144].

The bolapolyphile E12/7 is the second molecule we investigated [5]. As for B12 its side chains
contain twelve carbons each. The head group of E12/7 consists of a chain of seven ethylene oxide
units, which are incapable of acting as hydrogen-bond donor.

The chemical synthesis of X-shaped bolapolyphiles was done at the Institute of Chemistry in
the framework of different projects in the DFG-funded research unit FOR 1145. In the following,
results for two different sample systems will be presented and compared.

DPPC /B12 System: Mixtures of DPPC, B12 and water were investigated by a number
of different techniques revealing an inhomogeneous system which shows a rather complex and
concentration dependent phase behavior. Using DSC, numerous phase transitions were de-
tected [4]. Confocal fluorescence images of giant unilamellar vesicles in the gel phase revealed
supramolecular snowflake-like structures formed by B12-rich phases (see Figure 54(b)) suggesting
a certain regular packing structure of the individual B12 molecules [5]. These structures can be
stabilized by hydrogen bonds between the head groups of the bolapolyphiles and between the
head groups of the lipids and the bolapolyphiles. The transmembrane orientation of the B12
molecules was deduced from infrared spectroscopy and fluorescence anisotropy experiments [4].

Taking together various results from X-ray diffraction and NMR measurements, a honeycomb
structure as shown in Figure 55 was suggested [5,232]. The honeycomb walls are formed by the
rod-like 7t-mt-stacked backbones of the B12 molecules and honey cells accommodate the alkyl side
chains as well as confined lipids. The glycerol head groups of B12 are aligned along the upper
and lower edges of the honeycombs.

B12

(b)

Figure 55: Schematic plot of the honeycomb structure formed in a DPPC / B12 system [5].
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DPPC /E12/7 System: For the system of DPPC and the bolapolyphile E12/7, macroscopically
segregated domains cannot be seen in the images of fluorescence microscopy (see Figure 54(c)).
Because of the reduced capability of E12/7 for hydrogen bonding, it does not form dense
supramolecular structures [5]. In the DSC thermogram, only one peak corresponding to the
main lipid phase transition is visible [6]. Like the B12 molecule in the lipid bilayer, also E12/7 is
oriented approximately transmembrane [5].

9.2 'H Spectra

DPPC /B12 System: As already explained in Section 5.2, valuable information on molecular
mobility can be extracted from 'H line shapes. Therefore, we acquired 'H spectra for a number
of temperatures between 25°C and 80°C for a pure DPPC sample and for a 4:1 and a 10:1
mixture of DPPC and B12 to study phase behavior and transitions of the sample systems on a
molecular level [5,6]. Measurements and data analysis for the DPPC sample and the 4:1 mixture
were done by A. Achilles [144].

In Figure 56(a) three 'H spectra are shown exemplarily. The peak intensities were determined
by integration over the peaks after a baseline correction was performed. To make the resulting
intensities comparable to each other, they were divided by the lipid mass in the sample and the
number of protons contributing to the peak. Furthermore, the same number of scans was used for
all experiments and Curie correction was applied. Subsequently, all intensities were normalized
in a way that the intensity of the go peak of the pure DPPC sample at 50 °C reached one. Due
to this procedure, all peak intensities are proportional to the fraction of mobile molecules in the
sample.

In Figure 56(b) the resulting temperature dependent signal intensities for the go peak and
the aliphatic region from the lipid, and the aromatic protons of B12 are shown, along with the
DSC curves. At temperatures below the main phase transition temperature of pure DPPC, for
all mixtures, mainly a broad peak arising from the rather immobile lipid molecules is visible.
Only head group resonances can be distinguished (see Figure 56(a)).

With rising temperature, pure DPPC shows a well defined phase transition, characterized by
a sharp increase of the go and alkyl chain signal intensities. However, for the 4:1 and the 10:1
mixture of DPPC and B12 only about 20 % and 50 % of the lipid molecules becomes mobile at
the main phase transition temperature, respectively. The remaining lipids are probably located
in the B12-enriched phase where they are immobilized within the honeycomb cells formed by
B12. Accordingly, also the signals of the well-packed aromatic cores of B12 are not detectable at
this temperature.

The first additional peak in the DSC curve can be seen at 60°C for the 4:1 mixture and
at 55 °C for the 10:1 mixture pointing to another phase transition which, however, cannot be
correlated to any specific changes of the 'H signal intensities. An explanation was found by help
of 3C spectra recorded for the 4:1 mixture. From a position switch of an aromate signal of B12
at about this temperature, we concluded on a change in the m-7t packing [6]. With increasing
temperature, the lipid signals slowly grow further and also small B12 signals appear. The peaks of
the aromatic rings of B12 appear between 7 and 8 ppm well separated from the lipid resonances.

The next DSC peak appears at about 67°C and 62°C for the 4:1 and the 10:1 mixture
respectively. Because we observe the most rapid increase of the lipid signal intensity in the 'H
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spectrum in this temperature range, it is attributed to the phase transition of the lipid molecules
confined by B12. Meanwhile, the signal intensity of the aromatic protons of B12 is small and just
slowly increases to its maximum in the temperature range of the third DSC peak which appears
at 75 °C for 4:1 and at 67 °C for the 10:1 mixture, respectively. Therefore, we can conclude that
this transition is associated with the mobilization of the aromatic cores of B12 which goes along
with the dissolution of the supramolecular structure. The temperature difference of about 5°C of
all the additional DSC peaks of the two different mixtures can possibly be explained by different
structure or size of the macroscopic domains.

Above all phase transitions at a temperature of T' > 75 °C, all peaks reached maximum
intensity within the error margin of about 10 %, confirming that a homogeneous mixture with
fully mobilized molecules is reached [5].

In conclusion, we can say that we were able to assign the phase transitions detected by DSC
to the different components in the system by help of the 'H and '3C spectra.
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Figure 56: MAS 'H NMR data of hydrated pure DPPC and two mixtures of DPPC and B12. (a)
Exemplary quantitative 'H spectra of a 10:1 mixture DPPC/B12 taken at three different temperatures.
(b) Integrals of different spectral regions depending on temperature overlayed with scaled DSC traces
(right vertical scale) (from [6]). The data for the pure DPPC sample and the 4:1 mixture of DPPC and
B12 was measured and analyzed by A. Achilles [144]. The DSC curves were provided by B.-D. Lechner [4].

DPPC /E12/7 System: In Figure 57, a DSC curve measured by B.-D. Lechner and normalized
'H peak integrals for a 4:1 mixture of DPPC and E12/7 are depicted. At the main phase transition
temperature, the lipid signals rise to maximum intensity which means that, within the uncertainty
limits, all lipids become mobile at this temperature. The phase transition of the lipid molecules
is also reflected by the peak in the DSC curve. However, only small signals from the aromatic
protons of E12/7 can be detected in the 'H spectrum that also increase only very slowly with
rising temperature. At 75°C, the peak intensities reached about 10 % of the expected maximum
intensity. It was thus concluded that E12/7 forms m-stacked, rigid domains, presumably filaments
with a width in the nanometer range, that randomly pervade the DPPC membranes and are too
small to be seen in the fluorescence measurements [5,6]. These fibrils do not melt/disintegrate
within the temperature range studied by DSC [6]. Instead the E12/7 molecules stay immobilized
to the highest temperature measured of 75°C. A further confirmation of the fibril hypothesis is
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given by the lack of corrugation of the DPPC /E12/7 GUVs shown in the fluorescence microscopy
images in Figure 54(c). While the pure DPPC in the gel phase exhibits somewhat crumpled
GUVs (see Figure 54(a)), the vesicles formed by DPPC in mixture with E12/7 are round and
smooth, suggesting that the E12/7 fibrils separate small patches of DPPC along line defects.
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Generally, the different behavior of the B12 and the E12/7 bolapolyphiles in the DPPC
membrane can probably be explained by their different capabilities to form hydrogen bonds that
can stabilize the molecular aggregate structures.

9.3 'H-'¥C Dipolar Couplings from the DIPSHIFT Experiment

Order and motional geometry of the X-shaped molecules and the lipid bilayers were determined
from dipolar couplings measured using different NMR pulse sequences. To cover the wide range
of heteronuclear coupling constants of the more rigid bolapolyphiles and the mobile lipids, we
performed DIPSHIFT and recDIPSHIFT experiments.

DPPC /B12 System: The experiments for the 4:1 mixture of DPPC and B12 were ac-
quired and analyzed by A. Achilles for different temperatures. By help of a fit function, the
dipolar coupling constants were determined from the resulting modulation curves (as explained in
Section 5.6.1) and the respective order parameter was calculated. Here, we will only summarize
the results shortly. For a detailed description see References [6,144]. The 10:1 mixture yields too
small 3C signals from B12 to analyze their intensities in the DIPSHIFT experiment.

As for the lipid resonances, it is noted that in the homogeneous mixing phase at 75°C, a
variation in the order parameters Scpg was not detectable, indicating that the lipid membrane
remained unchanged upon bolapolyphile addition, at least on the fast timescale probed by Sc.
Probably due to the transmembrane configuration of the B12 molecules, the motional freedom of
the lipid molecules is not influenced.

The order parameter Scy of the B12 molecules in the lipid bilayer was determined for a
number of different temperatures. At 45°C and 55 °C, the sample system is phase-separated and
the B12 molecules exhibit a similar type of motion as in the crystal, that is, they perform 180°



126 9 X-SHAPED BOLAPOLYPHILES IN INTERACTION WITH LIPID BILAYERS

two-site jumps about their molecular long-axis and additional wobbling motions which result in
an order parameter of Scp = 0.6 for aromatic ring carbons with directly bonded protons and
Scu ~ 1 for quaternary ring carbons.

At a temperature of T' = 75°C, the supramolecular structure is dissolved and the B12 aromatic
rings perform uniaxial rotations about the molecular long axis, again with additional wobbling

motions. Consequently, for all B12 resonances an order parameter of Sgg ~ 0.1 — 0.2 was
determined.
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Figure 58: (a)-(c) Details of the 1*C spectra measured with DP (grey) and CP (black) excitation at 50 °C
for a 4:1 mixture of DPPC and E12/7. Resonances originate from (a) the aromatic rings of E12/7, (b)
the head group regions and (c) the aliphatic chains. Signals from the lipid are denoted in black and the
resonances originating from E12/7 are marked according to the color scheme shown in the molecular
structure above. Under the same experimental conditions, modulation curves reflecting the dipolar
coupling constant were recorded using (d) the DIPSHIFT and (e) the recDIPSHIFT pulse sequence. In (f)
the resulting order parameters for E12/7 are shown. The order parameter of Scy = 0.63 that is expected
for aromatic rings performing 180° flips is shown as a dotted line [84,144].
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DPPC /E12/7 System: In Figure 58, 13C spectra and Scy order parameters determined
from a 4:1 mixture of DPPC and the bolapolyphile E12/7 are shown. Comparing the results
from the DP and CP excitation scheme in (a)-(c), we find higher peak intensities from E12/7,
especially for the aromatic rings, in the CP spectrum. Due to motional restrictions, dipolar
couplings of E12/7 are relatively high and therefore can mainly be measured with the DIPSHIFT
experiment. The recDIPSHIFT experiment was only used to determine the smaller couplings on
the chain ends. The resulting order parameters are shown in Figure 58(f). For peaks that have
too low intensity or partly overlap with other peaks and for quaternary ring carbons, we did not
determine a dipolar coupling.

The aromatic rings of E12/7 show a slightly lower order parameter of Scy ~ 0.5 in DPPC
than the aromatic rings of B12. We therefore conclude on molecular dynamics with higher
motional amplitude occurring due to a somehow less defined -7t packing structure. For the EO
head groups we determined increasing mobility and accordingly decreasing order parameters
towards the chain ends. Generally, the EO head groups are more mobile than the glycerol head
groups of B12, probably because of the lack of hydrogen bonds [6].

A similar mobility gradient was detected for the aliphatic side chains. Furthermore, the
spectrum contained two signals (denoted as als ¢) originating from methyl groups of the alkyl
side chains of E12/7 and accordingly two different order parameters were determined. The two
signals possibly can be explained by two different packing modes for the two lateral alkyl chains
of the E12/7 in the fibrillar structure (realized, e.g., in a double strand). However, it is also
possible that the additional signal arises from a more ordered minority fraction of the lipid in
interaction with the E12/7. Generally, the 3C NMR results reflect the restricted motions of
E12/7 in the membrane and therefore confirm the small peak intensities measured in the 'H
spectrum.

9.4 'H-'H Dipolar Couplings from DQ Sideband Spectra

DPPC /B12 System: To study the wobbling motion of the B12 molecules in the membrane
more in detail, order parameters Sy were determined using DQ sideband measurements [5,6].
We here investigated the protons in the para-substituted phenyl rings. Their internuclear vector
points along the long axis of the molecule and is thus not affected by the fast uniaxial rotational
motion but only by the additional fluctuations of the molecular long axis. The DQ sideband
spectrum (see Figure 59(a)) was acquired using the BaBa-xy16 pulse sequence as described in
Section 5.6.4. The individual sidebands were integrated to determine their intensity. Small
shoulders appearing on the left side of the peaks, which possibly correspond to additional
couplings, were omitted. For the two, theoretically identical, sidebands on opposing positions
relative to the center of the spectrum, the average value of the two intensities was taken and their
difference was considered as error during the fit. For calculating the order parameter, we used a
reference coupling of vp res = (8300 £ 400) Hz determined from the average distance r ~ 2.44A
of two aromatic ring protons. The measurements were conducted for both mixtures of DPPC
and B12 over a temperature range of 65 — 80 °C, in which the aromatic 'H signals of B12 can be
resolved. As can be seen in Figure 59(b), the resulting dipolar couplings or order parameters Sy,
alternatively, show a relatively large distribution. Possibly, this comes from inhomogeneities in
the sample, like local concentration fluctuations, that even exist at high temperatures (7' = 80 °C)
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at which the system is characterized as a homogeneous mixture. With increasing temperature,
the order parameter decreases slightly indicating a small increase of the motional amplitude of the
wobbling motion. The most important outcome of this measurement, however, can be deduced
from a comparison of the results of the two mixtures. The order parameter of B12 is lower in
the 10:1 mixture than in the 4:1 mixture, suggesting smaller-amplitude motions of B12 when its
concentration in the membrane is higher, probably due to crowding effects. Depending on the
assumed motional model (rotation on or within a cone), the mean tilt angle of the molecules
with respect to the membrane normal can be estimated to be about 20°-30° and 35°-45° for the
1:4 and 1:10 mixtures, respectively [84]. This result can probably be explained as an crowding
effect of the B12 molecules. In the 1:4 sample, they restrict the molecular dynamics of each other
more strongly than in the 1:10 sample. Additionally, we determined a broader distribution width
of dipolar couplings for the 10:1 mixture than for the 4:1 sample.
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= peak intensities
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Figure 59: (a) DQ spinning sideband pattern determined using the BaBa-xy16 pulse sequence for an
aromate resonance of B12 in a 1:10 mixture with DPPC at 75 °C. We used and MAS frequency of
10kHz a DQ evolution time of Tpq = 47, and acquired spectra for 512 ¢; times incremented in steps of
Aty = 2.5 us. The blue line represents the fit function from which we obtained the 'H-'H dipolar coupling
and its distribution width; (b) Order parameters Sup determined from the DQ sidebands for 4:1 and 10:1
mixtures of DPPC and B12 evaluated for two aromate signals each as a function of temperature. The
error bars indicate the dipolar distribution width o from the fit; the actual experimental error is smaller
and apparent from the deviations from the trend lines (adapted from Reference [6]).



10 Summary

In this work, the interaction of a number of different amphiphilic and polyphilic molecules in
interaction with lipid model membranes was characterized by different solid-state NMR, tech-
niques. Spectral distinction between the lipid and the guest molecules was reached by the usage
of MAS. Already simple 'H and '3C spectra contain information on sample composition and
molecular mobility and for example allow for the observation of phase transitions. R; relaxation
rates were determined to study molecular dynamics more in detail. Being influenced mainly
by dipolar interactions, they depend on the order parameter as well as on correlation times of
bond reorientational motions. The 2D NOESY experiment was used to prove the deep insertion
of the guest molecules into the membrane and to qualitatively probe their average location.
Using dipolar NMR methods, structure or packing and dynamics of the lipid molecules as well
as the interacting guest molecules was described. From the DIPSHIFT, the R-PDLF and the
BaBa-xy16 experiment, we determined residual dipolar couplings for specific resonances from
which dynamic order parameters were calculated. Furthermore, DSC curves were recorded to
investigate the phase transition behavior of the lipid/guest molecule systems. The lipid/triblock
copolymer systems were additionally modeled by MD simulations.

Triblock Copolymers: The main part of this thesis deals with lipid bilayers in interaction
with amphiphilic triblock copolymers that contain a hydrophobic PPO middle block between
two hydrophilic end blocks. Results from the NOESY and the BaBa-xy16 experiment and from
DSC measurements confirmed the interaction of all polymers investigated with the lipid bilayers.
While in some cases the polymers only interact with the membrane surface, for other systems, for
example for DMPC/PE6100, the deep insertion of the polymer into the membrane was proven
directly by cross peaks between resonances of the lipid tails and the polymer in the 2D NOESY
spectrum. Relaxation rates R determined for Pluronics in mixture with lipids are about two
times larger than relaxation rates of pure Pluronics dissolved in water at a small concentration
indicating a more restricted mobility of the polymers in the first system probably due to the
incorporation into the lipid bilayer or the interaction with the membrane surface.

For a more detailed interpretation of our experimental findings, we performed MD simulations.
Their validity was confirmed by the good agreement of the experimental and the simulation
results for the order parameters and R; relaxation rates of the lipids and the polymers in the pure
aqueous systems and in mixture. Also the radius of gyration calculated for a simulated system
of a Pluronic in water matches well with literature values. A number of different lipid/polymer
systems with varying type of lipid, polymer PPO block length and polymer configuration inside
the membrane (membrane-spanning vs. U-form) was simulated. A single PE6100 polymer
initially placed on top of a lipid bilayer enters the membrane significantly faster than a polymer
aggregate containing three or six polymers. In contrast to literature results, we found that the
polymers of an aggregate inside the membrane separate from each other after some time.

The configuration of the polymer PPO block inside the membrane was characterized more
in detail. MD simulations show that the ends of the PPO block are roughly aligned parallel
to the lipid tails exhibiting similar order parameters and the middle part of the PPO block in
average lies in-between the bilayer leaflets. As this general behavior of the polymer chains is
found for transmembrane polymers as well as for polymers that enter the bilayer in U-form, these
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two configurations are hard to distinguish on the basis of the results of our NMR experiments.
Order parameters, NOESY cross-relaxation rates and R; relaxation rates are roughly the same
for both systems. However, from this, we can also conclude that the influence of the polymers on
membrane properties is probably rather similar for the membrane-spanning and for the U-form
configuration. One could imagine that two polymers in membrane-spanning configuration, or
two polymers incorporated into the membrane in U-form from two sides, basically form the same
system influencing membrane properties, like its permeability, in a similar way. Only for the
Pluronic PE3100 with its rather short PPO block of 15 units, we find slightly enhanced order
parameters which according to MD simulations indicate a U-form configuration.

By comparison of results from experiments and simulations, we discovered that in case of the
lipid /polymer systems, the cross relaxation rates determined from the NOESY sequence do not
not correspond to contact probabilities, that is, they do not indicate the preferred position of
the polymer in the membrane. For the mixture DMPC/PE6100, the highest cross relaxation
rates were determined for resonances between the PPO block and the upper chain region of the
lipids. However, from the simulated trajectories of the same system with the polymers spanning
the membrane or with a polymer incorporated in the membrane in U-form configuration, the
highest contact probabilities were determined for the lipid tail ends, because the largest part
of the polymer PPO block in average lies in the middle of the bilayer. We therefore calculated
cross correlation functions from the simulated trajectories in a next step. Besides the distance
dependence, these correlation functions also include the angle between the interconnecting vector
of the two protons investigated and the bilayer normal, which also influences the dipolar coupling
and consequently the cross peak intensities. The resulting cross-relaxation rates determined
from these correlation functions match well with the experimental results confirming that the
polymers are deeply inserted into the membrane and do not only reach into the membrane up to
the upper lipid acyl chain region.

From experiments as well as from simulations, it was found that the neither the order
parameters nor the R relaxation rates of the lipids are changed due to the incorporation of the
polymer in the membrane. We conclude that the lipid ordering and dynamics on timescales
relevant for Ry are not affected. The polymer does not disturb the lipid molecules but rather
adapts their structure.

Besides the determination of residual dipolar couplings for the polymers, we were also able
to quantify the amount of polymer incorporated in the membrane vs. the amount of polymer
dissolved in the water phase between the bilayers by using the BaBa-xyl6 experiment. We
conducted the experiment on number of different samples, thereby systematically varying the
molecular structures and outer conditions.

From alteration of the polymer block lengths, we found that the molar fraction of PPO
units inside the membrane decreases with increasing total polymer hydrophilicity, that is with
decreasing PPO block length or increasing volume of the hydrophilic blocks. Results of the
BaBa-xy16 experiment as well as of the NOESY experiment show that polymers with high
hydrophilicity generally do not enter deeply into the membrane but only interact with the surface.

From the higher anisotropic fraction and the higher residual dipolar coupling found for
PE6100 in DOPC than for PE6100 in DMPC, we conclude that the polymers incorporate more
efficiently into bilayers containing lipids with unsaturated chains than into bilayers of fully
saturated lipids. This might be explainable by the higher disorder in the bilayers with the
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unsaturated chains. However, also the differences in sample preparation could have an influence.
While the DMPC/PEG6100 system is cooled below the main phase transition temperature several
times, DOPC does not show a phase transition in the accessible temperature range. When the
sample temperature is decreased below the main phase transition temperature of the lipids, then
the molar fraction of PPO units inside the membrane is reduced to zero. We conclude that the
polymer is “squeezed-out” from the membrane at the transition to the gel phase probably due to
the increase of lipid packing density and the decrease of molecular mobility.

Also the addition of cholesterol to the lipid/polymer mixtures results in an ordering of the
lipid acyl chains. As a consequence we measure an decreasing amount of polymer incorporated
in the membrane with increasing cholesterol concentration. Therefore, we generally conclude
that the fluidity of the membrane strongly influences its interaction with the polymer.

Anion Transporters: In a second part of the thesis, we investigated a series of partially
fluorinated anion transporters containing urea and thiourea groups and aromatic rings in mixture
with POPC membranes. Applying the NOESY experiment, we have proven the interaction
of these molecules with the membrane. The strongest interactions were found between the
aromatic protons of the anion transporters and the upper acyl chain region and the glycerol
backbone of the lipids possibly indicating their preferential location in the membrane. However,
due to the anisotropy of the system, the cross-relaxation rates might not directly reflect the
contact probability. Molecules showing a higher degree of fluorination generally show stronger
interactions with the membrane due to their enhanced lipophilicity.

Bolapolyphiles: Lastly, we investigated two different kinds of X-shaped bolapolyphiles in
interaction with lipid membranes. The complex phase behavior of the DPPC /B12 mixture
was assigned to the different components of the system by help of 'H and '3C spectra. From
the dipolar couplings determined for the B12 molecules in the membrane, we conclude that
these molecules perform 180° two-site jumps about their molecular long-axis at temperatures
T < 75°C and uniaxial rotation at temperatures above 75 °C, and additional wobbling motions.
The lipids in the DPPC / E12/7 system were found to show a main phase transition as in pure
lipid bilayers while the E12/7 molecules stay rather immobilized over the whole temperature
range (25 - 75°C) investigated presumably forming rigid filaments with a width in the nanometer
range.






A Spin State Representation by Wave Functions

Using Equation 5 given in Section 3.1, we can describe the state of a nuclear spin as a superposition
of the (21 +1) eigenfunctions |1);) = |I, m;) enumerated here by the index j. A spin superposition
state can be imagined as a lack of knowledge of the actual spin state. Instead, from the
corresponding coefficients ¢; a certain probability for the spin to be in state |I,m;) can be
calculated.

As an example, the wave function for a spin with = 1/2 is shown here in Dirac notation

and as a vector with complex components

) = cala) +cs |8) = <§;> (59)

with the eigenstates or Zeeman basis eigenvectors being defined as

) =|53) - (é) snd |ﬁ>=\;,—§>=<§)>. (90)

The spin operators for I, fy and I, are given by the Pauli matrices. Together with the unity
operator, they represent the basis functions for describing a two-state system.

<\a><m+\5><a\>_;<‘f ;) Iy = 5 (1) (8]~ 18) {al) = 21(01 é)

(109 (ol + 18) {51) = ;(g ?)

Again the Dirac notation as well as the matrix representatlon is given. These hermitian operators
fulfill the relations 12 + I2 + I2 = I and [Iz,I | = 2zeuklk, with 7, j,k = z,y, 2z and €;j;, being
the Levi-Civita symbol. Wlth I, and I y» the shift operators I4 can be defined by
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I =1, +il, (91)

Because of I, |a) = +3 |o) and I.18) = —21B), it can be concluded that a spin in state |) /|3)
is represented by a vector with a positive / negative z-component and completely undefined -
and y-components. Accordingly, the functions |a) and |3) are associated with the ’spin-up’ und
the ’spin-down’ state, respectively.

The construction of a wave function for more complex systems is carried out in an analogous
manner. For example, for a spin with I = 1, we have three eigenstates of angular momentum
along the z-axis. Also coupled spins can be described as a single quantum system using only one
wave function. For a system of two interacting spin-1/2 nuclei, for example a *C—'H spin pair,
such a wave function can be written as a superposition of four orthonormal eigenfunctions:

W) = caa |a@) + cag |aB) + cpa |Ba) + cas | BB) (92)

These eigenfunctions, also called (Zeeman) product states, display the eigenstate of spin 1 in the
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first digit and the eigenstate of spin 2 in the second digit, for example |a8) = )P |3)5Pin 2,
The matrix representation of such a product state is calculated from the direct product of the
matrix representations of the individual states of the two spins.

Generally, the state |¥) of a spin system is a superposition of the states |¢;) = |I,m;) and
therefore not an eigenstate of I, or the Zeeman Hamiltonian Hy. Using the Schrodinger equation
and the Zeeman Hamiltonian, given in Equation 10 and 13 in Section 3.1, respectively, the time
development of such a general spin state under influence of an external magnetic field can be
calculated to be

W(1)) = exp [—iwot L] [(0)). (93)

For the state of a single spin with I = 1/2 it follows that
[T (t)) = cal0)e™ 7% ) + c5(0)e 30" |B) . (94)

A spin with a state being equal to a pure Hamiltonian eigenstate (|¥(¢)) = |a) or |¥(¢)) = |B)) will
remain in that state over time and, as long as the Hamiltonian stays constant, only accumulate a
complex phase factor. For a spin showing a general superposition state, however, the contributions
of |a) and |5) to the total state will oscillate with the Larmor frequency wy during time. From
a classical point of view, one can imagine that when a sample is brought into the magnetic
field a torque is applied to the nuclear magnetic moments. This leads to a so-called precession
movement of the magnetic moments about the direction of the external magnetic field with the
precession frequency given by the Larmor frequency.



B Experimental Details

B.1 Sample Preparation

For the preparation of all lipid sample systems, we used commercial lipids delivered as dry
powders. Usually, an amount of about 10-30 mg lipid is enough to ensure a reasonable signal-
to-noise ratio also for the less sensitive '3C measurements at natural abundance. The lipids
were mixed with about 50 wt% of deuterated water which leads to the spontaneous formation
of MLVs. The water content is high enough to fully hydrate the lipid molecules which means
that structure and dynamics of the lipid bilayer are nearly independent of water content, hence
adding more water would not change the spectra or other results. The samples were frozen,
heated to a temperature above the melting point, and treated with a vortex mixer several times
until homogeneous suspensions were achieved.

The lipid/guest molecule mixtures were prepared by co-dissolving all molecules in a chloro-
form /methanol solution. After evaporating the solvent, the samples were rehydrated with 50 wt%
of D20 and the freeze-thaw-vortex cycle was applied. The resulting samples were either directly
filled in ZrOs MAS rotors, positioned between two teflon spacers or they were filled in an insert
first which was inserted into the rotor subsequently.

Sample preparation for the DSC measurements was done in a similar way, however, more
dilute samples with a lipid concentration of 1 mmol/L were used. Instead of applying the freeze-
thaw-vortex cycle, the samples were only vortexed and additionally sonicated. Nevertheless, the
samples were cooled to a temperature below the main phase transition temperature several times
because a number of DSC up- and down- scans were run.

For all samples, we need to keep in mind that after some time, the lipid molecules in water
begin to degrade. Oxidation of phospholipids with unsaturated chains and hydrolysis can occur.
In the last case, the ester bonds of the glycerol backbone get broken and free fatty acids and
lysophospholipids are produced which destabilize the bilayer [233]. To ensure that intact lipid
samples were used for all measurements, we only used the samples for a few months, stored them
in the freezer and checked the NMR spectra of the samples as lipid degradation can be detected
from additional signals in the *C spectrum [144].

B.2 NMR Measurements

Temperature regulation for the NMR measurements is achieved by a stream of heated or cooled
air. Significant heating from sample rotation and r.f. irradiation must be considered in the
temperature calibration and the use of long recycle delays, respectively [100]. The temperature
calibration was done with lead nitrate [234] or methanol [235] and tested by using the well-known
phase transition temperatures of pure lipid samples Also the chemical shift of the water peak
can be used for temperature calibration [82,100]. All in all, a temperature accuracy AT = £1K
was achieved.

For most NMR measurements, a Bruker Avance III spectrometer operating at 400 MHz 'H
Larmor frequency and a 4mm MAS WVT double- or triple-resonance probe were used. Only the
measurements on the lipid/anion transporter systems were carried out on a Varian spectrometer
operating at a 'H Larmor frequency of 600 MHz using a 3.2mm MAS double resonance probe.
Typically, we applied "H 90° pulses with a length of 3 us and ®C 90° pulses of 3.5 us. For the
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acquisition of '3C spectra, a minimum recycle delay of d; = 5s was necessary to compensate
for sample warming due to the heteronuclear decoupling for which we used the SPINAL-64
sequence with a decoupling power of 50 kHz. While a few scans (4-16) were enough to obtain a
'H spectrum with a good signal-to-noise ratio, several hundred scans (128-1024) were needed
for a 3C spectrum. The chemical shift axis of proton spectra were referenced by setting the ~
peak on 3.32 ppm and the carbon spectra were referenced by help of an alanin sample, the COO
resonance of which was set to 177.87 ppm [236].



C Description of NMR Experiments and Data Analysis

C.1 Determination of the Peak Volume Matrix from a 2D NOESY Spectrum

For a quantitative description of two-dimensional NOESY spectra, the peak intensities need to
be determined and collected in the peak volume matrix A. However, reliable results can only be
obtained when the peaks are well resolved and not too small. In a two-dimensional spectrum,
the peak intensities are given by the peak volumes which are determined here simply by drawing
a rectangle around every peak and summing up the amplitudes of all points within. Additionally,
a baseline correction is performed. This is especially important for small peaks and resonances
that are in the neighborhood of bigger ones and partly overlapping. The base area is determined
from the average signal intensity on all four edges of the rectangle and subtracted from the peak
intensity. For weak resonances, the intensity on a specific location within the rectangle can be
lower than the base area. In this case, these data points are omitted in the calculation of the
sum.

As a measurement with 7,;x = 0 is not very precise [107], we determine the peak volume
matrix A(0) using the sequence with a very small mixing time of 7x = 1 ms. Due to some
artifacts, small cross peaks can appear in the resulting spectrum. However, for the volume matrix
A(0) only peak volumes of diagonal peaks are considered and all other matrix elements are set

to zero.

Although, theoretically all volume matrices describing peak intensities in NOESY spectra are
symmetric, experimentally determined intensities a,, and a,,, of opposite cross peaks might
differ. Especially for small or partly overlapping peaks uncertainties in the determination of peak
volumes can occur. Therefore, a symmetric volume matrix was created by taking the average
intensity for opposing peaks or by choosing the intensity of the peak that was resolved better in
cases where a difference was visible. Such a differing resolution within one spectrum is caused
by the different time increments chosen in t; and to dimension. While a small t5 increment can
easily be chosen, a small ¢; increment renders the acquisition of the two-dimensional spectrum

time consuming.

C.2 Relaxation Rate Matrix of POPC

47 1216’

Figure 60: Chemical structure of POPC.

Using the full-matrix approach, the cross-relaxation rates of POPC at 25°C was determined
from the NOESY experiment (see Figure 13 in Section 5.5). All peak volumes determined from
2D spectra acquired for different mixing times and the respective fit function are shown in Figure
61.
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Figure 61: Peak volumes determined from 2D NOESY spectra that were acquired for different mixing
times for POPC at 25°C. The blue lines represent the fit function that was used to determine the cross
relaxation rate matrix.

As a result, we obtain the cross relaxation matrix:

16,18’ alkyl 3,3’ 8,11’ 2,2’ % B g3 o, 81 g1 g9,9", 10"

16, 18’ 2.333 —0.157 —0.014 —0.068 —0.011 —0.022 —0.021 —0.033 —0.026 —0.034 —0.057
alkyl —0.998 2.525 —2.787 —2.370 —1.633 —0.213 —0.217 —0.306 —0.304 —0.625 —1.718
3,3 —0.007  —0.210  6.153 —0.160 —0.600 —0.046 —0.072 —0.151 —0.170 —0.303 —0.191
8,11’ —0.041  —0.221 —0.198 4.853 —0.144 —0.021 —0.023 —0.008 —0.025 —0.000 —0.478
R = 2,2/ —0.006 —0.140 —0.684 —0.132 4.7025 —0.050 —0.071 —0.186 —0.192 —0.312 —0.167
Y —0.032  —0.048 —0.138 —0.052 —0.132  2.598 —0.335 —0.273 —0.348 —0.199 —0.093

B —0.007  —0.011 —0.048 —0.013 —0.041 —0.074  2.887 —0.096 —0.092 —0.058 —0.033

g3 —0.008 —0.011 —0.072 —0.003 —0.078 —0.043 —0.069  4.348 —0.250 —0.849 —0.352

o, g1 —0.012  —0.021 —0.157 —0.019 —0.155 —0.107 —0.128 —0.484  4.249 —3.005 —0.265
21 —0.0051 —0.014 —0.089 —0.000 —0.080 —0.020 —0.026 —0.524 —0.956  7.986 —0.326

e5,9/,100  —0.025 —0.120 —0.176 —0.358 —0.136 —0.029 —0.045 —0.683 —0.265 —1.027 4.998

The largest cross-relaxation rates are determined for resonances of segments that are spatially
close to each other. Resonances of segments with larger distances yield smaller cross-relaxation
rates that exhibit a bigger error.

C.3 Analytical Fit Functions for DIPSHIFT Curves

In this section, analytical fit functions I(¢;) for the DIPSHIFT curves are introduced, which
enable us to determine the dipolar coupling from the experimental data [143,144]. However,
during the determination of an order parameter from the dipolar coupling, we need to consider
the pre-averaging introduced by assuming a certain motional geometry. A DIPSHIFT curve
resembles an FID signal only influenced by dipolar interactions. For its description the angular
frequency wcp is needed which in turn depends on the dipolar coupling constant d, the MAS
frequency wy, the initial rotor phase v and two additional Euler angles a and 8 which transform
the dipolar tensor components given in the principal axis frame to the tensor components in
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the laboratory frame. With this, the accumulated phase during the evolution period can be
calculated from

b(t) = /0 " ven(b)dt (95)

and the DIPSHIFT curve results from the cosine of the phase ¢. As the molecules in a liposome
dispersion are oriented randomly, the powder average over the angles a;, 8 and v (denoted by
the angle brackets) needs to be taken which is done numerically.

For a CH group, we have

I(t1)/1(0) = (cos ¢(t1)), (96)
with
é(t1) = den 4010 sin? 8 (sin(2y + 2wyty) — sin(27)) — \/ilw sin(20) (sin(y + wyt1) — sin(y))

Because of the axial symmetry of the dipolar tensor in this simple case, the Euler angle o does
not appear.

In a CHy group, the two C-H bonds are characterized by two dipolar tensors exhibiting
different principal axis systems. Assuming the dipolar coupling constant to be the same for each
bond, we can calculate the DIPSHIFT curve from

I(t1)/1(0) = (cos g1 (t1) cos ga(t1)) = (0.5 cos(@1(t1) — ¢2(t1)) + 0.5 cos(gu(t) + ¢2(t1))) (97)

with
1 N V2 .
¢1,2(t1) =dcu G cos(2a) (cos® B+ 1) + —3 cosa sin 3 cos B | cos(2wyty + 27)

2 2
+dcu $\§ sin asin 3 — 3 cos o sin o cos B] sin (2w, t1 + 27)

2 2
+dcu \3[ cos(2a) cos Bsin B F 3 cosa cos(Qﬁ)] cos(wrt1 +7)

2 2
+ dcn ~3 2 cosasinasin 5 £ 3 cos (3 sin a] sin(wyt; + 7).

For a CHy group performing fast uniaxial reorientations, we have a more simple result
because the two dipolar tensors are aligned parallel to each other due to the motional averaging.
Additionally assuming the same coupling constant for the interaction of both spin pairs, we have
¢1 = ¢2 = ¢, and from this it follows

1(12)/1(0) = 5 + 5 (cos(26())) (98)

The DIPSHIFT curve of a CHs group can be calculated using a similar approach. Because
the protons of a methyl group perform fast motions about a threefold symmetry axis, the dipolar
interaction of the three C-H spin pairs can be described by three identical tensors. Therefore, we
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have identical phases ¢1 = ¢9 = ¢3 = ¢ and from this:
I(t1)/1(0) = (cos® ¢(t1)) (99)

For describing the modulation curves determined with the recDIPSHIFT experiment, similar
fit functions can be applied. However, as a consequence of the additional 180° pulses, the
accumulated phase ¢ is IV times enhanced and can be calculated from

o(t1) = /O tl(—l)”wcw)dt (100)

with m = int {2¢/7,} being the number of half rotor periods that fit in a given time period ¢. The
resulting recDIPSHIFT curves show a greater modulation depth than the respective DIPSHIFT

curves.
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Figure 62: Results from the R-PDLF experiment for DMPC at 47 °C. An MAS frequency of 5.15kHz was
used and the ¢; time was incremented in steps of 10.79 us x 18 x 2. The 2D spectrum is shown on the left.
On the right, the time dependent signal decay of the respective peak maxima are depicted. The measured
curves (black symbols) were corrected for the offset and multiplied by an exponential window function.
From the resulting time-depending curves (grey symbols) we determined the dipolar spectra, which are

shown in the middle.
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C.5 The Basic DQ Experiment

90y 1805  905|/905.a, 18054, 905.a,|90;

1 1 1 1
27DQ |l 77DQ >7DQ | 57DQ

excitation reconversion

Figure 63: Basic DQ pulse sequence

The most simple experiment to excite DQ coherences consists of two 90°pulses with the same
phase separated by an evolution time of the length mq during which the system evolves under
the influence of homonuclear dipolar couplings [142]. An additional 180° pulse is placed in the
middle of the evolution time to refocus signal dephasing caused by the chemical shift interaction
(see Figure 63)

To understand the mechanism of action of this pulse sequence, we firstly assume an ensemble
of spin pairs with the two individual spins denoted by I and Is. Normally, we would need
to consider the Hamiltonian describing homonuclear dipolar couplings given in Equation 43 in
Section 3.4.2. However, for simplicity, we here use a Hamiltonian

Hp = wp et (3f1zfzz) (101)

assuming that the coupling is weak compared to the distance of the resonance frequencies of the
interacting spins in the spectrum [237]. This simpler Hamiltonian allows for the application of
the product operator formalism. Starting from thermal equilibrium, we obtain:

. .90 . .
Ilz + IZZ —>le + IQ{L‘
a 5 5 s a s s
2 ([ + Log) cos(¢pq) + 2(Liyla. + Ioyli.) sin(¢pq)

902 A A A A A A
Y (Ilz -+ Igz) COS((f)DQ) + 2(Ily_[23; -+ Izyflz) sin(qﬁDQ)

= — (I + I2.) cos(¢pq) — 2i(114 Iay — Ir_Ir_)sin(¢pq)

The last term corresponds to the DQ coherence [142]. The phase ¢pq = 1.5wp ot TDQ is specific
for the homonuclear dipolar interaction. It contains the effective residual dipolar coupling wp cf
and the evolution period mpq. The same result can be obtained in a single step by using an
average DQ Hamiltonian:

ﬁDQ = WD eff (jlij:v - jlyj2y) (102)

= WD eff <f1+f2+ + f1—f2—>

As the DQ term cannot be measured directly, it needs to be converted into z-magnetization
using a reconversion sequence, which contains the same sequence of pulses as the excitation part,
but they are applied with a phase shift of Ay which is varied in a 4-step-cycle. The effect of this
reconversion sequence is described by the DQ Hamiltonian, the sign of which varies with Ag. It
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results in
reconversion

(flz +f22) COS2 ¢DQi(j1z —I—fgz) Sin2 QZ)DQ . (103)

reference term DQ term

We obtain a positive sign in front of the DQ term when a Ap = £90° is applied and negative
sign is achieved using Ap = 0 or Ap = +180°. The following 90° read-out pulse rotates the
z magnetization in the transverse plane where it can be detected subsequently applying an
appropriate receiver phase cycle. Using a constant receiver phase, we pick the cos? ¢pq- (or
reference-) term, and with alternating receiver phase the sin? ¢pq- (DQ-) term is selected.

Also coherences of higher order can be excited by the sequence. However, they only influence
the signal at long excitation times.
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Figure 64: R; relaxation rates determined for the different systems simulated. The results for every C-H

bond in the polymer are shown separately.
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E.1 Lipid Order Parameters
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Figure 66: (a) DP spectra; and (b) lipid order parameters Scy determined from the R-PDLF experiment
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E.2 Results from the R-PDLF Experiment for a Polymer Resonance

—— DMPC/PE8100 20:1
—— DMPC/PE6100 20:1

Av=0.295 kHz
Av=0.376 kHz S=0.043

S=0.108

Figure 67: Dipolar spectrum de-
termined by the R-PDLF experi-
ment for the PPO CH resonance for
two different DMPC/Pluronic mixtures
at 40°C. Especially for the sample
DMPC/PE6100 a distinct dipolar split-
ting is hardly recognizable as the lines
a quite broad and the isotropic contri-
bution in the center dominates. The
order parameters estimated here are in
a similar range as the order parameters
determined from the MD simulations.
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