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Abstract

What are the main influences governing the behavior of lipids within lipid model
membranes? This question concerns nearly all membrane-related biochemical and
biophysical research. However, in many cases the consequences of structural
variations within the involved lipids or the impact of exogenous molecules, that are
introduced during the study, are not addressed. This thesis aims at giving answers to
this main question in the context of some exemplary model systems.

To address different possibilities in influencing lipid behavior and the varying
complexity of well-established lipid model membranes, this thesis is divided into two
main projects: the study of (i) the impact of an intramolecular change within the lipids
in monolayers at the air/water interface and of (ii) the effect of three amphiphilic
copolymers on lipid bilayers, consisting of either a simple model lipid or myelin-like
complex lipid mixtures, during the formation of polymer-encapsulated nanodiscs.

In the first project, the model lipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), which contains two fatty acids esterified to the glycerol backbone, was
compared with its monoether analogue 1-palmitoyl-2-O-hexadecyl-sn-glycero-3-
phosphocholine (PHPC) bearing a fatty acid and a long-chain alkyl ether. The study of
lipid monolayers containing one of both lipids revealed differences in the lipids’ chain
tilt angles, hydration of their headgroups and carbonyl groups, and altered ordering of
carbonyl-near chain segments. These differences were attributed to a rearrangement
of the glycerol backbone at the air/water interface induced by substituting just one ester
bond by an ether linkage. Langmuir monolayers of mixtures of both lipids showed non-
ideal mixing behavior despite their similarity.

In the second part of this thesis, the influences of two anionic polymers and one
zwitterionic polymer on the model lipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and complex myelin-like lipid mixtures were characterized. The studied
polymers affected the temperature-dependent behavior of DMPC and changed the
water accessibility in different positions of the bilayer as well as the rotational freedom
of the lipids as can be concluded from continuous wave electron paramagnetic
resonance (CW EPR) spectroscopical results.

The formation of myelin-like nanodiscs was complicated by the complex lipid mixtures
containing natural lipids and cholesterol. Nevertheless, solubilization could be
achieved. Two styrene-based copolymers were able to solubilize myelin-like liposomes
without pronounced preferences for distinct lipids. Similar effects as in DMPC
nanodiscs were found in this system by application of CW EPR spectroscopy, that are
additional constraints caused by the polymers onto lipid order and mobility both in the
membrane core and the carbonyl-near chain segment. Addition of a bilayer-stacking
model protein induced association of nanodiscs encapsulated by poly-(styrene-co-
maleic acid) (SMA) indicating a possible use of these nanodiscs as a model system for
the human myelin sheath.



Kurzdarstellung

Was sind die Haupteinflisse auf das Verhalten von Lipiden in Lipidmodellmembranen?
Die Antwort auf diese Frage betrifft fast alle biochemischen und biophysikalischen
Untersuchungen, in denen Lipidmembranen von Bedeutung sind. Trotz der Vielzahl
an moglichen Einflissen, hervorgerufen durch strukturelle Unterschiede der Lipide
oder die Zugabe von membranassoziierten Fremdmolekulen, werden diese haufig
nicht im Detail betrachtet. Das Ziel dieser Dissertation ist es, die Wirkung
verschiedener Faktoren auf eine Auswahl an Lipidmodellmembranen zu untersuchen.
Um den vielfaltigen Einflussmdglichkeiten und der unterschiedlichen Komplexitat
verschiedener Modellsysteme gerecht zu werden, ist diese Arbeit in zwei Projekte
aufgeteilt. Die Projekte behandeln (i) den Einfluss einer molekularen Anderung
innerhalb der Lipidmolekule auf deren Monoschichten an der Wasser-Luft-Grenzflache
und (ii) den Einfluss von drei amphiphilen Copolymeren auf Lipiddoppelschichten
eines Modelllipids und zwei myelinartiger, komplexer Lipidmischungen in
polymergestitzten Lipidnanodiscs.

Im ersten Teil dieser Arbeit wurden das Modelllipid 1,2-Dipalmitoyl-sn-glycero-3-
phosphocholin (DPPC), das zwei veresterte Fettsaureketten tragt, und dessen einfach
verethertes Analogon 1-Palmitoyl-2-O-hexadecyl-sn-glycero-3-phosphocholin (PHPC)
in Lipidmonoschichten an der Wasser-Luft-Grenzflache miteinander verglichen und
Unterschiede in der Lipidordnung und -hydratation gefunden. Diese Unterschiede
zwischen DPPC und PHPC konnten durch eine Umordnung des Glycerol-Riuckgrates
erklart werden. Gemischte Monoschichten beider Lipide verhielten sich trotz deren
Ahnlichkeit nicht ideal.

Im zweiten Projekt wurde der Einfluss von zwei anionischen und einem
zwitterionischen Copolymer auf das Modelllipid 1,2-Dimyristoyl-sn-glycero-3-
phosphocholin (DMPC) und auf komplexe, myelinartige Lipidmischungen untersucht.
Aus Ergebnissen der Elektronenspinresonanz-Spektroskopie bei kontinuierlicher
Mikrowelleneinstrahlung (CW EPR) ging hervor, dass die drei Polymere das
temperaturabhangige Verhalten von DMPC, die Penetration der Doppelschicht durch
Wasser und die Rotationsfreiheit der Lipide in zwei untersuchten Positionen innerhalb
der Membran beeinflussten.

Im Vergleich zu DMPC war die Nanodiscbildung von myelinahnlichen Lipidmischungen
durch enthaltene naturliche Lipide und Cholesterol erschwert. Trotzdem konnten
myelinartige Nanodiscs ohne Bevorzugung bestimmter Lipide mithilfe zweier
styrolbasierter Copolymere erzeugt werden. Auch in diesem System waren zusatzliche
Einschrankungen der Lipidordnung und -mobilitat in der Mitte der Membran und dem
Kettensegment nahe den Carbonylgruppen mit Hilfe der CW EPR Spektroskopie
nachweisbar. Die Zugabe eines Modellproteins, das in der Myelinscheide die
Membranen aneinanderbindet, sorgte flr eine Assoziation von Nanodiscs, die durch
Poly-(styrol-co-maleinsaure) (SMA) gebildet wurden, was eine Verwendung dieser als
Modellsystem fur die menschliche Myelinscheide ermoglichen kénnte.
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2 Introduction

How are the properties of supramolecular lipid assemblies affected by molecular
changes of single components? In modern research, a variety of lipid model systems
are applied to mimic the behavior of natural membranes.’* They can be as elementary
as detergent micelles or as complex as nanodiscs encapsulated by amphiphilic
molecules.'® To be suitable for studying biomolecules, such as proteins, the utilized
systems have to be as nature-like as possible, while they can still be handled efficiently.
Despite such model systems being used for decades, some molecular properties of
the lipids, such as lipid order and hydration, are still not well understood. To increase
knowledge in the field of supramolecular lipid assemblies and constraints affecting
them, different model systems with increasing complexity are characterized for this
dissertation.

In the first presented project, the effect of substituting one ester group of the lipid
molecule with an ether bond on the supramolecular assembly is studied in a well-
known model system. The lipids used here are 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and its sn-2 ether analogue 1-palmitoyl-2-O-hexadecyl-sn-
glycero-3-phosphocholine (PHPC). Both molecules differ in their molecular structure
as can be seen in Figure 2.1. While both lipid chains in DPPC are connected to the
headgroup via ester bonds, PHPC possesses one ester bond in sn-1 and an ether
bond in sn-2 position. In the current work, both lipids are compared within lipid
monolayers at the air/water interface. The model system of such Langmuir monolayers
is well suited for studying lipids due to highly advanced methods being available for
manipulation and observation of the whole assembly.®” Because the lipids are situated

DPPC ©

IRRAS Surface pressure
Wilhelmy
plate

Molecular
area

B barrier

<+—>

Figure 2.1. A, chemical structures of the ester lipid DPPC and the monoether lipid PHPC used in this
thesis (the main structural difference is marked red), and B, schematical representation of a lipid
monolayer at the air/water interface in the IRRAS measurement setup.
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at the interface between air and water, they can be easily compressed or expanded
while being investigated by e.g. infrared reflection absorption spectroscopy (IRRAS)%”
(as is depicted in Figure 2.1B) and epi-fluorescence microscopy.®

In the second part of this thesis, a model system of increased complexity is presented
consisting of polymer/lipid nanodiscs.>8-° In these particles, the lipid bilayer membrane
is encapsulated by amphiphilic copolymers that form the rim of the disc and shield the
hydrophobic chains of the lipids from surrounding water molecules.>'° To characterize
the effect of different polymers on the encapsulated lipids is the goal of this part of my
studies.

The nanodisc technique is promising for biochemical research because of the
capability of the copolymers to solubilize natural membranes including lipids and
proteins without the need for detergents.51%-1" Most of the published work focusses on
the basic research of polymers, e.g. by solubilizing simple model lipids,®'%'3 or on
solubilizing cell membranes for protein research.'’-'* First, the interactions between
the polymers and small molecules including model lipids are not understood
completely despite this knowledge being essential for more complex studies with
proteins involved. This thesis aims at contributing to the field of research by studying
the interactions between three amphiphilic copolymers and the model lipid 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC).

Published nanodisc research is mostly done in a bottom-up approach, i.e., by
solubilizing model compounds, or a top-down approach, that is by solubilizing complex
natural membranes. A further part of this thesis presents the solubilization of artificial
liposomes consisting of natural lipids resembling the lipid composition of the cytosolic
membrane leaflet of human myelin. This approach fits in between both usually applied
procedures. Therefore, it ensures an appropriately accessible handling of the samples
while avoiding over-simplification of the natural system of interest. For this, the human
myelin sheath is mimicked with polymer/lipid nanodiscs containing natural brain lipids
in a nature-like composition.

Both aspects of the polymer-encapsulated nanodisc research have in common that
different constraints are exerted onto the lipids by other molecules rather than due to
molecular changes within the lipids compared to the study of PHPC and DPPC. By
splitting the research of polymer/lipid interactions into two parts, an unambiguous
interpretation of (i) the impact of the nanodisc-forming polymers on simple systems
such as DMPC membranes and (ii) changes caused by increased complexity of
nature-like membranes was ensured.

Observation of DMPC solubilization presents several advantages over other lipids, in
the first place:

e DMPC contains the phosphocholine (PC) headgroup which is highly abundant
in most natural membrane systems’®-'6 and zwitterionic without the formation of
intermolecular hydrogen bonds."”

e Nanodisc formation by polymers is known to depend on lipid chain length and
the degree of saturation, that is, short-chained and saturated lipids are

5



solubilized at lower temperatures than unsaturated lipids with long chains.®
DMPC with its short, saturated chains, hence, is well suited for such
solubilization experiments.

e The main transition temperature of DMPC was found to be approximately
23 °C."8 At this temperature, the lipid membrane changes its fluidity and lateral
order together with other parameters abruptly due to a phase transition between
two adjacent mesophases of this liquid crystalline molecule.'® Therefore, both
the gel phase and the liquid crystalline phase can be observed near room
temperature with methods sensitive for these properties.

The focus of the first lipid nanodisc study lies in unraveling the interactions between
DMPC and three nanodisc-forming polymers, that are poly-(styrene-co-maleic acid)
(SMA),%°  poly-(diisobutylene-alt-maleic acid) (DIBMA),"® and poly-(styrene-co-
maleimide sulfobetaine) (SMA-SB). The main method used here is continuous wave
electron paramagnetic resonance (CW EPR) spectroscopy. Applying spin labeled
lipids bearing the unpaired electron either at the chain termination or near the
headgroup this method allows determination of lipid order and hydration at the center
of the bilayer or near the carbonyls, respectively.?%-23 By varying the temperature during
the experiments, the properties of different lipid phases are therefore readily observed.
In the second study, the lipids occurring in natural human myelin were solubilized to
form nanodiscs. The preparation of a suitable model system for the myelin sheath
allows the study of all its major components (lipids and proteins) in an accessible
system for research. Therefore, myelin-like nanodiscs could contribute to future studies
regarding pathological conditions in diseases connected to demyelination processes,
for instance. Since the lipid composition of the cytosolic leaflet of the human myelin
membrane is mimicked, a high amount of cholesterol (37—44 %) has to be included as
well as natural, unsaturated phospholipids with various chain lengths.?* The
heterogeneity of these membranes enables a variety of interactions between the lipids
themselves and with other molecules such as the amphiphilic copolymers. For
membranes of such a complexity, the preparation of nanodiscs in the first place is
challenging.

With the knowledge gained from literature and the first part of this project, we were
able to prepare myelin-like nanodiscs from SMA and SMA-SB and to study their lipid
composition, lipid properties, and the natural function of the myelin basic protein (MBP)
in these systems. To gain insight into the nanodiscs’ properties it was necessary to
use a variety of different methods such as dynamic light scattering (DLS), analytical
high performance liquid chromatography (HPLC), mass spectrometry (MS), differential
scanning calorimetry (DSC), transmission electron microscopy (TEM), and CW EPR
spectroscopy. The combination of these techniques allowed a detailed characterization
of the prepared nanodiscs.

The aim of this dissertation is to study different constraints exerted onto two types of
lipid model membranes of increasing complexity. For this, Langmuir monolayers of
lipids at the air/water interface were used as the first model system to unravel the effect
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of a small structural change within the lipid molecules on the monolayer. In the second
part of this work, amphiphilic copolymers were added to liposomes of (i) the model lipid
DMPC and (ii) a myelin-like mixture containing natural lipids. The impact of these
extrinsic molecules was subsequently studied in the thus formed lipid nanodiscs.

This cumulative thesis consists of six chapters. Prior to this introduction, a list of
publications is presented containing all papers relevant for this thesis and the detailed
author contributions. Next, this introduction is shown followed by a theoretical chapter,
which briefly summarizes the methodological basics including helpful references to
literature. The main focus of the theoretical chapter lies on introducing the studied
systems to the reader, that are ether lipids and the rather new model system of
polymer/lipid nanodiscs. The fourth chapter contains an overview over the published
papers as well as reprints of the original papers. The results of the publications are
then discussed in detail in the fifth chapter. The final part of this thesis draws
conclusions and presents an outlook in the field of research.



3 Theory

3.1 Methods

In this work, a variety of methods, fitting to the type of studied model system, were
used. In the case of lipid monolayers, isothermal surface pressure measurements
during monolayer compression, IRRAS, and epi-fluorescence microscopy were
applied. For liposomes and lipid nanodiscs, DLS, electron microscopy, DSC, HPLC,
MS, and CW EPR spectroscopy were used. In this chapter, IRRAS and CW EPR
spectroscopy are presented briefly as main methods for the respective projects.

3.1.1 Infrared reflection absorption spectroscopy (IRRAS)

In the research of lipid monolayers, IRRAS has proven to be a well-suited method for
studying lipids at the air/water inteface.?> Due to the scope of this thesis, the theory
and application of IRRAS will be presented only as an overview. For detailed
theoretical and experimental considerations, | refer to the extensive literature (e.g.
references 7, 25-26).

IRRAS is based on focusing an IR beam on a reflecting surface and collecting the light
after reflection and passing through a part of the sample. In the case of Langmuir
monolayers, the reflecting plane is the interface between air and water including the
monolayer. The data collected is the reflectance-absorbance (RA) which is defined as

Rif) (3.1)

with R being the reflectivity of the film-covered interface containing all kinds of infrared
(IR) spectroscopic information and Rref being the reflectivity of the pure subphase
surface. In contrast to typical IR absorption spectra, RA can be positive or negative
depending on polarization and angle of the incoming IR light and orientation of the
absorbing molecules at the interface.?” By simulating the spectral intensities in IRRA
spectra of lipid monolayers collected at various angles of incidence and both s- and p-
polarization, the film thickness and the orientation of parts of the interfacial molecules
can be obtained.?-%0 In biophysical studies of lipid monolayers, this approach is
promising because it enables the characterization of the lipids®®26 and even
interactions between lipids and guest molecules, such as proteins adsorbed to the
monolayer.”2%31-32 While being able to study the orientation of molecular moieties and
the thickness of monolayers, IRRAS provides additional spectral information on the
monolayer. IRRA spectra contain all molecular properties typically accessible by IR
spectroscopy.?8-3! Regarding lipids, this is mostly the phase state and hydration of the
different molecular moieties, i.e., the hydrophobic chains, the glycerol backbone, and
the headgroup.'%25-26 Furthermore, observation of ion binding, protein adsorption, or
even protein folding is possible.”-32-34

RA = —lg (



3.1.2 Continuous wave electron paramagnetic resonance (CW EPR)
spectroscopy

In the second part of this work, the studied lipids were suspended in aqueous buffer
solutions and, thus, were not observable by interfacial methods such as IRRAS. In the
here used lipid nanodiscs and liposomes, the method of choice for characterizing the
lipid ordering and hydration was CW EPR spectroscopy. For the theory and various
applications of CW EPR spectroscopy an extensive number of publications is
available. Therefore, | will only give a short introduction into the method. For a detailed
discussion of CW EPR spectroscopic basics, | refer to the already published
knowledge (see for example references 35-37).

As implied by the name of the method, electron paramagnetic resonance spectroscopy
is the spectroscopic characterization of paramagnetic molecules.?>38 To achieve
absorption of light, as is typically done in spectroscopy, several requirements have to
be met. These include the existence of an absorbing species (in this case an unpaired
electron), the existence of differently populated states of the electron spin that are not
degenerate, and an energy input via microwave irradiation with the energy
corresponding to possible transitions between the non-degenerate states.3 The latter
is also called resonance condition which has to be fulfilled for a successful absorption
of light. In EPR spectroscopy, the spacing between two adjacent spin states differing
by an electron spin quantum number of Ams + 1 depends on the external magnetic
field due to the Zeeman effect and the properties of the unpaired electron and moieties
adjacent to it, for example polarity and electronic structure.®>-3¢ All of these properties
are covered by the spin Hamiltonian. The main elements of the spin Hamiltonian
affecting the spacing between spin ground state and excited state for nitroxide radicals,
which are used in this work, are the electron Zeeman interaction, spin-orbit
interactions, hyperfine interactions, and electron-electron interactions.3”-3 From
interactions between the electron spin and surrounding moieties or other molecules,
several conclusions can be drawn regarding the structure and dynamics of the
molecule bearing the unpaired electron.35-39

In this thesis, the unpaired electrons had to be introduced into the studied systems by
adding stable radicals. The here used nitroxide radicals are stable due to their cyclic
structure with methyl groups (or parts of the lipid chain) directly adjacent to the nitroxide
moiety.*0-4! For detailed information on nitroxide radicals, | refer to chapter 3 of
reference 40 and chapters 1, 3, and 5 of reference 41. These radicals degrade
slowly4%-41 if stored correctly and can be introduced into studied model systems either
directly by adding small molecules bearing the unpaired electron or by linking the
nitroxide radicals covalently to molecules already present in the system of interest.*’
The latter approach enables, for example, the study of lipid model systems with
minimal disturbance of the lipid bilayer. With that in mind, two different spin probes
were used in this work which are based on a long chain phosphocholine lipid. The
introduction of spin labeled lipids enables the observation of lipid properties such as
hydration and rotational freedom with CW EPR spectroscopy.?-234! For several lipid
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model systems, spin label studies were performed in the last decades.?%:222342 |n this
work, this approach will be applied to a new model system that is the polymer/lipid
nanodisc.

3.2 Ether Lipids

Most of the natural lipid membranes consist of mainly ester lipids and cholesterol.'6:24:43
In some environments, however, ether lipids have evolved that possess several
advantages over ester lipids. In Archaea, living in extreme environments, ether lipids
are the main constituents of the lipid membranes due to their superior temperature,
pH, and mechanical stability compared to ester lipids.*+46 Chemically, ether lipids are
not easily degraded by phospholipases, which remove lipid chains at their ester bond.*”
In extreme environments with low or high pH, ester bonds can also be catalytically
cleaved, which is additionally accelerated by high temperatures.+8-4°

Besides monopolar ether lipids bearing two chains connected to one headgroup,
bipolar tetraether lipids (TELs) are abundant in the membranes of Archaea.** These
lipids consist of two long chains connected to headgroups on either side. Therefore,
TELs span the whole membrane and enhance its mechanical stability.*¢ Another effect
caused by the existence of TELs is the exceptionally low ion permeability of the
membrane.*6

Archaea in extreme environments are able to adjust their membrane lipid composition
according to the ambient temperature.*® Thus, they tolerate a wide range of
temperatures. The lipid composition of the membrane is adjusted while maintaining its
liquid crystalline state by introducing longer chains, higher degrees of saturation, or by
transition from monopolar ether lipids to TELs with increasing temperature.*®

In most mammalian cells, ether lipids are less abundant.*> However, in some
mammalian membranes they are enriched. An unbalanced ratio between ether and
ester lipids can be connected to pathological conditions. In tumors, for example, the
ether lipid content is increased, which therefore may be used as a diagnostical marker
for some tumors in the future.5® Furthermore, in lipid membranes of various human
tissues, especially in brain and heart membranes, ether lipids are present in form of
plasmalogens.5'-%2

Plasmalogens are lipids that contain one ether linkage to a long-chain enol instead of
an esterified fatty acid.5'-52 Within their lipid environments, plasmalogens modulate the
bilayer’s properties including fluidity and ordering and are even known to be oxidized
preferentially instead of diacyl lipids.®'-%2 In addition, the oxidation products of
plasmalogens are not able to propagate further lipid oxidation, i.e., they terminate the
oxidation process. Thus, they are thought to function as sacrificial antioxidants within
the membrane.%' Hence, a deficiency in plasmalogens alters the bilayer’s capability of
withstanding oxidative stress. Some neurodegenerative diseases may even be
connected to loss of plasmalogens in the human brain.5'-52

Despite being substantial for a variety of organisms, the differences between ether and
ester lipids are not fully understood yet. In this work, the model lipids DPPC and PHPC
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are studied. Therefore, this chapter aims at elaborating on both of these lipids in the
following.

DPPC and PHPC differ in their sn-2 linkage between glycerol and the hydrophobic
chain. Lewis et al. studied the temperature dependent phase behavior of both lipids in
aqueous suspension.®® They found that, despite their quite similar structure, DPPC and
PHPC form completely different gel phases at low temperatures.>® DPPC as diester
lipid forms crystalline (Lc), lamellar gel (Lg’), and rippled (Pg’) gel phases below its main
transition temperature (Tm).33 PHPC, in contrast, presents chain interdigitation below
Tm.5? The formation of an interdigitated gel phase (Lgl) has to be the result of the single
ether bond substituting an ether linkage.

Interdigitation of lipids can be the result of several structural changes, for example in
lipids bearing the chains in position 1 and 3 instead of 1 and 2 on the glycerol backbone
or by addition of surface active small molecules which penetrate the headgroup
region.>*% In general, the formation of interdigitated lipid membranes depends on the
balance of interactions between lipid chains, headgroups, and with the surrounding
water and can be induced by the introduction of hydrophilic chain terminations (as was
done e.g. in [P1]) or a size mismatch between headgroup and chains, for instance.%
In the case of ether lipids, the headgroup is probably of comparable size as in ester
lipids and no other modifications are present. To unravel the cause of chain
interdigitation in PHPC among other ether lipids, Lewis et al. measured IR
spectroscopy of liposomal systems.53

At first glance, DPPC and PHPC showed a similar temperature-dependent behavior in
aqueous suspension. Both lipids presented their main phase transition from gel phase
to liquid crystalline phase in a similar temperature range (DPPC Tm = 41.6 °C, PHPC
Tm = 44.4 °C).% The overall chain order behaved similarly in both lipids’ membranes
but differences in the hydration and ordering of their polar regions were observed.53
The authors discussed hydration and environmental polarity of the carbonyl and the
phosphate groups, respectively, and observed additional ordering defects in the
methylene groups adjacent to the ester or ether group of the ether lipids.>® It was
observed that the hydration of the carbonyl and phosphate groups were increased in
ether lipids when compared to the ester lipid DPPC. The wavenumbers of both the
carbonyl stretching vibration and the antisymmetric phosphate stretching vibrational
band were decreased,? which are sensitive to hydrogen bonded water molecules.>"-58
This is somewhat unexpected because ether lipids seem to have more apolar glycerol
regions when compared with ester lipids. However, Lewis et al. attributed the effects
they observed to a change in the orientation of the glycerol backbone of the lipids.53
While typical ester lipids such as DMPC and DPPC contain a glycerol part oriented
approximately perpendicular to the bilayer plane,5%-° the glycerol backbone of the
ether lipid PHPC (together with other studied ether lipids) has to be aligned
approximately parallel to the bilayer plane.5® This interpretation was supported by the
IR spectroscopic findings and further explains a possible size mismatch between
headgroup and chain volume that could be responsible for the observed chain
interdigitation at low temperatures.>®
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It can be concluded that the differences between simple ester and ether lipids in
aqueous suspensions are known. However, a similar approach has not been made in
other model systems. While some ether lipids were already investigated in Langmuir
monolayers at the air/water interface, the authors of these studies did not measure
hydration effects.6'¢2 By evaluating x-ray grazing incidence diffraction data,
Brezesinski et al. concluded that the studied ether lipids were comparable to the
structurally related ester lipid.62 However, they found that the ether lipids occupied a
smaller area and exhibited a decreased chain tilt angle than the ester lipids at the
air/water interface.®? From the observed data it was suggested that in Langmuir
monolayers the glycerol backbone of the ether lipids is presumably also oriented
differently than in ester lipid monolayers.6? With the methods used in this study, the
authors could not verify this further.

As can be summarized here, the influence of a small change on the molecular scale
can have a tremendous impact on the supramolecular assembly formed by the
molecules. Comparing the model compounds of ester and ether lipids, their small
structural difference causes a different phase behavior of their suspensions in water.53
In this model system the influence of the ether linkage was investigated before but the
behavior of these lipids at the air/water interface is not fully understood. To enhance
the basic knowledge of this influence, this question will be addressed in this thesis
using monolayer techniques such as IRRAS and epi-fluorescence microscopy.

3.3 Nanodiscs

3.3.1 Nanodiscs in the context of commonly used lipid model systems

In recent years, a variety of model systems was used to mimic natural membranes for
protein studies.?%3-64 Depending on the stability of the membrane proteins, the natural
lipids surrounding the proteins have to be included or can be substituted by short-chain
detergents or amphiphilic polymers (amphipols).35-66 For some techniques, the model
system of liposomes is used due to its native lipid content and accessibility.35467
However, solution nuclear magnetic resonance (NMR) spectroscopy, for instance,
benefits significantly from small lipid assemblies.?86° Hence, different model systems
have been used for a number of membrane proteins.

The simplest of all lipid models is the sole use of detergents. In this case, the
detergents assemble to micelles that can surround hydrophobic parts of proteins or
other guest molecules.?® Caused by the shielding of the hydrophobic moieties
membrane proteins are able to remain folded in an aqueous environment.®® If the
model has to be more natural, bilayer phospholipids can be mixed with short-chain
phospholipids or single-chain detergents.64’0 The combination of different lipid
geometries allows additional shape anisotropy. Here, the cylindrical lipids prefer to
form planar layers, while the cone-shaped detergents or short-chain lipids cover the
bilayer rim.547% This results in lipid assemblies of a disc shape with the bilayer core
being shielded by detergents.?47° These so-called bicelles contain more natural lipids
and provide a bilayer structure for membrane proteins.64.70
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An alternative to detergents is the use of amphiphilic polymers or amphipols. These
polymers belt the membrane protein’s hydrophobic parts directly without involvement
of detergents in the final particle.57" Direct extraction of membrane proteins from lipid
bilayers, however, is often not possible with amphipols.”? Thus, detergents are
commonly used to facilitate solubilization and, subsequently, are substituted by
amphipols.”? As a consequence, protein/amphipol complexes contain no or only few
lipid molecules. Therefore, they may be useful for some experiments and proteins but
they do not resemble natural membranes.

To this end, the discussed methods involve exogenous molecules that are tolerated
only by stable membrane proteins. More labile proteins are denaturized by these
molecules which are, hence, not suitable in every case.%6.""

In the last decades, other possibilities of shielding the hydrophobic center of lipid
bilayers were explored. The two main methods that emerged are (i) the use of
amphiphilic proteins’3>75 and (ii) the use of amphiphilic copolymers®°%3 that both can
encircle natural lipids and proteins.

In the first case, several proteins are available which stabilize the bilayer membrane.”
Their advantage is their low dispersity and broad applicability.”> The main class of
proteins commonly used to stabilize the lipids are called membrane scaffold proteins
(MSPs).7#75 MSPs consist of amphiphilic helices being able to surround the bilayer's
core in a belt-like manner.”*7> They can be optimized in size for various diameters of
the formed nanodiscs and are commonly used in combination with synthetic lipids as
well as natural lipids.”> However, MSP-based nanodiscs have three major
disadvantages: (i) some biochemical techniques (NMR or IR spectroscopy for
instance) are not able to discriminate between the MSP and incorporated membrane
proteins, (ii) in preparation protocols for protein-based nanodiscs detergents are
involved”®7® that could denaturize membrane proteins, and (iii) MSPs are expensive
and not easily accessible.

To overcome the limitations of protein-encapsulated nanodiscs, the use of polymers
was investigated. In this thesis, polymer-based nanodiscs are studied. For clarity, they
will be called nanodiscs or polymer/lipid particles (xLPs with x being SMA, DIBMA, or
SMA-SB) in this work. Nowadays, a variety of amphiphilic copolymers is known to
solubilize membrane proteins in combination with surrounding lipids (for examples see
references 5, 13, 76-78). In contrast to the already discussed methods, these polymers
are able to solubilize their targets directly from natural membranes without the use of
detergents.>'3 They are commercially available in large quantities and do not interfere
with most of the commonly used biochemical assays.>'383 Currently, research effort
goes into developing polymers that are compatible with high concentrations of divalent
cations and that are capable of efficient but mild solubilization.'383 In the following, this
technique will be introduced in detail.
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3.3.2 The formation of nanodiscs

To form polymer-encapsulated nanodiscs, amphiphilic copolymers are necessary. The
frequently used polymers have in common that they contain a random or alternating
sequence of hydrophilic and hydrophobic monomers.'37% The polymers’ properties can
be adjusted further by changing the ratio or sequence of the monomers, i.e., by making
them more hydrophilic or hydrophobic, or by varying the them.13.76-80

To optimize the polymers used in lipid solubilization, in-depth knowledge of the
mechanism of solubilization is necessary. From combined bulk and monolayer studies,
it was concluded that the solubilization of lipid bilayers proceeds via three steps, that
are depicted in Figure 3.1: (a) the binding of the polymer to the lipid bilayer, (b) the
insertion of the polymer into the bilayer, and (c) the fragmentation of the former lipid
assembly into nanodiscs.? In each of these steps the solubilization efficiency can be
modulated by changing the polymer’s and lipids’ properties.

During the binding phase, the main interactions influencing the amount of bound
polymer are the electrostatic interactions between the lipid headgroups and the
polymer, and the hydrophobic interactions between the hydrophobic monomer units
and the lipid chains.®’® The latter one can only occur if the electrostatic interactions
are attractive or if repulsive interactions are overcome. When the polymer is bound,
the hydrophobic moieties can penetrate the lipid bilayer.2 The insertion of polymeric
side chains is most efficient with planar aromatic groups such as the phenyl ring in
styrene monomers.28! In the last phase of the solubilization, the fragmentation into

Figure 3.1. Schematic representation of the
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figure is recreated from reference 8. The main
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nanodiscs, the preference of the polymer for either a hydrophobic lipid environment
within the bilayer or a mixed hydrophobic/hydrophilic environment at the rim of a
nanodisc plays a major role.88’

As the hydrophilic monomer in these polymers, maleic acid is most commonly used. In
SMA, which is the best studied polymer, the maleic acid is polymerized with styrene
as the hydrophobic monomer (see Figure 3.2). Different ratios between both
monomers and different chain lengths are described in the literature.”®-8082 Despite
being negatively charged, as are most natural lipid membranes, SMA exerts a high
solubilization efficiency.>®7° This is most likely due to its capability to insert its phenyl
rings in between the lipid chains during solubilization and in the stable nanodisc.??’
However, the simple insertion of SMA into the lipid bilayer is accompanied by a strong
disrupting effect on the lipids which is, thus, a major disadvantage of the polymer.13:83
To overcome this influence of SMA, DIBMA has been developed (see Figure 3.2)."3
This polymer contains no aromatic monomers and, hence, does not exhibit an equally
strong membrane-disrupting effect.'® Following the mechanism of solubilization, new
polymers are developed optimizing their properties, i.e. their charge (for example SMA-
SB, a zwitterionic  copolymer derived from SMA), polydispersity,
hydrophilic/hydrophobic ratio, and their compatibility with divalent cations to list a few
characteristics influencing suitability for lipid solubilization and applicability for protein
studies.'376-7882 Finally, the interactions between polymers and lipids can be
manipulated simply by the polymer/lipid ratio. In contrast to MSP-based nanodiscs, of
which the size is mainly defined by the protein’s length, the diameter of polymer/lipid
nanodiscs can be adjusted by changing the polymer/lipid ratio, that is, an excess of
polymer forms small discs while lower amounts of polymers form larger discs.5 1384
However, in many cases, this adjustment cannot be reasonably made due to a required
polymer excess for suitable solubilization of natural or nature-like membranes.

SMA

oo
O]

X

OH

—'m

OH

n

DIBMA

Figure 3.2. The two most commonly used polymers in membrane solubilization: poly-(styrene-co-maleic
acid) (SMA) and poly-(diisobutylene-alt-maleic acid) (DIBMA). In literature, a variety of different SMA
copolymers is used with differing maleic acid content, polymer length, or monomer sequence control.”9-82
In this thesis SMA with x = 2.2 and m = 8 and DIBMA with n = 37 are used.?’
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Besides the polymers, the lipids have a huge impact on the solubilization efficiency.818%
In the first phase of the solubilization, the charges of the lipids’ headgroups affects the
binding of the polymer.87° This effect is mostly screened by adding large amounts of
salt to weaken the coulombic repulsion between lipids and polymer.'"-8! The lipid
chains mainly influence the insertion of the polymeric side chains into the bilayer. It
was found that the bilayer thickness and the lateral density have a strong impact on
the insertion.® While a thin bilayer containing lipids with short chains is readily
solubilized, long-chain lipids are more resistant to nanodisc formation.? The lateral
density within the bilayer is modulated mainly by the lipid’s phase state and the degree
of unsaturation of the chains.® Therefore, solubilization efficiency is increased, when
defects in lipid order are present, which are, e.g., the coexistence of gel phase and
liquid crystalline phase directly at the Tm of the bilayer.8 Unsaturated lipids, in addition,
hinder the formation of nanodiscs despite forming bilayers of lower order. This is
thought to be caused by the increased lateral density induced by the double bonds.®
For the same reason, cholesterol integrated between the lipid chains has a strong
decreasing effect on solubilization efficiency.8¢

3.3.3 Nanodiscs in protein research

Polymer-encapsulated nanodiscs are a versatile tool in protein research. They are
used to stabilize membrane proteins in their native lipid environment and allow
detergent-free protein purification.>13

The major advantage of using amphiphilic copolymers to solubilize natural membranes
is their ability to directly form nanodiscs of natural membranes.>'3 Thus, the native lipid
mixture is maintained during solubilization and a variety of proteins are solubilized as
well. The formed nanodiscs are compatible with commonly used purification and
characterization techniques.>'3

Since detergents are not needed for keeping the membrane proteins folded, the risk of
denaturizing the proteins during purification is minimized. Once the proteins are
incorporated in nanodiscs with surrounding lipids, the polymers as amphiphilic
molecules are not able to penetrate the bilayer. This is due to the monomer sequence
which is random but not statistical, i.e., the sequence does not contain adjacent maleic
acid units.57982

The ability to purify and stabilize membrane proteins without the addition of disturbing
small molecules was appreciated by many researchers in the last years and is probably
the main driving force in polymer design and characterization.

Amphiphilic copolymers exert mild solubilization properties towards membrane
proteins by initially maintaining the membranes native lipid content. However, the lipid
composition within the nanodiscs is not static. Polymer/lipid particles are known to
exchange their lipids frequently and much faster than liposomes.8”-? Thus, the lipid
content of the nanodiscs during solubilization and after purification, i.e., separating the
protein-filled nanodiscs from nanodiscs without proteins and other membrane
fractions, is not necessarily identical. However, this property of the nanodiscs enables
systematic design of the lipid composition of protein-containing nanodiscs in theory.
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As mentioned before, polymer/lipid nanodiscs are excellently suited for most
biochemical and biophysical observations.>'® The absence of external proteins
enables the use of common methods for protein characterization, that average the
whole sample’s properties, such as circular dichroism (CD) spectroscopy, ultraviolet-
(UV), or IR spectroscopy. In some cases, several proteins can be discriminated by
using isotopic labeling techniques. However, complete isotopic labeling is not suitable
for whole proteins. The adjustment of the nanodiscs’ diameters allows both solution
NMR spectroscopy (small (< 30 nm), fast tumbling nanodiscs) and solid-state NMR
spectroscopy (large nanodiscs (> 40 nm) suitable for magnetic alignment) to be
measured for protein characterization.”® Regarding CD- and UV spectroscopy,
styrene-containing copolymers show absorption in the UV range of typical protein
absorption.’ Therefore, for methods detecting at those wavelengths, aliphatic
copolymers are more promising.

In some cases, the nanodisc technique is excellently suited for protein research due to
its unique properties, such as the bilayer exhibiting no curvature or being stackable.
One of these systems is the human myelin sheath. In this case, the use of nanodiscs
allows protein research in a native-like system consisting of stacked lipid bilayers. In
this dissertation, this point is addressed by preparing a nanodisc-containing model
system for the human myelin sheath and studying its lipid properties.
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4 Results

4.1 QOverview over the published papers

The publications presented in this thesis intend to increase the understanding of basic
principles causing the properties of supramolecular lipid assemblies. For this, two
different approaches were made involving the simple model system of lipid monolayers
at the air/water interface and polymer-encapsulated nanodiscs as a model of higher
complexity.

The fractionation of this work allows unambiguous discussion of: (i) the influence of
chemical modification of the lipids, (ii) the impact of amphiphilic polymers on a simple
model lipid, and (iii) the interactions between complex, myelin-like mixtures of lipids
and the same polymers.

All published papers aim towards elucidating some factors affecting the lipid properties,
i.e., hydration, lipid order and mobility, phase behavior, or lipid composition, within two
selected model systems, which are frequently used in modern research.

As mentioned before, [P1] and [P3] are not shown and discussed in detail in this thesis.

4.1.1 The impact of a single ether bond within the lipid on the behavior of its

monolayer at the air/water interface

DPPC PHPC IRRAS
. # - orientation
- phase state

epifluorescence
microscopy

- miscibility
monolayer
compression

= T-A,,, isotherms

< AG’exc / AGmix

- miscibility

\\\\\\\\\\

Figure 4.1. Differences between DPPC and PHPC as observed in this study presented together with
the methodical approach (image taken from [P2]).

Ether lipids are highly abundant in some niche environments in nature. They are the
main constituents of the membranes of extremophile organisms withstanding the
challenges of their extreme environments.***6 Compared to ester lipids, which are
much more abundant in other biological systems, ether lipids contain at least one alkyl
chain instead of an acyl chain. This somewhat small molecular change can lead to
differences in the orientation of the whole molecule when comparing ester and ether
lipids, as was shown in aqueous suspensions.53
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In this project, the two structurally related lipids DPPC and PHPC are studied in
monolayers at the air/water interface as is schematically presented in Figure 4.1. Both
lipids differ in their sn-2 lipid chain containing either an ester (DPPC) or an ether linkage
(PHPC) to the glycerol backbone.

In the first part of this study, monolayers of pure DPPC or PHPC were characterized,
respectively. To this end, compression isotherms were measured with parallel
collection of IRRA spectra or fluorescence micrographs. The ether linkage in PHPC
turned out to induce a glycerol orientation parallel to the air/water interface, which
resembled the findings in liposomes. Contrary to the expected decrease in polarity
because of substitution of a carbonyl with a methylene group, the glycerol
rearrangement was connected to a higher degree of hydration of the remaining
carbonyl group and a lower order in methylene segments directly adjacent to the ester
bond.

In the second chapter of the paper, mixed monolayers containing DPPC and PHPC
were observed by compression isotherms and following thermodynamic analyses of
the isotherms, IRRAS, and epi-fluorescence microscopy. The measured isotherms
presented unexpected additional plateaus or kinks at surface pressures above the
transition from the liquid expanded to the liquid condensed phase. Applying the
mentioned methods, this was attributed to a non-ideal miscibility of PHPC and DPPC.
The observed non-ideal miscibility is probably the result of geometrical differences
between both lipids and the additional plateau could be caused by changes in hydration
of the headgroups following the lipid main transition.

4.1.2 The influence of different polymers on DMPC nanodiscs

In recent years, polymer-encapsulated nanodiscs have frequently been used as lipid
model membranes.>83 In biochemical research, amphiphilic copolymers, such as SMA
or DIBMA, are used to purify and characterize membrane proteins that could be
denaturized by detergents in alternative purification protocols (for examples see
references 14, 91-92). However, the study of proteins requires in-depth knowledge of
the lipid properties within the used nanodiscs and, thus, interactions between the
commonly used polymers and the lipids.

The goal of this project is to study the influence of the three different copolymers SMA,
DIBMA, and SMA-SB on DMPC as a model lipid that is commonly used in nanodisc
research.3.78.80.82 DMPC renders the observation of two lipid mesophases near room
temperature possible and is easily solubilized by all three polymers. Furthermore, the
use of such a simple lipid model molecule enables detailed interaction studies without
influences of complex lipid mixtures as are occurring in natural membranes.

The main methods of determining the impact of the polymers on DMPC are DSC and
CW EPR spectroscopy. The combination of both techniques allows observation of the
temperature-dependent phase behavior of DMPC calorimetrically as well as on the
molecular scale using different lipid spin probes. To this end, spin-labeled lipids bearing
a doxyl group at the chain end or near the carbonyl groups, respectively, were used to
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Figure 4.2. Overview over spectroscopical differences between DMPC liposomes and DMPC nanodiscs
as observed by CW EPR spectroscopy of 5- and 16DSPC and the derived model containing hydration

and lipid order (this picture is taken from [P4]).

unravel the impact of the polymers on the center of the bilayer and the region adjacent
to the headgroup, separately.

Addition of all polymers in amounts sufficient for complete lipid solubilization did not
alter the main transition temperature of DMPC substantially. However, all polymers
increased the segmental order parameter and had an impact on water penetration into
the bilayer at both observed positions as is depicted schematically in Figure 4.2.

4.1.3 Mimicking the human myelin sheath with myelin-like nanodiscs
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Figure 4.3. Concept of mimicking the human myelin sheath with polymer-encapsulated nanodiscs
containing natural lipids as applied in this study (schematic overview taken from [P5]).

In the third part of this thesis, the influence of the same three amphiphilic copolymers
as in [P3] and [P4] is studied on lipid bilayers resembling the cytosolic leaflets of myelin
in either the central nervous system (CNS) or the peripheral nervous system (PNS).
Mimicking the myelin membrane enables research of a nature-like system of outmost
complexity in an accessible way. Polymer-encapsulated nanodiscs are well-suited for
this kind of study due to their low curvature and ability to build up stacks that could
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resemble the compacted myelin sheath. To this end, the preparation of myelin-like
nanodiscs has to be achieved in the first place. However, the solubilized liposomes
contain a variety of unsaturated and negatively charged phospholipids as well as a
high amount of cholesterol.?* The complex lipid composition of these membranes
hinders efficient solubilization and is therefore thought to be exceptionally difficult to
solubilize 586

The goal of this project, hence, was to solubilize myelin-like liposomes and study the
resulting nanodiscs regarding their lipid composition and lipid properties. In addition,
their use to mimic the human myelin sheath was explored by investigating the
interaction between the myelin basic protein (MBP) with myelin-like nanodiscs.
Solubilization of myelin-like liposomes could be achieved with SMA and SMA-SB and
the lipid composition was studied using HPLC and MS. The results of both methods
suggest a rather unspecific solubilization by both polymers without preference for
distinct lipid headgroups or chain compositions. Furthermore, CW EPR spectroscopy
revealed only small changes in hydration of the used lipid spin probes because of
solubilization by SMA or SMA-SB. However, differences in the rotational mobility of the
lipids between myelin-like liposomes and nanodiscs could be observed: the polymers
restricted the lipids’ motion in the center of the bilayer while enabling more isotropic
rotation near the headgroup.

In human myelin, a variety of proteins contributes to a compaction of the lipid
multilayer.®394 To probe this requirement in mimicking the whole myelin sheath, we
introduced bovine MBP (bMBP)%-97 into the nanodisc system to induce stacking of the
discs. With myelin-like SMALPs, DLS and CW EPR revealed aggregation of the
nanodiscs with lipid/protein interactions being involved. Consequently, we interpreted
this result as strong evidence for a native-like stacking of the bilayers. SMA-SBLPs
were able to interact with bMBP when containing the PNS lipid composition, which may
be caused by the higher abundance of negatively charged lipids, that are preferred
binding partners of the positively charged bMBP. For clarity, the main results regarding
polymer/lipid- and lipid/protein interactions are depicted in Figure 4.3 which is taken
from the publication.

4.2 Publications

In this chapter, the three main publications contributing to this thesis are presented. To
avoid overlap with other dissertations and my own Master’s thesis, the publications
[P1] and [P3] are not shown here as is also described in the list of publications.
However, both papers provide the basis for interpretations and comparisons included
in the publications shown here.
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Introduction

Influence of a single ether bond on assembly,
orientation, and miscibility of phosphocholine
lipids at the air—water interfacef

Matthias Hoffmann,?® Simon Drescher, (2 < Christian Schwieger (2 *° and

Dariush Hinderberger () *@®

How does a small change in the structure of a phospholipid affect its supramolecular assembly? In
aqueous suspensions, the substitution of one ester linkage in DPPC (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine) by an ether linkage alters its phase behaviour completely. To unravel the effect of
replacing a phospholipid’s ester linkage by an ether linkage in lipid monolayers, we characterized pure
monolayers of the model lipid DPPC and its sn-2 ether analogue PHPC (1-palmitoyl-2-O-hexadecyl-sn-
glycero-3-phosphocholine) as well as mixtures of both by measurements of surface pressure—molecular
area (m—Amol) isotherms. In addition, we used infrared reflection absorption spectroscopy (IRRAS) to
study lipid condensation, lipid chain orientation, headgroup hydration, and lipid miscibility in all samples.
Mixed monolayers consisting of DPPC and PHPC were studied further using epifluorescence microscopy.
Our results indicate a strong influence of the sn-2 ether linkage on headgroup hydration and ordering
effects in the regions of the apolar chains and the headgroups. Both effects could originate from changes
in glycerol conformation. Furthermore, we observed a second plateau in the n—A,,o isotherms of DPPC/
PHPC mixtures and analysis of the mixed n—An isotherms reveals a non-ideal mixing behaviour of both
lipids which may be caused by conformational differences in their headgroups.

ether lipids to ester lipids is presumably connected to e.g. neuro-
degenerative diseases or cancer.>®

In nature, ether lipids are highly abundant in Archaea." Many
representatives of this domain of life are extremophiles, needing
extraordinarily stable membranes to withstand their extreme
habitat conditions, e.g. at extremely low pH, high temperature,
or high ionic strength.' To maintain a functional membrane
structure, ester lipids are not suitable. In this environment, chem-
ically more stable ether lipids as well as membrane-spanning
bipolar tetraether lipids (TELSs), also known as bolaamphiphiles,”
have evolved.>* On the other hand, different types of ether lipids
were also found in mammalian cells. Here, an unbalanced ratio of
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In biophysics of lipids, it is well known that ether and ester
lipids exhibit different phase behaviours. In aqueous suspensions
of some ether lipids, a complex thermotropic polymorphism is
observed.” When comparing 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC) with its mono- or di-ether derivatives, namely
1-palmitoyl-2-O-hexadecyl-sn-glycero-3-phosphocholine (PHPC, see
Scheme 1 for chemical structures) and 1,2-di-O-hexadecyl-sn-
glycero-3-phosphocholine (DHPC), respectively, significant dif-
ferences in gel phase structures are found. While DPPC forms
crystalline (L.), lamellar gel (L), and rippled gel (Pg’) phases at
temperatures below the main transition temperature (Ty,) of

Scheme 1 Chemical structure of DPPC (top) and PHPC (bottom).
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41.6 °C, PHPC and DHPC form a lamellar interdigitated gel phase
Lgl (and DHPC an additional Lg phase between 34.8 and 43.9 °C) at
temperatures below Tj,.” In PHPC and DHPC, one or two small
changes in the region linking the alkyl chain and headgroup, i.e.
the glycerol backbone, cause major structural modifications of their
supramolecular assemblies in comparison with DPPC. Lewis et al.
studied the reasons for the differences between these otherwise
structurally identical lipids extensively using infrared (IR) spectro-
scopy and isotopic labeling.” They concluded that the exchange of
at least one ester bond with an ether bond induces a conforma-
tional change of the involved glycerol backbone, altered hydration
of the remaining carbonyl moiety, and conformational changes of
the adjacent chain segment.” Hence, a change in glycerol orienta-
tion caused by as little as the substitution of one ester bond with an
ether bond enables the lipid to preferably aggregate in a lipid gel
phase showing alkyl chain interdigitation at temperatures below
Tm. Consequently, in aqueous suspensions the effects of ether
bonds on lipid properties are understood quite well.

In contrast, differences between DPPC and PHPC in Langmuir
monolayers are far less studied and understood. Surface pressure-
molecular area (n-Ay,) isotherms of DPPC, PHPC, and DHPC were
already measured and characterized by fluorescence microscopy and
X-ray diffraction.®'° Brezesinski et al. observed a decreased chain tilt
angle of DHPC and PHPC, in comparison to DPPC. Moreover, the
lateral lipid density of both ether lipids is increased compared to
DPPC monolayers.® They predicted a change in glycerol conforma-
tion to be responsible for these differences and the hydration of the
headgroup to change.® However, this remains speculation until now
and little is known about structure, conformation, and hydration of
the glycerol backbone of ether lipids in monolayers.

Here, we first investigate the phase behaviour, lipid conforma-
tion, and hydration of DPPC and PHPC monolayers, respectively.
We present n-4,,, isotherms combined with infrared reflection
absorption (IRRA) spectra to detect how monolayers of both lipids
differ in their molecular changes caused by compression of the
monolayer. We evaluate the chain order parameter (S(CH,)) and the
order parameter of the phosphate group (S(PO, ")) by performing a
least square minimization of both methylene stretching vibrational
bands and the antisymmetric phosphate stretching vibrational
band, respectively. To characterize the hydration of the carbonyl
moiety of both lipids, we use principal component analysis (PCA).

In the second part of this study, we report the characterization
of mixed monolayers of DPPC and PHPC, in particular their
miscibility at the air-water interface, by epifluorescence micro-
scopy using a rhodamine-labelled lipid, the Gibbs phase rule, and
calculation of the excess Gibbs energy of mixing (AGe.) and the
Gibbs energy of mixing (AGu;).*"** In addition, we present IRRA
spectra of mixtures of PHPC and DPPC-d,, bearing fully deuterated
alkyl chains, to characterize their miscibility spectroscopically.

Experimental
Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was pur-
chased from Genzyme Pharmaceuticals (Cambridge, MA, USA)
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and used without further purification. 1-Palmitoyl-2-O-
hexadecyl-sn-glycero-3-phosphocholine (PHPC) was synthesized
as described in the ESI.f DPPC bearing perdeuterated acyl
chains (DPPC-ds,) was purchased from Avanti Polar Lipids
Inc. (Alabaster, AL, USA). The fluorescent dye 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (ammonium salt) (Rh-DPPE) was obtained from Life
Technologies GmbH (Darmstadt, Germany). The solvents chloro-
form and methanol (HPLC-grade) were obtained from Carl Roth
(Karlsruhe, Germany).

Methods

Sample preparation. All used lipids were dissolved in chloro-
form/methanol (9/1, v/v). Mixtures of phospholipids were prepared
by mixing different amounts of appropriate lipid stock solutions
using glass syringes (Hamilton Bonaduz, Bonaduz, Switzerland).
For storage, solvents were then removed in a gentle stream of
nitrogen. Directly prior to experiments, the lipids and lipid mix-
tures were dissolved again in chloroform/methanol.

Monolayer preparation. All -4, isotherms were measured
on a rectangular Teflon trough (78.3 x 6.8 cm® Riegler &
Kirstein, Potsdam, Germany) except for compression isotherm
measurements with parallel IRRAS detection. The Langmuir
trough was equipped with a Wilhelmy sensor and filled with
H,0 (MilliQ Millipore water with a specific resistance of p =
18.2 MQ cm). After the trough was filled with water, the freshly
dissolved lipids or lipid mixtures were carefully spread on the
surface with a glass syringe (Hamilton Bonaduz, Bonaduz,
Switzerland). The solvents were allowed to evaporate for at least
10 min prior to each measurement.

Monolayer compression. All shown 7-A,,, isotherms were
compressed at the air-water interface by Teflon barriers moving
at a compression speed of 2 A* (molecule min)™. During the
measurements, 40 points per seconds were averaged. In all
measurements, the temperature of subphase and monolayer was
kept constant (accuracy AT + 0.2 K) through a coupled water-
cooling system operated at 20 °C. Each isotherm was measured
at least three times, from which one representative isotherm
is shown.

Analysis of Langmuir isotherms. From each measured iso-
therm, the monolayer compressibility Cs was evaluated:

1 dAmol
Cs=— 1
S Amol ( dT[ ) 7—7 ( )

to determine the transition surface pressure 7pjaceau from the
maximal value of Cs.

The mixing behaviour of the lipids was studied as follows.
Thermodynamically, the Gibbs energy of mixing AG,;x describes
whether the components of a mixture are miscible or not. It can
be split in an ideal and an excess, ie. non-ideal, term:

AGmix = AGid + AGeXC' (2)

AGiq only depends on entropy, specifically on mixture compo-
sition, that is the mole fraction x; and temperature. This value is
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always negative, which means that, ideally, all components are
miscible regardless of composition:

AGyy = RTZX,- In(x;). (3)

However, demixing can occur. Deviations from ideal behaviour
are included in AGe.. In two-dimensional systems such as
Langmuir monolayers, deviations from ideal mixing are asso-
ciated with an excess areas Acxc.

AGexe = J Aexe(n)dn (4)
0

with

Aexe (7'[) = Amol,measured(n) - inAmol,i(n)~ (5)
i

The integration of (4) was conducted from 7 = 0 mN m ™},

starting in the gaseous/liquid-expanded (LE) transition region.
Combination of AG;q and AG.,. results in:

AGpix = RTZx,- In(x;) + J Aexe(m)dm. (6)
i 0

Infrared reflection absorption spectroscopy (IRRAS). According
to a procedure described elsewhere,"*"* IRRAS experiments were
performed on a Bruker Vector 70 FT-IR spectrometer equipped
with an A511 reflection unit (Bruker Optics, Ettlingen, Germany),
a liquid nitrogen-cooled MCT detector, and a Langmuir trough
system (Riegler & Kirstein, Potsdam, Germany). The trough system
consists of a rectangular sample trough (30 x 6 cm?) and a small
circular reference trough (r = 3 cm). Surface pressure in the
sample trough was detected with a Wilhelmy sensor using a filter
paper as the pressure probe. During the measurements, the filling
levels of both troughs were kept equal and constant by means of
an automated, laser-reflection-controlled pumping system con-
nected to a reservoir of H,O. Prior to collection of each monolayer
IRRA spectrum, a spectrum of the pure subphase was measured
with identical conditions to ensure best comparability and effec-
tive water vapor compensation.

Two general types of experiments were performed in this
work: (i) IRRAS measurements at constant angle of incidence
and polarization during compression of the monolayer and
(ii) angle- and polarization-dependent IRRAS measurements to
reveal orientations of different molecular moieties. For (i), IRRA
spectra were collected at a constant angle of incidence ¢ = 60°
and with s-polarized IR light. 1000 single interferograms were
collected, averaged, and, subsequently, Fourier-transformed
with a zero-filling factor of 2 to obtain one spectrum with a
nominal spectral resolution of 2 em™'. Here, five of these
individual spectra were averaged to obtain one final spectrum
to ensure excellent signal to noise ratio. For (ii), we varied both,
angle of incidence (25° to 70° in increments of 3°) and polari-
zation (s- and p-polarization) of the incoming IR beam. Either
1000 (s-polarized IR light) or 2000 (p-polarized IR light) inter-
ferograms were averaged and Fourier-transformed with the same
parameters as described above. At least three of the resulting
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spectra were averaged to acquire the shown spectra. The 7-A;,01
isotherms of DPPC and PHPC, respectively, were halted at four
different surface pressures at 3, 10, 20, and 30 mN m ™' and sets
of polarization- and angle-dependent IRRA spectra were measured
at each pressure, which allows comparison of different compres-
sion states of both lipids.

Simulation and fitting of the experimental angle- and
polarization-dependent IRRA spectra was conducted as explained
in detail elsewhere.">™"’

Principal component analysis (PCA). The goal of a principal
component analysis (PCA) is to unravel subtle changes or
relations in large datasets and to simplify the data. To this
end, the intercorrelated variables of the data are transformed
into principal components (PCs), which are orthogonal and linear
combinations of the original variables. For further mathematical
details, we refer to the literature.®

In this work, we present PCA of several IR-bands of DPPC
and PHPC in monolayers, as measured with IRRAS. All spectra
used in the PCA were measured in s-polarization at angles of
incidence of the IR beam ranging from 25° to 70°. Since the
band shape of s-polarized IRRA spectra is independent of
orientation of the absorbing group, they can be used directly for
PCA." The aim of this analysis is to correlate spectral changes
with the phase state of the lipid and to obtain information
about differences between both lipid species. We have chosen
the spectral range of the carbonyl stretching vibrational band
(1700-1775 em™ ') due to its sensitivity to hydration of the
polar-apolar interfacial region of the lipids.*®

We measured IRRA spectra of the pure H,O subphase
directly before collecting the monolayer spectra with identical
measurement parameters. These water reference spectra were
subtracted from each spectrum to reduce spectral contribu-
tions of the water vapor vibrational-rotational bands. The
subtraction factor was determined by minimizing the variance
of the second derivative of the spectrum in the spectral range of
3500-4000 cm . Since our aim was PCA of the carbonyl bands,
which overlap with the water deformation band y(H,0), we
additionally subtracted simulated water absorption bands of
the measured monolayer to ensure minimal spectral contribu-
tions of the y(H,O) band. Both subtractions were performed
with home-written MATLAB scripts (MathWorks Inc., Natick,
MA, USA).

Prior to PCA, a linear baseline was subtracted from the pre-
treated spectra and vector normalization of the carbonyl bands
of all spectra was conducted. This ensures exclusion of major
intensity differences between the bands from the PCs. The PCA
was performed using the princomp function of MATLAB (Math-
Works Inc., Natick, MA, USA).

Epifluorescence microscopy. As described previously," fluores-
cence images of monolayers being composed of DPPC, PHPC, and
their mixtures, respectively, were recorded with an Axio Scope A1l
Vario epifluorescence microscope (Carl Zeiss Microlmaging,
Jena, Germany). Imaging was conducted during compression
of the monolayer, which was performed as described before,
allowing full control of the pressure status when the images were
taken. A Teflon-coated trough (26.6 x 9.9 cm?) equipped with a
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Wilhelmy balance (Riegler & Kirstein, Potsdam, Germany) was
mounted below the microscope on an x-y-z stage (Méarzhiuser,
Wetzlar, Germany), which was controlled by a MAC5000 system
(Ludl Electronic Products, Hawthorne, NY, USA). During measure-
ments, a home-built Plexiglas hood covered the film balance. The
microscope was equipped with a mercury short arc reflector lamp
HXP 120 C, a long working distance objective (50x magnification,
LD EC Epiplan-NEOFLUAR), and a filter/beam splitter combination,
which was appropriate for the used Rhodamine dye (all components
from Carl Zeiss Microlmaging, Jena, Germany).

To measure fluorescence, 0.2 mol% Rh-DPPE was added to the
lipid solutions, before spreading the monolayers. This fluores-
cence dye partitions preferentially in lipid LE phases, which leads
to a brightness contrast in phase separated monolayers.'>*

Results and discussion

The aim of this study is to compare monolayers of pure DPPC
and PHPC, respectively, and to characterize their miscibility.
First, we show how both lipids self-organize individually at the
air-water interface using IRRAS parallel to measurements of
the respective n-A,,0 isotherms. Secondly, we present insights
into mixed monolayers of DPPC and PHPC by measuring n-4m,01
isotherms as a basis for subsequent thermodynamic analyses,
and by performing epifluorescence measurements and IRRAS of
the mixed monolayers.

Monolayers of pure DPPC and pure PHPC

To answer the question whether a small change in chemical
structure—that is replacing one ester linkage between the glycerol
and the sn-2 chain with an ether linkage—leads to measurable
changes in lipid behaviour in monolayers, we performed -4,
isotherm measurements.

As can be seen in Fig. 1, there are only small differences
between 7m-An,o isotherms of DPPC and PHPC. The only note-
worthy differences are (i) the slightly increased phase transition
pressure of PHPC (6.05 mN m ™" for PHPC vs. 4.42 mN m™ " for
DPPC at 20 °C), as derived from the maxima in monolayer
compressibility (see Fig. 1B) and (ii) the overall higher compres-
sibility of PHPC in the liquid-condensed (LC) phase compared to
DPPC, as deduced from the decreased slope of the isotherm in the
LC phase region. An increased transition pressure of PHPC, as
measured in this work, is in accordance with literature reports, '
while the difference in LC phase compressibility could be due to
different pressure-dependent ordering of either lipid. A spectro-
scopic IRRA analysis was coupled to the isotherm measure-
ments, with the aim to obtain more detailed insights into the
organization of the lipids in the monolayer and to detect
structural differences between DPPC and PHPC.

Both lipids were previously characterized in aqueous suspen-
sions using IR spectroscopy.”* It was concluded that the main
spectroscopic differences between both lipid bilayers are due to
different orientations of the glycerol backbones. This effect
seems to result in different hydration of the carbonyl moieties as
well as conformational changes in adjacent methylene segments.”*
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Fig. 1 Langmuir isotherms and IRRAS data of pure DPPC and PHPC mono-
layers. (A) n—Amol isotherms of DPPC (red) and PHPC (black) at 20 °C;
(B) v5(CH,) frequency (scattered data) and compressibility (solid lines) of pure
DPPC (red) and PHPC (black) monolayers at 20 °C plotted over surface
pressure. The inset shows a magnification of Cs in the LC phase (from 15 to
31 mN m™Y.

Furthermore, from X-ray diffraction data and n-4,,, isotherms of
both lipids, Brezesinski et al. suggested different glycerol orienta-
tions in monolayers as well.® In our study, we consequently first
evaluated chain ordering and headgroup hydration in monolayers
from IRRAS data.

For evaluating the order in the apolar lipid chain region, both
symmetric and antisymmetric CH, stretching vibrations were
measured and simulated (see Fig. S1 and S2, ESIt). Further details
of the simulation procedure can be found elsewhere.**™” The
band positions of both CH,, stretching vibrations are indicative of
the trans/gauche ratio in alkyl chains."®** Therefore, they are widely
used to monitor phase transitions connected to chain melting.
Simulation of angle- and polarization-dependent IRRA bands
allows evaluating the order parameter S(CH,) of the whole all-
trans chain if the orientation of the transition dipole moment is
known. This order parameter can be translated into hydrocarbon
chain tilt angle. The wavenumbers of v4(CH,) and v,4(CH,)
measured in this study are shown in Fig. 1B (1(CH,) as a
function of surface pressure) and, additionally, in Fig. S1 and
S2 (ESIT) together with the simulation results. The derived order
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Table 1 Summarized spectral parameters of pure DPPC and PHPC
monolayers

m/mNm~'  S(CH,) 0/° Vas(PO;)%em™  5(PO,”)
DPPC 3 0.16 — 1225.2 —0.18
10 0.68 27.3  1226.0 —a
20 0.71 26.1  1225.2 —0.21
30 0.73 25.3  1224.0 —0.22
PHPC 3 0.05 —° 1220.9 —0.28
10 0.68 27.5  1223.3 —0.22
20 0.75 24.0 1224.8 —0.22
30 0.84 19.4 12241 —0.28

“ Obtained by simulating the 1,4(PO, ) region including overlapping
CH, wagging band progressions. ? Simulated with the axis defined
parallel to the transition dipole moment of v,(PO,”) (« = 0°)."” ° Not
determined because lipid chains are not all-trans in the liquid-expanded
(LE) phase. ¢ It was not possible to fit the experimental phosphate band
with o = 0°.

parameters of the lipid chains as well as the resulting chain tilt
angles in the LC phase are plotted in Fig. S3 (ESIt) and included
in Table 1. To interpret changes in v5(CH,) and, hence, changes
in the trans/gauche ratio, we plotted v((CH,) versus n during
monolayer compression in Fig. 1B (scattered data). We only
show the frequency of v5(CH,) because v,s(CH,) contains over-
lapping contributions from CH; group vibrations and a Fermi
resonance band.**

Our data suggest that the trans/gauche ratio of both lipids is
similar since v4(CH,) are identical at similar z. We also found a
comparably disordered LE phase in both lipid monolayers,
which becomes more ordered after phase transition to the LC
phase. Directly after phase transition, at 10 mN m™*, S(CH,) of
both lipids are similar. However, during further compression,
differences between DPPC and PHPC arise as PHPC forms more
ordered monolayers above 20 mN m™"'. In the LC phase, the
chains of both lipids are in all-trans conformation as concluded
from the CH, stretching frequencies (see Fig. 1B, scattered
data).’®?* Therefore, we calculated the tilt angle 0 of the fully
stretched lipid chains, which is also shown in Table 1. PHPC
possesses a smaller tilt angle with respect to the surface normal
than DPPC, which is in excellent accordance with X-ray data.®
In addition, 0 of PHPC decreases further during LC phase
compression as opposed to DPPC. This continuous film reorgan-
ization upon PHPC LC phase compression explains the higher
compressibility of PHPC as compared to DPPC in the condensed
phase as shown in Fig. 1B (inset, solid lines).

Additional interpretation of deformation bands of the methylene
groups is typically conducted to get insights into ordering effects of
the chains and to elucidate coupling with other moieties. Evaluation
of the CH, scissoring vibrational band (6(CH,)) enables us to detect
the geometry of the lipid unit cell in the monolayer.'®** For the two
studied lipids, we found the frequency of the 6(CH,) = 1468.9 cm™*
(at 30 mN m™") for both DPPC and PHPC in the LC phase (see
Fig. S4, ESIT) while this band is not visible in the fluid LE phase.
This band position in the LC phase is indicative of a hexagonal
lattice, which is again in accordance with X-ray diffraction data.>"?
During LC phase compression, the value slightly decreases, but no
difference between both lipids could be detected. Another methylene
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deformation band, the CH, wagging band progressions, will be
discussed later in this work in combination with the antisym-
metric phosphate vibration.

Headgroup vibrations of the characterized lipids contain infor-
mation on ion binding and hydration of their polar moieties.
Typical IRRA bands originating from headgroup vibrations of both
lipids are the carbonyl stretching vibrational band :{C—O0) and the
antisymmetric phosphate stretching vibrational band v,5(PO,").
Both are shown in Fig. 2. As can be seen directly, a small frequency
decrease of the {C—0) band from DPPC to PHPC was found that
is significantly less pronounced than the shift found in the bulk
system.””* As opposed to aqueous suspensions, where complete
subtraction of solvent spectra is possible, IRRA spectra inherently
contain subphase contributions. Thus, the negative {C—0) over-
laps with the positive water deformation band (y(H,O), see Fig. 2A),
which could hinder a direct band interpretation and shifts the
C—O0 band minima to higher wavenumbers. To circumvent this
issue, we simulated the water absorption bands for each spectrum
and subtracted them from the original data to yield spectra that are
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Fig. 2 Headgroup vibrations of pure PHPC (dashed lines) and DPPC (solid
lines) monolayers at 20 °C and at different surface pressure as indicated.
(A) UC=O0) band, (B) v,(PO,") region including CH, wagging band progres-
sions as indicated.
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nearly free from water absorptions (see Experimental). Sub-
sequently, we performed PCA of the corrected carbonyl bands to
analyse a large dataset of spectra recorded at various pressures
and angles for both lipids.

The frequency of {C—O) can be interpreted in terms of
hydration of the carbonyl group.”?®** In general, increasing
hydration shifts the band centre to lower wavenumbers. However,
it is not possible to derive the number of bound water molecules
directly without knowing the exact absorption coefficients of the
dehydrated, monohydrated, and dihydrated species, respectively.
In addition, hydrogen bonding by more water molecules and
stronger hydrogen bonding are indiscernible from IRRAS frequency
shifts.® still, in aqueous suspensions, different subcomponents of
the 1{/C=O0) band are interpreted as different hydration states of
the carbonyl group containing distinct numbers of bound water
molecules.”® The spectra shown in Fig. 2A are therefore indicative
of differences in hydration of the headgroups between both lipids.
However, a more precise analysis is necessary due to different
influence of the overlapping y(H,0) band on the C—O0 bands of
both lipids. In contrast to IR measurements of aqueous suspen-
sions, we are not able to detect whether two or three subcom-
ponents>* are included in the lipids’ carbonyl stretching vibrational
band because of the overlap of the »(C=0) band with the water
deformation band.

Using IRRAS, we evaluated the 1(C—O0) bands of both pure
lipid monolayers at four distinct surface pressures, namely at
3 mN m ' in the LE phase and at 10, 20, and 30 mN m™ " in the
LC phase. For each surface pressure, we performed angle- and
polarization-dependent IRRA measurements that allow fitting
the data to unravel conformational differences between both
lipids and subtraction of the water absorption bands, which
only depend on monolayer thickness, monolayer refractive
index, and the quality of the used polarizer. The latter was
determined empirically from all measurements with the used
polarizer to be I' = 0.007. The monolayer refractive index of
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phospholipids is known from literature (n = 1.41).>° Monolayer
thickness as the only remaining parameter can be derived from
fitting the theoretical subphase water absorption bands to the
measured data. After subtracting the simulated water bands
from all IRRA spectra, we conducted a PCA of the vector-
normalized carbonyl bands of all s-polarized spectra of both
lipids recorded at various angles of incidence (25°-70°) and
surface pressures. The results of the PCA are shown in Fig. 3
and Fig. S5, S6 (ESIT).

The interpretation of spectral PCA is not necessarily straight-
forward. At first, one must interpret the resulting loadings of
the principal components (PCs). PC 1 and PC 2 (Fig. 3A)
account for approximately 90% of all variance in the (C=O0)
dataset and, hence, we limit our interpretation to these PCs.
The loading of PC 1 reflects a spectral shift of the band minima
from high to low frequency. Thus, higher scores on PC 1 are
indicative of a higher hydration of the interfacial carbonyls,
which is not visible as clearly in the averaged spectra without
PCA (compare to Fig. 2A). PC 2, in contrast, seems to result
mainly from atmospheric water vapor and experimental noise.
It is an advantage of the PCA that these disturbing contribu-
tions are separated from the systematic variations mapped
through PC 1. To interpret the differences between DPPC and
PHPC, the score of PC 1 versus the surface pressure is shown in
Fig. 3B as a box plot, were the individual boxes contain
contributions of IRRA spectra measured at various angles of
incidence. Fig. 3B shows a clear separation of the scores of
DPPC and PHPC on the PC 1 axis at all examined surface
pressures, indicating different hydration of their respective
carbonyl moieties. Additionally, within each subset of data,
the scores on PC 1 decrease with increasing compression of the
monolayer. For both lipids, this shift is most pronounced
between 3 and 10 mN m ™", corresponding to the LE/LC phase
transition. Within the LC phase, this shift is smaller; however,
it is more pronounced for PHPC than for DPPC. This reflects
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Fig. 3 PCA results of the ©(C=0) band of pure PHPC and DPPC monolayers at different surface pressures. (A) Loadings of PC 1 (blue) and PC 2 (orange);
(B) score on PC 1 versus surface pressure & shown as box-whisker-plot. The IRRAS data used in this PCA were measured in the LE phase of both lipids
(3mN m~Y and in the LC phase (10 mN m~, 20 mN m~*, and 30 mN m~) of DPPC (red) and PHPC (black), respectively. The (+) at 30 mN m~* refers to an

outlier for DPPC.
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once more the ongoing ordering of PHPC upon LC phase
compression corresponding to the chain order parameter and
compressibility, respectively, reported above.

The scores of PC 2 versus PC 1 are shown in Fig. S5 (ESIt). No
systematic changes are visible in the second PC, which matches
the assumption of stochastic causes for the PC 2. The angle of
incidence ¢ did not affect the score of any spectrum on PC 1 as
can be seen in Fig. S6 (ESIt). However, the score of PC 2 depends
on the angle of incidence, which, in turn, is due to the depen-
dence of surface reflectivity on ¢. This means the reflectivity and,
hence, the signal-to-noise ratio increases for s-polarized IR light
with increasing angle of incidence."’

As can be interpreted from Fig. 3, the PCA yields two results:

(a) at all surface pressures, the frequency of the 1(C—=O0)
band of PHPC is decreased compared to DPPC and

(b) for both lipids, the frequency of the 1{C—0) band increases
upon compression.

Since a frequency difference of the carbonyl stretching
vibration between DPPC and PHPC reflects different hydration
of the carbonyl group, we conclude that the carbonyl moiety of
PHPC is either more hydrated (more bound water molecules) or
the existing water molecules are bound more tightly to the
carbonyls at the interface when compared to DPPC. This
finding at first glance seems counterintuitive, as the substitu-
tion of an ester linkage between the glycerol and the sn-2 chain
with an ether should result in a slightly more apolar headgroup
region in comparison to DPPC. However, this seems not to
decrease the hydration of the remaining carbonyl, but rather
increases it. With respect to the literature, this may be inter-
preted as a change in glycerol orientation from approximately
perpendicular to the water surface in DPPC to parallel to the
water surface in PHPC—similar to findings in aqueous (bulk)
suspensions.” An altered glycerol orientation in the gel phase of
PHPC in bulk is connected to the formation of an interdigitated
gel phase (Lgl). In contrast, in monolayers an interdigitated
arrangement is obviously not possible.

To support this hypothesis, we also evaluated the CH, wagging
band progressions (1260-1262 and 1243 cm™ ') of both lipids in
monolayers, which overlap with the antisymmetric phosphate
stretching vibrational band, v,4(PO,”) (1221-1226 cm™"), of the
headgroup.”” The CH, wagging band progressions are sensitive to
single gauche conformers near the carbonyl groups of the lipid in
the LC phase, because the intensity of the wagging band
progressions increases significantly with coupling to the carbonyl
group.>* Adjacent kinks within the alkyl chain, i.e. the presence of
gauche conformers, prevent this coupling resulting in attenuation
of the CH, wagging band progressions. No band progressions of
the CH, wagging vibration are therefore observed in fluid LE
phases.> When comparing PHPC with DPPC, this effect is super-
imposed by the attenuation of these bands due to removal of one
carbonyl group in PHPC. However, in DPPC bilayers, the CH,
wagging band progressions almost exclusively originate from the
sn-1 chain, since the sn-2 chain includes a kink adjacent to the
carbonyl group.” Therefore, if PHPC adopts a similar conforma-
tion of the glycerol backbone and the sn-1 ester linkage compared
to DPPC, no or only little attenuation should occur. However, the
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CH, wagging band progressions are significantly attenuated in
bulk, which was considered by Lewis et al. as an additional
argument for different glycerol orientations when comparing
DPPC and PHPC.”

Our results in monolayers, as shown in Fig. 2B, expose an
almost complete vanishing of the CH, wagging band progres-
sions of PHPC as compared to DPPC independent of the lipid
phase. This must be caused by the introduction of one or more
gauche conformers adjacent to the carbonyl moiety of the sn-1
chain.** Since the glycerol orientation in the LC phase of typical
diester phosphocholines does not induce this gauche conformer*®
and measured spectra, thus, show significant coupling of carbonyl
group and CH, wagging vibrations,” we interpret this spectral
difference of PHPC again in terms of a different glycerol orienta-
tion. By comparing our monolayer studies with literature-based
knowledge from aqueous suspensions,” it becomes obvious that
the attenuation of the CH, wagging band progressions is remark-
ably more pronounced in monolayers than in bilayers. This can be
interpreted as the sn-1 carbonyl moieties and the sn-1 chains having
different orientations towards each other in bulk and in the
monolayer, respectively. Additionally, all molecules in the mono-
layer are probably more uniformly arranged when compared to the
bulk system, i.e., one adjacent gauche conformer is introduced in all
molecules in the PHPC monolayer.** However, these differences
are expected because the typical arrangement of lipid molecules in
monolayer LC phases is by no means the same as in interdigitated
gel phases in bulk. It is remarkable that a change as small as
substitution of one carbonyl with a CH, group has a similar effect
on the glycerol backbone conformation as changing the whole
chain position from sn-2 to sn-3 and, thus, forcing the glycerol to
be oriented parallel to the bilayer surface, as found in 1,3-
dipalmitoylglycerophosphocholine (1,3-DPPC, B-DPPC)***° and
1,3-diamidophospholipids, respectively.*'*?

The absence of CH, wagging band progressions in the LE
phase of both lipid monolayers allows direct comparison of the
,5(PO, ) bands. This band of the polar headgroup is sensitive to
ion binding as well as hydrogen bonding.'>*® Since we used
deionized water for all experiments, we may neglect contributions
from remaining ions. Consequently, frequency shifts of v,5(PO, )
are caused by hydrogen bonding to either water or other lipid
molecules. However, the phosphate groups in phosphocholines
are known to be proton acceptors while no acidic protons can
be donated from phosphocholines (unlike, e.g, phospho-
ethanolamines).>® Thus, hydrogen bonds cannot be formed
directly with other lipids and must always include hydrating water
molecules. In the IRRA spectra of both lipids at 3 mN m™", CH,
wagging band progressions are absent as expected, therefore, the
frequency of the v,4(PO, ) band could be derived by simulating
the spectra using only a single component. The results are
summarized in Table 1. From the data it becomes evident that
PHPC exhibits a lower 1,4(PO, ") frequency than DPPC. Similar to
what we found for the carbonyl stretching vibrational band, this
again indicates an increased hydration of the PHPC headgroups,
i.e. the presence of more or stronger bound water molecules.****

By simulating the v,4(PO, ") region including CH, wagging
band progression contributions in the LC phase, it is possible
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to calculate the spectral components of these overlapping
bands directly (see selected data in Fig. 4 and all spectra in
Fig. S7 and S8, ESIT). For simulation, we used literature values
for CH, wagging band progression frequencies of DPPC in
aqueous suspensions as starting parameters®>’ and adjusted
them in a nonlinear least squares fit. However, the frequencies
fitted to our measurements did not deviate more than 5 cm™"
from literature values despite being measured in LC phase
monolayers instead of gel phase bilayers. Especially the evalua-
tion of the order parameter S(PO, ™) from v,4(PO, ") is promising
as it can be correlated with the headgroup ordering. The
determined order parameters of the v,(PO, ) are shown in
Fig. S9 (ESIf) and Table 1.

We simulated S(PO, ") with respect to the axis defined by the
transition dipole moment of v,4(PO, ") (2 = 0°)"” to evaluate only
the orientation of the phosphate group itself. S(PO, ) of both
lipids depends on the lipid phase and our data clearly show
differences between DPPC and PHPC. The phosphate groups of
DPPC monolayers are less ordered, i.e., S(PO, ") is smaller when
compared to PHPC, regardless of the monolayer phase state.
While DPPC maintains similar S(PO, ) values over the whole
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compression range, PHPC shows a jump during phase transi-
tion from a higher magnitude of S(PO, ") in the LE phase to a
lower magnitude of S(PO, ™) in the LC phase. Beyond the LE/LC
phase transition, both lipids exhibit a decreasing S(PO, )
during further compression of the condensed monolayer, with
PHPC covering a larger range of ordering. As can be seen in
Fig. S9 (ESIT), S(PO, ) of PHPC decreases significantly during
compression of the LC phase. However, this effect should be
interpreted cautiously as only three order parameters were
measured in this lipid phase.

All the observed differences between DPPC and PHPC regarding
their S(PO, ") are associated with the different glycerol orienta-
tion of both lipids, which must be caused by the comparably
small chemical change of the sn-2 linkage.

With respect to all the results regarding the phosphate
group, we conclude that an increased hydration of the PHPC
phosphate in the LE phase goes along with a higher degree of
headgroup ordering. These effects do not occur in DPPC
monolayers and may therefore be related to different arrange-
ments of glycerol backbones when DPPC and PHPC are com-
pared. Presumably, more or strongly bound water molecules
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Fig. 4 Selected fits of the antisymmetric phosphate region including CH, wagging band progressions at 30 mN m~ in the LC phase of pure DPPC

(A, p-polarized; B, s-polarized) and PHPC (C, p-polarized; D, s-polarized).
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air DPPC PHPC/

water 2

Scheme 2 Schematic representation of a possible LC phase orientation
of a DPPC and a PHPC molecule on the air—water interface as deduced
from IRRA spectroscopy. The number and orientation of the water mole-
cules and hydrogen bonds, respectively, are schematic and for illustration
purposes only.

increase the ordering of the phosphate moiety in PHPC mono-
layers. Furthermore, while in DPPC monolayers significant
overlapping of CH, wagging band progressions with v,5(PO, ")
impede interpretation of separate bands, the corresponding
bands in PHPC are attenuated to such a degree that they are
hardly observable at all. This, firstly, supports our interpreta-
tion of a glycerol backbone oriented parallel to the surface and,
secondly, allows direct interpretation of the v,5(PO, ) band.

In summary, the substitution of the sn-2 ester bond in DPPC
by an ether bond in PHPC leads to:

e a different ordering of the lipid alkyl/acyl chains while
maintaining the overall phase behaviour,

e a rearrangement of the glycerol backbone to a presumably
parallel orientation with respect to the water surface connected
with the introduction of (at least one) gauche conformers in the
sn-1 alkyl chain adjacent to the carbonyl moiety, and

e a higher degree of headgroup ordering combined with
increased hydration of both the carbonyl and the phosphate group.

The resulting different molecular orientations of DPPC and
PHPC molecules at the air-water interface are schematically
depicted in Scheme 2.

Mixed monolayers of DPPC and PHPC

In the second part of this study, we focus on the mixing behaviour
of DPPC and PHPC in monolayers at the air-water interface. For
this purpose, we measured 7-A,,, isotherms of mixed monolayers
containing both lipids at different mixing ratios at 20 °C and,
simultaneously, performed epifluorescence microscopy of these
mixed monolayers. Furthermore, we measured IRRA spectra of
the corresponding mixtures of PHPC and DPPC-d,,, which is the
chain-perdeuterated analogue of DPPC, to be able to monitor the
behaviour of both types of lipids separately.

The m-Ano isotherms of mixtures containing 90 to 25%
DPPC and 10 to 75% PHPC are shown in Fig. 5A together with
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Fig. 5 Isothermal compression of mixed DPPC/PHPC monolayers at
20 °C. (A) 1—Amol isotherms with © range of the upper plateau in the inset,
(B) phase diagram with all observed m,ateau (Pure lipids are marked in red,
Tplateau Of the upper plateau is highlighted green).

the isotherms of the pure compounds. In the isotherms of the
mixtures, two plateaus or kinks are observable, the upper of
which does not exist in isotherms of the pure substances.
Therefore, the question arises, whether this plateau is con-
nected to a phase transition or not. By evaluating the compres-
sibility maxima (see Fig. S10, ESIT) of all films, the surface
pressure values at both plateaus were determined. These values
are plotted in Fig. 5B in form of a partial phase diagram and are
further shown in Table 2. The midpoint of the lower transition
is always located at the transition pressure of pure PHPC,
whereas the upper plateau pressure increases with increasing
PHPC content. From measuring compression isotherms alone,
it is not possible to answer the three main questions arising
from the observation of an additional plateau: (i) what is its
origin, (ii) what are the phase states outside the plateaus, and
(iii) are both lipids miscible in all occurring phases?
Therefore, we further characterized the phase behaviour of
the mixed monolayers by epifluorescence microscopy, using
Rh-DPPE as fluorescent dye. The obtained micrographs are
shown in Fig. 6 and additional images in Fig. S11-S16 (ESIt).
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Table 2 Plateau surface pressures (Tpiateau) Of pure and mixed monolayers
of PHPC and DPPC

x(PHPC) Tplateaw/MN M ™!

0.00 4.42 +0.23

0.10 6.12 & 0.12 11.48 + 0.38
0.25 6.20 & 0.13 12.25 + 0.35
0.33 5.83 + 0.19 13.22 4+ 0.14
0.50 5.97 & 0.15 13.87 £ 0.28
0.67 5.92 & 0.24 15.33 £ 0.01
0.75 6.11 & 0.08 15.64 + 0.19
1.00 6.05 & 0.15

Typically, Rh-DPPE dissolves readily in LE-phase monolayers
while it is excluded from LC-phase domains.">*" As can be seen
in column (c) of Fig. 6, this is true for a pure DPPC monolayer,
where LC domains appear black.> In contrast, in PHPC-
containing monolayers, Rh-DPPE can partition into LC domains
leading to a lower contrast between the LE and LC phase.
Moreover, the shape of DPPC and PHPC LC domains is remarkably
different. Therefore, changes in LC phase composition can be
unravelled by contrast and shape of the observed domains in
mixed monolayers of DPPC and PHPC.

First, epifluorescence microscopy of the mixed monolayers
enables us to determine, whether (partial) demixing occurs in
the LE and/or the LC phase of the mixed monolayers. As it is
evident from Fig. 6 and Fig. S12-S15 (ESIY), the LE phases of all
measured mixtures are uniformly bright. This leads to the
conclusion that no phase separation occurs below the lower
plateau of the respective mixture. At surface pressures above
this plateau, the micrographs of all DPPC/PHPC mixtures
appear uniformly grey indicating the existence of only one
homogeneously mixed phase in between both plateaus (column
(e) in Fig. 6). No further changes were detected at the upper
plateau of the compression isotherms.

Second, the LE/LC transition of the mixtures, which evidently
occurs at the lower plateau, is compared to the LE/LC transition
of both pure substances. The LC domain shape of pure DPPC
and PHPC differs significantly (see Fig. 6). While DPPC forms
characteristic chiral bean or propeller shaped domains, PHPC,
which is racemic in this study, forms star-like, fractal grey LC
domains which do not exhibit chirality.*®

When both lipids are mixed, nucleation of the LC domains
begins with mainly DPPC, as can be deduced from the appearance
of compact black domains (see column (b) in Fig. 6 as well as
Fig. S12-S15, ESIt). The dye Rh-DPPE is excluded from these small
DPPC-rich domains at the onset of the LE/LC transition but,
subsequently, partitions into the LC phase while PHPC is incor-
porated. As the LC domains grow in size, PHPC joins at the rim of
already formed DPPC-rich domains with its typical star-like LC
domain shape leading to the formation of demixed LC domains
(see Fig. 6, column (c)). At the end of the phase transition, the LC
phase homogenizes, i.e., both lipids form a mixed LC phase, being
embedded in a continuous LE phase (see Fig. 6, column (d)).
Mixtures with high DPPC content remain in the demixed LC state
up to higher surface pressures and their LC phases tend to be
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darker because the dye is excluded from DPPC-rich domains to a
higher extent.

Although these results suggest a co-existence of three phases
in the lower plateau (DPPC-rich LC phase, 2"¢ LC phase with
increased PHPC content, and mixed LE phase), these were not
stable when the compression was paused and the system was
allowed to equilibrate (see Fig. S17, ESIt). Likewise, only two
phases were observed in the LC/LE transition upon expansion
of a mixed DPPC/PHPC monolayer (x(PHPC) = 0.1) (see Fig. 517,
ESIT). We therefore assume that the three phases occurring in
the LE/LC transition region upon compression are meta-stable and
not in equilibrium, ie., their appearance is due to a kinetically
hindered condensation upon continuous compression.

Yet, the origin of the upper plateau remains uncertain. By means
of fluorescence microscopy and with the used Rh-DPPE dye it could
not be attributed to a phase transition. To unravel further details of
lipid miscibility, we interpret our data by applying the Gibbs phase
rule and by calculating the Gibbs energy of mixing,"* both of which
are regularly used in miscibility studies in monolayers.

Although the surface phase rule is frequently used for mis-
cibility studies in Langmuir monolayers,""*° in this work appli-
cation of the Gibbs phase rule is sufficient as shown in Appendix 1.
The Gibbs phase rule is given as F = C — P + 2, where F denotes
the degrees of freedom, C is the number of components in the
monolayer, and P is the number of phases in the monolayer. It is
possible to only discuss the components and phases of the
monolayer as long as no lipid exchange between monolayer
and bulk phases occurs, which is the case for long-chain
phospholipids.’” With two monolayer components, DPPC and
PHPC, the Gibbs phase rule simplifiesto F=4 — Por P=4 — F,
when solved for the number of phases. Thus, by evaluating the
degrees of freedom of the studied systems, a prediction of the
number of co-existing phases is possible.

Since there must be at least one monolayer phase, maximal
three degrees of freedom can exist, which are the surface
pressure 7, temperature T, and mole fraction x. Consequently,
P can vary between one (F = 3) and four (F = 0).

As evident from Fig. 5, in all phases below, in between, and
above the 7,ja¢eau, T and x and presumably T (compare Fig. 518,
ESIt) are degrees of freedom, as they can be varied indepen-
dently without changing the state of the system. Hence, only
one mixed phase would exist in these states. This is consistent
with the results of epifluorescence microscopy, which show one
uniform phase in the respective surface pressure ranges (Fig. 6,
columns (a) and (e) and Fig. S12-S15, ESIT) as well as the
analysis of AGpx discussed below.

In contrast, in the plateaus of the n-A4,,, isotherms, x and =
are correlated (Fig. 5B), i.e., = depends on x and is therefore not
a degree of freedom as opposed to x. Consequently, F is either
one (x) or two (7, x) and, hence, P is three or two, respectively.
Note that n of the lower plateau seems to be independent of
x due to both pure lipids exhibiting nearly the same LE/LC
transition pressure. However, if chain-perdeuterated DPPC-d,
is used in these mixtures, which has an increased phase
transition pressure,®®*? it can be shown that © of the lower
plateau also depends on x (see below and Fig. S20, ESIY).
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Fig. 6 Selected fluorescence micrographs of mixed monolayers of DPPC and PHPC. The scale bars represent 20 um in case of DPPC and 50 pum in all
other micrographs. The micrographs shown here were taken in the LE phase, at different points in the LE/LC transition region as indicated in the column
headings, and in the LC phase. A full picture of the fluorescence microscopic characterization is presented in Fig. S11-S16 (ESI+).
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Interestingly, the epifluorescence micrographs shown in
columns (c) and (d) of Fig. 6 and further in Fig. S12-S15 (ESIt)
display three apparent phases in the lower plateau of the
mixtures, which are not stable (see Fig. S17, ESITt), and are
probably the consequence of the continuous compression of
the monolayer. Hence, they do not represent the equilibrium
state within the LE/LC phase transition and, consequently,
cannot be interpreted using the phase rule which is only valid
in equilibrium. This means that the number of equilibrium
phases in the transition is two and consequently both x and T
are degrees of freedom, i.e., 7 depends on x and on T. The
latter, = depends on T, was proven exemplarily for one mixture
(Fig. S18, ESIf). One can clearly see that the compressibility
maxima of the DPPC/PHPC 3:1 monolayer shift linearly to
lower surface pressure with decreasing temperature. This
shows that the transition exists at different temperatures and,
hence, T is a degree of freedom in the phase transition. This
allows the conclusion that beyond the plateaus no phase
coexistence occurs.

To further evaluate the thermodynamics of the miscibility of
both lipids below, in between, and above the plateaus, one can
calculate the Gibbs energy of mixing AGnix and the excess
Gibbs energy of mixing AGey., which describes the deviations
from ideal miscibility."* To this end, we compare the observed
n-Amor isotherms with ideal ones, calculated from the pure
substances, to yield molecular excess areas Aex.. The Ay are
then integrated and values of AGe,. are calculated. Using the
known ideal Gibbs energy of mixing, AGnx is then derived.
Further information on calculations are given in the Experi-
mental part of this study. The calculated AGey. and AGp,x are
included in Table S1 (ESIt) and plotted in Fig. 7.

From these data it can be concluded that at all mixing ratios,
DPPC and PHPC are miscible. In the LE phase at 3 mN m ™/,
nearly ideal mixing or complete demixing was observed. As
complete mixing has been observed by epifluorescence micro-
scopy, we interpret this result as ideal miscibility of both lipid
species in the LE phase. However, positive deviations from an ideal
miscibility at 10 mN m™" (between both plateaus) and 30 mN m ™"
(above both plateaus), i.e. repulsive interactions between both
lipids, were observed for the DPPC/PHPC mixtures containing
10% and 75% of PHPC, respectively (Fig. 7A). However, the
magnitude of AG.,. is not sufficient to induce complete phase
separation.

Analysis of the n-A4,,, isotherms by application of the Gibbs
phase rule and evaluation of Gibbs energies of mixing leads to
the conclusion that (i) outside both plateaus PHPC and DPPC
are miscible and (ii) at least at the lower plateau two phases co-exist
in equilibrium. Both conclusions are supported by microscopy data.

To evaluate the miscibility in more molecular detail, again
IRRA spectroscopy was used. IRRAS enables us to discriminate
both lipids in mixtures through isotopic labelling, since different
nuclear isotopes result in different reduced masses of the vibrating
moieties. Hence, a shift is observed in the IR spectra. When mixing
PHPC with chain-perdeuterated DPPC-dj, it is, thus, possible to
compare the surface pressure-dependent change in frequency of
v(CH,) and v4(CD,) and to observe the phase transition pressure
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Fig. 7 Thermodynamic parameters AGex. (A) and AGpix (B) of DPPC/
PHPC mixed monolayers as a function of mixture composition at 20 °C
(a dashed line at 0 kJ mol~t in both panels and AGq as a green dotted line
in B were added for clarity).

of both lipids in their mixtures independently. If both lipids show
a condensation (decrease of the methylene stretching vibration
wavenumbers) at the same surface pressure during compression,
they must be considered miscible. If the LE/LC transition pressure
differs between both lipids, they demix at least partially. These
measurements can also answer the question whether DPPC and
PHPC contribute differently to both transitions observed in the
isotherms. Furthermore, it can be deduced whether lipid chain
condensation/ordering is involved in the upper plateau, i.e., if this
plateau can also be considered as phase transition plateau.

In Fig. 8, the frequencies of v4(CH,) and v4(CD,) are plotted
together with the compressibility of the monolayer for the
mixture x(PHPC) = 0.75, which exhibits positive deviation from
ideal mixing behaviour (compare to Fig. 7). The corresponding
plots of all other mixing ratios are shown in Fig. S19 (ESIY).
Note that the phase transition surface pressure is increased in
comparison to the measurements shown in Fig. 5, because of
one mixing component being chain-perdeuterated (see Fig. S20,
ESIT). Deuteration of the lipids’ acyl chains has a significant
effect on the phase transition surface pressure as well as the
main phase transition temperature in aqueous suspension.*®>°
In all measured mixed monolayers, the lower transition appears
to be shifted to higher n-values, that is, no plateau at the pure
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Fig. 8 Comparison of vs(CH,) (black squares) and v5(CD,) (blue squares)
during compression of a monolayer of an PHPC/DPPC-dg, mixture
(x(PHPC) = 0.75) at 20 °C, plotted together with Cs (red line). (To guide
the eye, dotted lines are drawn at both maxima of Cs, i.e. the Tyateau.)

PHPC’s transition pressure is detectable. This is an indication
for at least partial miscibility.

Like the band position of the CH, stretching vibrations, also
v5(CD,) and v,4(CD,) are indicative of the trans/gauche ratio in
the respective alkyl chains and can therefore be used to detect
phase transitions involving chain melting. For the presented
x(PHPC) = 0.75 mixture (just like for all other compositions), we
found that both lipids undergo a common phase transition and
that at the plateau at lower =, a significant frequency shift, i.e.
condensation of the lipids, occurs simultaneously. The second
transition at higher surface pressure is connected to a compara-
tively small decrease in CH,/CD, stretching vibrational frequencies.
This leads to the conclusion that lipid chain condensations have
only minor contribution to this second transition. When chain-
deuterated DPPC is used, the two plateaus are only discernible
for mixtures of x(PHPC) > 0.33. In the isotherms of mixtures
containing less PHPC, both transitions overlay which results in
one broadened Cg curve (compare to Fig. S19, ESIT).

A comparative examination at both methylene stretching
vibrational bands (CH, as well as CD,) and at the phosphate
stretching vibrational bands using PCA shows simultaneous
transitions of the deuterated and non-deuterated lipid chains
but a delayed transition in the phosphate headgroup (Fig. S21
and S22, ESIt). After a concomitant change of the PC 1 scores in
all three spectral ranges at the onset of the first plateau, the most
pronounced changes in the phosphate vibrations are found at
slightly elevated surface pressures, which could correlate with
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the surface pressure at the second plateau in the isotherms. In
addition, the phosphate stretching vibrations shows another, albeit
less pronounced, change in the range between 20 and 30 mN m™ .
This might be correlated with a headgroup re-orientation. In any
case, it shows that transitions in the headgroup region may exist
that are independent of the chain condensation. However, since we
do not have enough complementary data about this transition, we
refrain from further speculation about its origin.

By combining the results of all experiments performed in
this study regarding miscibility of DPPC and PHPC, we con-
clude that there is substantial evidence that the two lipids are
miscible in all mixing ratios but might show deviations from
ideal miscibility. From IRRAS measurements of mixtures of
PHPC and DPPC-dg, it is found that the upper plateau does not
involve a significant amount of chain ordering as it would occur
in lipid LE/LC phase transitions. By employing epifluorescence
microscopy, we observed two stable co-existing monolayer
phases during the LE/LC phase transition in equilibrium (at the
lower plateau). However, the nature of the second plateau appearing
only in the mixtures of both substances could not be unravelled
completely. Our main conclusions on lipid miscibility are sum-
marized in Table 3.

Conclusions

In this work, we present studies of pure monolayers of the
structurally related phospholipids DPPC and PHPC using n-A,|
isotherms and IRRAS. In addition, we provide a detailed charac-
terization of mixed DPPC/PHPC monolayers through their
isotherms using epifluorescence microscopy, the Gibbs phase rule,
evaluation of thermodynamic mixing parameters, and IRRAS.

The isotherms of both pure lipid monolayers are comparable
and differ only slightly in their phase transition pressures and LC
phase compressibilities. DPPC and PHPC exhibit comparable alkyl
chain trans/gauche ratios in their corresponding LE and LC phases
and both form hexagonal, ordered LC phases above their LE/LC
phase transition. We find that the substitution of the ester linkage
at the sn-2 chain by an ether linkage causes several changes in lipid
monolayer organization despite both lipids showing similar 7-4,,,
isotherms. PHPC, when compared to DPPC, exhibits:

¢ a smaller chain tilt angle at surface pressures of 20 mN m™
and above,

e stronger hydration of the carbonyl group independent of =,

e stronger hydration of the phosphate group in the LE phase,

e increased headgroup ordering, and

1

Table 3 Summary of results on mixing behaviour of DPPC and PHPC in monolayers

Method

Main result

T-Amo) isotherms
Epifluorescence microscopy

Application of the Gibbs phase rule

Evaluation of AGpix
IRRAS with DPPC-dg,

This journal is © the Owner Societies 2021

Appearance of two plateaus

Miscibility in both phases, demixing in phase transition, and kinetically
hindered mixing after phase transition

Miscibility in all non-plateau regions

Miscibility in LE and LC phase

Simultaneous condensation of both lipids, delayed headgroup transition
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e strong attenuation of the CH, wagging band progressions
independent of 7.

These findings lead to the conclusion that the glycerol
moiety of PHPC adopts an orientation parallel to the water
surface, which is different from the orientation of the glycerol
of DPPC or other unsubstituted 1,2-diester phosphocholines.
Similar orientational differences have been found in aqueous
suspensions of the lipids before.

In the second part of this study, we present plateaus in the
n-Amo1 isotherms of mixed monolayers containing DPPC and
PHPC, that do not appear in the isotherms of either of the pure
lipids. The miscibility studies of mixed monolayers in the full
mixing range can be interpreted in terms of non-ideal mixing
behaviour; but no demixing occurs neither in the LE nor in the
LC phase as detected by epifluorescence microscopy and being
confirmed by mixing energy calculations. Further characteriza-
tion of the mixing behaviour by IRRAS shows that the upper
plateau does not involve significant ordering of lipid chains.
The cause for existence of the upper plateau remains unclear
from our experiments but seems to involve changes in head-
group hydration. It is likely to originate from the geometrical
differences (for example headgroup re-orientation) found for
both pure lipid monolayers.
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Appendix 1

The commonly used surface phase rule in monolayers is given
by.11,36

F:(Cb+cm)_(Pb+Pm)+3) (7)

with F degrees of freedom, Cy, and C,, being bulk and mono-
layer components, respectively, and Py, and Py, being bulk and
monolayer phases, respectively.

With Cyp, + Cy,, = 4 (water, air, and two lipids) it reduces to:

F=7—P, (8)

with P = P, + P,. Thus, F can be maximal six and is a subset of

{P, Ty Ty Xmonolayers Xairy xsubphase}-
Assuming that bulk und monolayer components do not mix,
which is given for a Langmuir monolayer,”” and that the bulk
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phases (air and the aqueous subphase) are always pure, it holds:
Xair = Xsubphase = 1 (i.€., no degrees of freedom) and Cy, = Py,. Thus,
eqn (7) simplifies to:

F=Cy, —P,+3=5-P, 9)

where F is a subset of {p, T, 7, Xmonolayer- ASsuming additionally
that the bulk pressure (p) does not influence the number of
monolayer phases, F is decreases further by one:

F=Cp—Pn+2=4—P, (10)

with F being a subset of {T, 7, Xmonolayer}- EqD (10) corresponds
to the classical Gibbs phase rule applied to an insoluble
monolayer (with two lipid monolayer components).
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ARTICLE INFO ABSTRACT

Keywords: With this study we aim at comparing the well-known lipid membrane model system of liposomes and polymer-
Nanodisc encapsulated nanodiscs regarding their lipid properties. Using differential scanning calorimetry (DSC) and
CW EPR

continuous-wave electron paramagnetic resonance (CW EPR) spectroscopy, we characterize the temperature-
dependent lipid behavior within 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) liposomes and nano-
discs made from such liposomes by application of various polymers based on styrene-co-maleic acid (SMA),
diisobutylene-alt-maleic acid (DIBMA), and styrene-co-maleic amide sulfobetaine (SMA-SB), a new SMA-derived
copolymer containing sulfobetaine side chains. By incorporating a spin label doxyl moiety into the lipid bilayer
in position 16 or 5 we were able to study the micropolarity as well as rotational restrictions onto the lipids in the
apolar bilayer center and the chain region adjacent to the carbonyl groups, respectively. Our results suggest that
all polymers broaden the main melting transition of DMPC, change the water accessibility within the lipid
bilayer, and exhibit additional constraints onto the lipids. Independent of the used polymer, the rotational
mobility of both spin-labeled lipids decreased with DIBMA exerting less restraints probably due to its aliphatic
side chains. Our findings imply that the choice of the solubilizing polymer has to be considered an important step
to form lipid nanodiscs which should be included into research of lipid membranes and membrane proteins in the
future.

SMA (styrene/maleic acid)
DIBMA (diisobutylene/maleic acid)
SMA-SB (styrene/maleic sulfobetaine)

1. Introduction nanodiscs and liposomes or among nanodiscs made from different

polymers are understood only in part. Most efforts aim towards

Researchers have access to a variety of model membrane systems for
lipid and protein studies [1-4]. One rather new model system consists of
polymer-encapsulated nanodiscs, which are also called native nanodiscs
or simply polymer/lipid particles. Some polymers such as poly-(styrene-
co-maleic acid) (SMA) [1,5] or poly-(diisobutylene-alt-maleic acid)
(DIBMA) [6] are able to directly solubilize membrane lipids from lipo-
somes or even cell lysates [1,2,4,7]. However, research in this field is
clearly application-driven, whereas fundamental differences between

improving the solubilizing properties of existing polymers [8-12], syn-
thesizing new, more efficient or more gentle polymers [13-15], or
facilitating the study of membrane proteins [5,16]. Initial fundamental
research has been performed on the influence of the polymer on lipid
properties, revealing e.g., a strong impact of SMA on the melting tem-
perature of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
[6,17]. Moreover, in a previous study, we could verify that the specific
structure of the respective polymer affects its interaction pattern with
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small guest molecules (in the case at hand, nitroxide radicals), a finding
which can be translated to lipid molecules [13]. This aspect highlights
the question of how the polymer interacts with different parts of the
lipids such as the headgroup, the interfacial carbonyl/glycerol region,
and the apolar acyl chains, all of which is not fully understood up to now
(see e.g. references [18-21]).

In this work, we employ two spin-labeled lipids (see Scheme 1A)
combined with continuous-wave electron paramagnetic resonance (CW
EPR) spectroscopy to obtain insights into nanoscopic lipid properties in
DMPC liposomes and polymer-encapsulated nanodiscs containing a
lipid-bilayer core composed of DMPC that is surrounded by SMA,
DIBMA, or poly-(styrene-co-maleic amide sulfobetaine) (SMA-SB) (for
polymer structures see Scheme 1B). The application of CW EPR spec-
troscopy in lipid research is well established for liposomes and other
membrane model systems [22,23]. Hence, here it will be used to obtain
information on the polarity, rotational mobility, and lipid ordering in
nanodiscs. The nanoscopic view offered by CW EPR is complemented by
dynamic light scattering (DLS), transmission electron microscopy
(TEM), and differential scanning calorimetry (DSC). Finally, combina-
tion of temperature-dependent CW EPR measurements with DSC pro-
vides a broad view on lipid properties and is a promising combination of
methods to yield valuable information for future nanodisc research.

2. Materials and methods
2.1. Materials

The three polymers poly-(styrene-co-maleic acid) (SMA 2.2:1

BBA - Biomembranes 1863 (2021) 183681

hydrolyzed from styrene/maleic anhydride (Xiran SZ30010)), poly-
(diisobutylene-alt-maleic acid) (DIBMA) and poly-(styrene-co-maleic
amide sulfobetaine) (SMA-SB) were synthesized as described elsewhere
[13]. HPLC-grade chloroform as well as buffer salts were purchased
from Carl Roth (Karlsruhe, Germany, Tris buffer salt >99.3% and NaCl
>99.7%). The buffer solution was prepared with Millipore MilliQ water
with a specific resistance of p = 18.2 MQ cm. 1,2-Dimyristoyl-sn-glyc-
ero-3-phosphocholine (DMPC) was obtained from Genzyme Pharma-
ceuticals (Cambridge, MA, USA). 1-palmitoyl-2-stearoyl-(5-doxyl)-sn-
glycero-3-phosphocholine (5DSPC) and 1-palmitoyl-2-stearoyl-(16-
doxyl)-sn-glycero-3-phosphocholine (16DSPC) were purchased from
Avanti Polar Lipids (Alabaster, AL, USA).

2.2. Preparation of polymer solutions and polymer/lipid samples

Polymer solutions were prepared as described in [13]. An appro-
priate amount of each polymer was dissolved in saline Tris buffer (50
mM Tris, 300 mM NaCl, pH 7.4 in Millipore MilliQ water) to yield mass
concentrations of 25 mg/mL (SMA and DIBMA) or 15 mg/mL (SMA-SB)
at room temperature followed by heating combined with ultrasonication
for 30 min at 70 °C. After cooling down, all three polymer stock solutions
were stable for at least two weeks if stored at room temperature. DMPC
nanodiscs were prepared as follows: DMPC with added spin label lipid
(5DSPC or 16DSPC, 2 mol% of DMPC) was dissolved in chloroform_The
solvent was evaporated in a gentle stream of nitrogen to yield a thin dry
lipid layer. Tris buffer was added, and the concentration of DMPC was
adjusted to somewhat above 1 mM. The lipids were allowed to suspend
at 40 °C during ultrasonication of the sample for at least 10 min. The
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Scheme 1. (A) Structures of 1-palmitoyl-2-stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine (5DSPC) and 1-palmitoyl-2-stearoyl-(16-doxyl)-sn-glycero-3-phos-
phocholine (16DSPC) incorporated into a DMPC lipid environment. The rotational mobility for the doxyl unit is represented for both 5DSPC and 16DSPC by a cone
with a main axis that is parallel to the z-axis defined for the molecular frame of the doxyl’s nitroxide group. (B) Molecular structure of the applied polymers SMA-SB,

SMA (both with x = 2.2, m ~ 8), and DIBMA (with n ~ 37).
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resulting liposomes were extruded 35 times through a 100 nm poly-
carbonate membrane. Afterwards, polymer stock solutions were added
to the thus prepared large unilamellar vesicles (LUVs) at a polymer/lipid
ratio of 1:5 (mol:mol) and a lipid concentration of 1 mM. The molar mass
of SMA-SB was estimated to be 4150 g mol~* according to full conver-
sion in its synthesis from SMA (2700 g mol’l). The molar mass of DIBMA
amounts to 8400 g mol~! [10]. The mixtures of polymers and liposomes
were then incubated at 30 °C for 16 h while shaking.

2.3. Dynamic light scattering (DLS)

Dynamic light scattering (DLS) experiments were conducted on a
Litesizer 500 (Anton Paar, Graz, Austria) with a 70 pL Micro Quartz
cuvette. The irradiation wavelength was 1 = 658 nm, while the detection
angle was maintained at 90° (side scattering) at constant temperature of
20 °C. Prior to each measurement, the sample was allowed to equilibrate
for at least 1 min. The data obtained from DLS measurements were
evaluated in the Kalliope software (Anton Paar).

2.4. Transmission electron microscopy (TEM)

TEM samples were prepared by spreading 5 pL of the (polymer-)lipid
suspensions (diluted to 20 pM lipid) onto freshly glow discharged grids
with carbon support film on copper (Quantifoil Micro Tools,
GroBlobichau, Germany). After 30-45 s excess suspension was blotted
up using filter paper. The grids were washed three times with MilliQ
water. 5 pL of 2% aqueous uranyl acetate solution was placed onto the
grid and also blotted up after 1 min. After preparation the samples were
dried for at least 24 h. All TEM samples were examined with a Zeiss EM
900 transmission electron microscope (Carl Zeiss Microscopy, Jena,
Germany).

2.5. Differential scanning calorimetry (DSC)

For DSC, sample preparation was performed as described above
using a higher amount of both lipid and polymer (5 mM lipid target
concentration in the samples). Prior to all measurements, the samples as
well as the reference buffer solution was degassed under vacuum while
stirring. DSC measurements were performed using a MicroCal VP-DSC
differential scanning calorimeter (MicroCal, Northampton, MA, USA).
In all experiments, 5 heating/cooling cycles were measured to assure
sample stability and reproducibility from which one representative
heating curve (heating rate 60 K h™! between 2 and 70 °C) was chosen.
Further evaluation of the DSC results involved subtraction of regularly
collected buffer/buffer baselines as well as subtraction of offset values, if
necessary.

2.6. CW EPR spectroscopy

X-band continuous-wave electron paramagnetic resonance (CW EPR)
spectroscopic measurements were performed with the Miniscope
MS5000 (magnettech, Freiberg Instruments, Freiberg, Germany)
benchtop spectrometer. The connection to the HO4 temperature control
unit (magnettech) allowed the recording of temperature series. All
spectra were measured with the following settings: center field position
of 337.5 mT, field sweep width of 10 mT, modulation amplitude of 0.1
mT and a microwave power of 3.63 mW. For sample preparation, 10-15
pL of the sample solution were filled into micropipettes (BLAUBRAND
intraMark, Wertheim, Germany) and capped with capillary tube sealant
(CRITOSEAL Leica, Wetzlar, Germany). Analysis of the recorded CW
EPR spectra is based on simulations using MatLab (R2020b, v. 9.9) in
combination with the EasySpin toolbox (v. 6.0.0 dev.26) for EPR spec-
troscopy [24]. Note that all spectra were simulated with a single
component using the model of anisotropic Brownian motion with an
axial symmetry and orienting potential (see SI for further information)
[21,25].
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3. Results
3.1. Preparation of nanodiscs

The general formation of nanodiscs was confirmed with the aid of
DLS and TEM, as exemplarily shown in Figs. S1 and S2. From DLS, it is
evident that the liposomes were solubilized almost completely yielding
SMALPs and SMA-SBLPs in the size range of 9.4 + 2.5 nm and DIBMALPs
of 16.6 + 9.8 nm. After addition of polymer to the liposomes and in-
cubation, all suspensions appeared clear. SMA and SMA-SB were more
efficient in solubilizing DMPC than DIBMA. In samples containing
DIBMA-based lipid particles (DIBMALPs), a small fraction of non-
solubilized liposomes remained. Interestingly, if applying the same
polymer/lipid ratio for all three polymers, DIBMALPs clearly exhibit
larger hydrodynamic diameters compared with SMALPs and SMA-
SBLPs, which is in accordance with literature reports [6]. In protein
research, DIBMALPs with increased hydrodynamic diameter may be
useful in solubilizing large protein complexes. TEM observations sup-
port the DLS-derived findings. The presence of nanodiscs in each
measured sample was confirmed and, in addition, the diameters of the
detected nanodiscs correspond in their magnitude to the hydrodynamic
diameters determined by DLS (see Fig. S1).

3.2. Temperature-dependent measurements of lipid properties in
nanodiscs

Temperature-dependent CW EPR spectroscopic (Fig. 1) and differ-
ential scanning calorimetric measurements (DSC, Fig. 2, top) of all lipid
samples were performed as described above, and we first discuss the
DSC data. The DSC trace of the DMPC liposomes was similar to that
reported in the literature [26]. While all three polymers had a strong
effect on the DSC baseline, no thermotropic transitions as reflected in
DSC peaks were observed for polymer-only samples, that is, in the
absence of lipid (see Fig. S3). From the results shown in Fig. 2A and B
(top), it can be concluded that the lipid main transition broadens when
polymer is added, as expected from the resulting decrease in the size of
the cooperative unit [6]. In addition, it is evident that all three polymers
had an effect on the main transition temperature Ty, of DMPC: Ty, was
decreased in SMALPs and DIBMALPs, whereas SMA-SB led to a slight
increase in Tp,.

3.3. EPR-spectroscopic results

The thermodynamic observations on the phase behavior of DMPC-
based model membrane systems was complemented by a nanoscopic
view gathered through CW EPR spectroscopy. To this end, we focused on
the two spin-labeled lipids 16DSPC and 5DSPC, which allow charac-
terizing the membrane center in the acyl chain region and the region
close to the polar headgroup, respectively [22,27-29]. Note, that the
spectra of all systems containing 5DSPC showed increased baseline
noise, that is decreased signal intensity (compare Fig. 1 and Figs. S4 and
S5), due to increased immobilization of the doxyl group corresponding
to its position within the membrane when compared to 16DSPC spectra.
Based on the position of the doxyl-unit along the fatty acid chain,
temperature-dependent changes in the LUVs as well as nanodiscs were
found through different simulation parameters (see Fig. 1 and Figs. S4
and S5).

The line shapes of the respective CW EPR spectra reflect the dy-
namics of the spin label. Three equally spaced sharp lines of similar
intensity are associated with an unrestricted reorientational motion of
the nitroxide. Upon increasing the spatial restriction on the mobility of
the doxyl unit, the similarity of these three lines vanishes, while the
apparent hyperfine splitting ajso,app increases (further described in the
Discussion section and SI), and the line width of the recorded spectral
features rises. The CW EPR spectra become more anisotropic with (i)
decreasing temperature for LUVs as well as nanodiscs and (ii) from the
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Fig. 1. Temperature-dependent CW EPR spectra of 16DSPC (left column) and 5DSPC (right column) incorporated in DMPC LUVs or several polymer-encapsulated
nanodiscs; (A/B) LUVs; (C/D) SMALPs; (E/F) DIBMALPs; (G/H) SMA-SBLPs. Here, all spectra are normalized to their maximal intensity (for spectra without

normalization see Figs. S4/S5).

position of the doxyl label along the acyl chain: 5DSPC spectra are more
anisotropic than 16DSPC spectra. The doxyl unit of 16DSPC is posi-
tioned at the end of the acyl chains as compared with 5DSPC that is close
to the carbonyl region in the bilayer. Hence, 16DSPC shows higher
reorientational mobility and, therefore, more isotropic spectra in all
tested DMPC model membrane systems. Note that the CW EPR spectra of
LUVs feature more isotropic peaks than those of the three nanodisc

systems [18-21]. A superficial, visual comparison of SMALPs, DIB-
MALPs, and SMA-SBLPs seems to indicate that the differences in the line
shapes of the spin labels are insignificant.

Therefore, we performed spectral simulations using the model of
anisotropic Brownian motion with axial symmetry (see SI for further
information). Two important parameters that derive from this approach
are (i) the rotational correlation time 7, and (ii) the segmental order
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Fig. 2. Comparison of the DSC thermograms of DMPC LUVs, SMALPs, DIBMALPs, and SMA-SBLPs with best-fit simulation parameters extracted from CW EPR
measurements using (A) 16DSPC and (B) 5DSPC. Shown are the temperature dependencies of the rotational correlation time 7., the mean apparent isotropic hy-

perfine coupling value ajso,app, and the nitroxide order parameter S,,.

parameter S,, for the doxyl unit. The respective values for both pa-
rameters at temperatures below (15 °C), around (23 °C), and above
(35 °C) the main phase transition temperature T, of DMPC are sum-
marized in Tables 1 and 2.

The rotational correlation time 7. is derived from the diffusion tensor
elements D (motion around the unique axis of the NO-group) and
Wﬁ and is a simplified

measure of the rotational mobility of the doxyl unit. As described above,
changes in the spectral line shape reveal fastest motion for 16DSPC in-
side LUVs. The 7-values for the three nanodisc system are similar to but
slightly higher than for LUVs above Ty,, indicating a more restricted
mobility of the nitroxide. The segmental order parameter S,, correlates
with the semi-cone angle g via S,, =1 (3cos? —1) [22]. The semi-cone
angle confines the wobbling motion of the respective observable
segment based on the position of the doxyl-unit along the acyl chain of
the lipid. A rigid crystal structure of the membrane would be described
by the maximum value of S,, = 1, whereas a state of maximum disorder
would be characterized by its lowest value of S,, = 0 [21]. The closer the
doxyl unit is situated towards the headgroup region of the lipid bilayer,
the larger the order parameter. When comparing LUVs and nanodiscs,
SMALPs, DIBMALPs, and SMA-SBLPs yielded a higher order parameter
than polymer-free liposomes. This effect was more pronounced for the
16DSPC spin label probing the center of the lipid bilayer than for the
5DSPC spin label near the carbonyl region.

D, (perpendicular to unique axis) as 7. =

Table 1

CW EPR simulation results of 5DSPC spectra in DMPC LUVs and nanodiscs.
5DSPC
T/°C LUVs SMALPs DIBMALPs SMA-SBLPs

S, 7./NS S.2 T./NS S, 7./NS S,z 7./NS

15 0.66 27.7 0.70 21.3 0.70 27.4 0.70 26.6
23 0.61 9.7 0.67 15.1 0.67 16.2 0.66 16.2
35 0.57 5.9 0.63 8.6 0.61 8.3 0.62 7.9

Table 2

CW EPR simulation results of 16DSPC spectra in DMPC LUVs and nanodiscs.
16DSPC
T/°C LUVs SMALPs DIBMALPs SMA-SBLPs

S,z 7./NS Suz 7./NS Suz T./NS Su2 7./NS

15 0.25 6.5 0.36 3.3 0.34 5.1 0.35 4.5
23 0.18 3.4 0.32 2.6 0.29 3.3 0.32 3.1
35 0.07 1.6 0.27 1.9 0.26 2.2 0.28 1.8

4. Discussion

As shown in the results, we are able to correlate the temperature-
dependent lipid characteristics detected by CW EPR with thermody-
namic information obtained by DSC measurements. This enables us to
get insight into the fundamentals of polymer/lipid interactions in
nanodiscs which is much needed in this field of research. The successful
preparation of DMPC nanodiscs with all three polymers is verified by
DLS and TEM. In addition, DSC reveals that in all samples the lipid
properties change as expected: (i) the main transition of DMPC broadens
because of a decrease in the size of the cooperative unit reflecting a
smaller particle size, and (ii) a small effect on Ty, of DMPC is observed
for all polymers. At the polymer/lipid ratio studied here, no drastic
decrease in Ty, was observed, as is the case for SMALPs made from the
more hydrophobic copolymer SMA(3:1) [6]. In case of SMA-SB, a very
small fraction of remaining liposomes was detected in the DSC traces as
a sharp peak on top of the broad main transition, that, however, were
not observed in DLS measurements (see Fig. 2A and B, top).

On the basis of the CW EPR results, a direct comparison of 16DSPC
and 5DSPC for the same model membrane system yields a higher reor-
ientational mobility for the doxyl unit placed at the end of the acyl chain
(16DSPC), as highlighted in Scheme 1, leading to more isotropic spectra
corresponding to decreased rotational correlation times 7. (compare
Fig. 2A and Fig. S6B). Note that the temperature range across which 7.
changes correlates with the broadness of the respective main transition
peak determined by DSC. All three nanodisc systems exhibit a
decreasing rotational mobility of both spin probes above Ty, as
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concluded from both 7z, and S,,. Moreover, in a previous study of Stepien
et al. focusing on nanodiscs encircled by membrane scaffold protein
(MSP) [22], a more anisotropic motion of the doxyl unit was found
through the diffusion tilt angle # in S,, (discussed below). This trend was
rationalized by the increased pressure exerted by the protein belt on the
encircled lipid-bilayer patch. A similar effect found for the polymers
studied here is depicted in Fig. 3 [18-21]. For spin-labeled lipids, f§ plays
a crucial role as it significantly influences the shape of the CW EPR
spectra [25] as well as the proportions for the diffusion tensor elements
D and D,. 16DSPC possesses a smaller diffusion tilt angle in all three
nanodiscs, which correlates with a more anisotropic motion of the
respective doxyl unit.

Another feature already observed with MSP nanodiscs [22] is the
change in the polarity profile, which can be characterized with the hy-
perfine coupling tensor A [30]. Its diagonal values are further used to
calculate the apparent isotropic hyperfine coupling value ajsoapp (as
described in the SI) to analyze the hydrophobicity in the local envi-
ronment of the doxyl unit throughout the complete temperature series.
Note that especially the measurements below Ty do not represent
isotropic CW EPR spectra, emphasizing the “apparent” character of the
ajso values. In all DMPC nanodiscs, compared with LUVs, the water
accessibility to the polar headgroup is significantly increased (sche-
matically shown in Fig. 3), reflected in a higher hyperfine coupling value
in the liquid-crystalline phase (Fig. 2B), whereas a hydrophobic barrier
is formed in the center of the bilayer (see Fig. S6A) below Ty,. Moreover,
this water accessibility varies between the three different polymers
SMA, DIBMA, and SMA-SB, as reflected in different interaction patterns
between them and DMPC. This is particularly obvious in the case of
SMA, which, as already shown in our previous study with small nitro-
xide radicals as guest molecules [13], induces a significant drop in the
isotropic g-value for 16DSPC (see Fig. S7A). Note that the observation of
a hydrophobic barrier in the center of MSP-based nanodiscs cannot be
applied in general to all polymer-encapsulated systems as shown by the
behavior of ajso,app for 16DSPC (see Fig. S6A), again indicating that the
type of polymer affects the polarity profile of the membrane itself.

For nDSPC spin-labels (with n = 5, 16 in our study), S,, reports only
on the respective segment of the hydrocarbon chain to which the
nitroxide fragment is attached. Thus, it is a segmental order parameter
and does not reflect the order of the whole chain. The closer the doxyl
unit is located to the polar headgroup of the lipid, the more tightly
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packed are their respective segments in the fatty acid chains (see Scheme
1). The decrease of S;, with increasing temperature correlates with the
phase behavior determined via DSC independent from the respective
model membrane system. Note that all tested nanodisc systems lead to
an increase in the order parameter compared with DMPC liposomes.
This effect is least pronounced for DIBMALPs (but still of the same
magnitude as both SMALPs and SMA-SBLPs) [20], which form larger
nanodiscs and, consequently, contain a lower percentage of lipid mol-
ecules that are in vicinity to the polymer rim. Moreover, DIBMA displays
weaker interactions with the attached spin probe, thus leading to a
reduced change in S;; [21].

5. Conclusions

In this work, we analyzed CW EPR spectra of 16DSPC and 5DSPC
incorporated in DMPC nanodiscs and compared them to both spin-
labeled lipids in liposomes. We found that:

e all polymers induced broadening of the DMPC main transition while
maintaining a similar T,

o with all polymers, the water accessibility of the near-headgroup re-
gion and the center of the membrane changed,

o the segmental order parameter was increased in all studied nanodisc
systems compared with LUVs, and

e S,, of DMPC in DIBMALPs appeared to be slightly less affected than
with both other polymers probably due to DIBMA not bearing phenyl
groups.

All of these observations are schematically summarized in Fig. 3.
They indicate that the polymers exhibit different influences on the polar
and apolar lipid regions, which should be considered when preparing
polymer-solubilized lipids for protein studies or other in vitro in-
vestigations involving lipidic model membranes. CW EPR has long been
known to be a valuable method to obtain insights into the ordering,
rotational mobility, and water accessibility of lipids in large vesicles and
we here show that it can even help understand slight differences in the
local nanodisc structure induced by varying the applied polymer for
encapsulation. While DSC measurements indicate a rather small
macroscopic impact of the polymers on the lipids, several effects exerted
by the different polymers on the level of the lipid molecules were

Fig. 3. Schematic comparison of the local structures in DMPC liposomes (upper left-hand side) and the three nanodisc systems SMALPs, DIBMALPs, and SMA-SBLPs.
The location of the doxyl units is highlighted as red dots as well as the respective side groups of the polymer chain that reach inside the lipid bilayer system.
Differences in water penetration of all bilayer systems are indicated by exemplary water molecules (blue dots).
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observed with CW EPR spectroscopy, which allows characterization of
heterogeneity in lipid mobility and local structuring.
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Neurodegenerative disorders are among the most common diseases in modern society. However, the molecular bases of dis-
eases such as multiple sclerosis or Charcot-Marie-Tooth disease remain far from being fully understood. Research in this field
is limited by the complex nature of native myelin and by difficulties in obtaining good in vitro model systems of myelin. Here,
we introduce an easy-to-use model system of the myelin sheath that can be used to study myelin proteins in a native-like yet
well-controlled environment. To this end, we present myelin-mimicking nanodiscs prepared through one of the amphiphilic
copolymers styrene/maleic acid (SMA), diisobutylene/maleic acid (DIBMA), and styrene/maleimide sulfobetaine (SMA-SB).
These nanodiscs were tested for their lipid composition using chromatographic (HPLC) and mass spectrometric (MS) meth-
ods and, utilizing spin probes within the nanodisc, their comparability with liposomes was studied. In addition, their binding
behavior with bovine myelin basic protein (MBP) was scrutinized to ensure that the nanodiscs represent a suitable model
system of myelin. Our results suggest that both SMA and SMA-SB are able to solubilize the myelin-like (cytoplasmic) liposomes
without preferences for specific lipid headgroups or fatty acyl chains. In nanodiscs of both SMA and SMA-SB (called SMA(-
SB)-lipid particles, short SMALPs or SMA-SBLPs, respectively) the polymers restrict the lipids’ motion in the hydrophobic
center of the bilayer. The head groups of the lipids, however, are sterically less hindered in nanodiscs when compared with
liposomes. Myelin-like SMALPs are able to bind bovine MBP which can stack the lipid bilayers like in native myelin, showing
the usability of these simple, well-controlled systems in further studies of protein-lipid interactions of native myelin.

Introduction

In our society, medicine is frequently confronted
with neurodegenerative diseases such as multiple
sclerosis or the Charcot-Marie-Tooth disease which
are caused in part by myelination deficiency.!* For
early-state research of diseases connected to demye-
lination a variety of potential model systems is cur-
rently used in molecular-level studies*8. All of them
have their advantages and disadvantages and lead to
asignificant reduction of complexity compared to na-
tive myelin. This has the drawback that in studies of
interactions between myelin lipids and myelin pro-
teins in these model systems it is hard to know if and

how the findings can be transferred to the behavior
in native myelin. However, such an understanding is
essential and fundamental for a deeper understand-
ing of pathological conditions in patients.

At the molecular level, the myelin sheath wraps
around the axons of nerve cells of vertebrates.? Its
main function is the insulation of the axon from elec-
trical activity to increase the rate of signal transmis-
sion.2 Thus, the membrane action potential is trans-
mitted with high efficiency by saltatory conduction.’
To achieve this insulating function, the myelin sheath
mainly consists of lipid bilayers (lipid content
70-80 %1'°) that are tightly compacted by several



proteins.!13 Mutations, posttranslational modifica-
tions, and deficiencies in these proteins can lead to
demyelination and neurodegenerative diseases.? 11

The rather new class of polymer-encapsulated nano-
discs,1415 which are stackable and flat, fulfills the re-
quirements for representing a myelin sheath model
system, e.g. to contain all major lipids and proteins
abundant in human myelin, including high amounts
of cholesterol, and others listed in the SI. In addition,
the polymeric nature of the used amphiphiles pre-
vents penetration of the bilayer which could affect li-
pid properties or denature incorporated proteins.
The main downside to most of the known polymers
that are able to solubilize lipid membranes is their
strong absorption in the UV range which is useful for
protein studies.'® To overcome this and other chal-
lenges, new polymers are developed in the field of re-
search.16-20

In this work, we show how nanoscale models for my-
elin lipid bilayer membranes with the composition of
the central nervous system (CNS) or peripheral nerv-
ous system (PNS) cytosolic leaflet can be achieved
(see SI for details on criteria) by solubilization of my-
elin-like liposomes of the cytosolic CNS and PNS lipid
composition with the well-known polymers sty-
rene/maleic acid (SMA 2:1)?! and diisobutylene/ma-
leic acid (DIBMA)?¢ as well as the new polymer sty-
rene/maleimide sulfobetaine (SMA-SB).22-23 The sol-
ubilization of these lipid mixtures is remarkably chal-
lenging because of the high amount of negatively
charged, unsaturated phospholipids and the excep-
tionally high cholesterol content.2426 After prepara-
tion, the nanodiscs were investigated regarding their
lipid composition using HPLC and MS, their lipid
properties with continuous wave electron paramag-
netic resonance (CW EPR), and their interactions
with the model protein bMBP, which is known to act
as “molecular glue” between two myelin layers in
both PNS and CNS.!! The achievement of lipid nano-
discs with the challenging lipid compositions of PNS
and CNS myelin can in general be viewed as paving
the way for more complex lipid model membrane
systems on the one hand, and in this specific case al-
lows for future studies on protein-lipid interactions
in myelin and factors enabling or even enforcing my-
elin formation or degradation, even using native-like
combinations of myelin proteins in a realistic yet
highly controlled lipid environment.

Materials and Methods
Materials

The three polymers poly-(styrene-maleic acid)
(SMA 2:1 hydrolyzed from styrene/maleic anhydride
(Xiran SZ30010)), poly-(diisobutylene-alt-maleic
acid) (DIBMA) and poly-(styrene-maleimide sulfobe-
taine) (SMA-SB) were synthesized following a proto-
col published previously.22 HPLC-grade chloroform
(CHCI3) and methanol (MeOH) as well as the buffer
salts were purchased from Carl Roth (Karlsruhe, Ger-
many, tris buffer salt >99.3 % and NaCl >99.7 %).
Aqueous ammonia was bought from Griissing
(Filsum, Germany). All used lipids were purchased

from Avanti Polar Lipids (Alabaster, AL, USA). The
model protein bMBP (290 %) was purchased from
Sigma (St. Louis, MO, USA).

Preparation of polymer solutions and polymer-lipid
samples

Polymer stock solutions were prepared as previously
described.??-23 An appropriate amount of either SMA
or SMA-SB was dissolved in saline tris buffer (50 mM
tris, 300 mM NacCl, pH 7.4 in Millipore MilliQ water
with a specific resistance of p = 18.2 M(Q) cm) to yield
mass concentrations of 25mg/mL (SMA) or
15 mg/mL (SMA-SB) at room temperature followed
by heating combined with ultra-sonicating for
30 min at 70 °C. After cooling down, both polymer
stock solutions were stable for two weeks at room
temperature. DIBMA stock solutions were prepared
as described before.'¢ In short, Sokalan CP9 (BASF,
Ludwigshafen, Germany) was dialyzed against tris
buffer and the DIBMA concentration was checked via
refractive index with an Abbemat 450 (Anton Paar,
Graz, Austria) using a literature?¢ value for dn/dc.

Preparation of myelin-like nanodiscs was conducted
as follows: the lipids containing either no or
3.3 mol% spin label lipid (5DSPC or 16DSPC, replac-
ing PC lipids in part) were dissolved in CHCls/MeOH
2:1 (vol/vol), mixed in lipid compositions resembling
cytosolic CNS (cholesterol:PE:PS:PC:SM:PI
44:27:13:11:3:2) or PNS (choles-
terol:PE:PS:PC:SM:PI  37:22:19:9:9:4) myelin.?7-28
Subsequently, the solvent was evaporated in a gentle
stream of nitrogen to obtain a thin dry lipid layer.
Tris buffer was added, and the total lipid concentra-
tion was adjusted to somewhat above 3 mM. The li-
pids were allowed to suspend at 45 °C while ultra-
sonicating the sample for at least 10 min. Subse-
quently, the resulting liposomes were extruded (35
times) through a 400 nm polycarbonate membrane.
We have chosen to use liposomes larger than 100 nm
to increase the size difference between nanodiscs
and remaining liposomes and, thus, to improve the
chromatographic separation in the next step. Pre-
pared liposomes were mixed with polymer solutions
to various polymer to lipid ratios at a final lipid con-
centration of 3 mM and, subsequently, incubated at
45 °C for 16 h while shaking.

Separation of nanodiscs and remaining liposomes

During solubilization of liposomes of a myelin-like li-
pid composition, the resulting nanodiscs had to be
separated from remaining liposomes which could
hinder downstream characterization techniques. For
this, 500 pL of the 3 mM lipid /polymer suspensions
were injected onto a Superose 6 Increase 10/300 GL
size exclusion chromatography (SEC) column (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden)
mounted to an Akta pure (GE Healthcare Bio-Sci-
ences AB) chromatography system. The following
size exclusion chromatography was conducted using
saline tris buffer (50 mM tris, 300 mM NaCl, pH 7.4)
for elution with a flow rate of 0.5 mL/min. After dis-
carding approximately 7.5 mL (5 mL injection loop
purging and discarding of the first 2.5 mL which is



0.1 column volumes (CVs)) fractions of 500 uL each
were collected until 1.1 CVs were eluted. Detection
during chromatography was conducted with UV ab-
sorbance detectors operating at 254 nm for samples
containing SMA or SMA-SB and at 220 nm for DIBMA.
The fractions within UV absorbance peaks were fur-
ther studied with dynamic light scattering to ensure
the presence of particles in the size range typical for
lipid nanodiscs.

Dynamic light scattering (DLS)

DLS experiments were conducted on a Litesizer 500
(Anton Paar) either witha 70 pL 3 mm x 3 mm Micro
Quartz cuvette (Hellma, Miillheim, Germany) or dis-
posable cuvettes of 500 pL, the latter for characteri-
zation of SEC fractions. The irradiation wavelength
was A = 658 nm while the detection angle was main-
tained at 90° (side scattering) or 175° (back scatter-
ing) at constant temperature of 20 °C if not stated
otherwise. Prior to each measurement, the sample
was allowed to equilibrate for atleast 1 min. Data ob-
tained from DLS measurements was evaluated di-
rectly using the Kalliope software (Anton Paar).

Transmission electron microsco TEM

TEM samples were prepared by spreading 5 pL of the
(polymer-)lipid suspensions after chromatographic
separation of remaining liposomes and dilution with
an equal amount of tris buffer onto freshly glow dis-
charged grids with carbon support film (300 mesh)
on copper (Quantifoil Micro Tools, Grofdlébichau,
Germany). After 30-45 s excess suspension was blot-
ted up using filter paper. The grids were washed
three times with MilliQ water. 5 pL of 2 % aqueous
uranyl acetate solution was placed onto the grid and
also blotted up after 1 min. After preparation the
samples were dried for at least 24 h. All TEM samples
were examined with a Zeiss EM 900 transmission
electron microscope (Carl Zeiss Microscopy, Jena,
Germany). In addition, the best sample was also im-
aged using a Glacios 200 kV cryo-electron transmis-
sion microscope (Thermo Fisher Scientific, Eindho-
ven, Netherlands). The respective images were ac-
quired on a Falcon 3EC direct electron detector in lin-
ear mode with a total dose of 30 e-/A?, and a magni-
fication of 92000X, resulting in a pixel size of
1.567 A/pixel.

Extraction of lipids with organic solvent

For lipid quantification and mass spectrometric anal-
ysis, lipids of the prepared suspensions were ex-
tracted to CHCl3/MeOH following the protocol of
Bligh and Dyer.?° In short, to the volume of the aque-
ous suspension MeOH (2.5x volume) and CHCls
(1.25x volume) were added and the mixture was
shaken for 2 min. Again, CHCls (1.25x volume) was
added followed by shaking for 30 s. Additional water
was added (1.25x volume) and once again the mix-
ture was shaken for 30 s. The layers were allowed to
separate and the lower layer containing mainly
CHCI3, MeOH, and nonpolar lipids was collected and
the solvents were evaporated in a gentle stream of
nitrogen.

Lipid quantification with high performance liquid
chromatography (HPLC)

Lipids in nanodisc and liposome samples were quan-
titatively analyzed using an HPLC method custom-
ized from the literature.3® The measurement system
contained a LC Net II/ADC Interface Box, a PU-980
pump, a LG-2080-02 gradient mixer and a DG-2080-
53 3-line degasser (all from JASCO Deutschland,
Pfungstadt, Germany) as well as a LiChrospher Si 60
(5 pm) LiChro-CART 125-4 column (Merck, Darm-
stadt, Germany) and a SEDEX 55 ELS detector
(SEDERE, Alfortville, France). Prior to sample meas-
urements, stock solutions containing all lipids in ap-
propriate ratios were prepared to calibrate the quan-
tification (see Figure S5 and S6). 20 uL. sample were
injected for each measurement. Elution was con-
ducted at 1 mL/min with a solvent gradient of (A)
80/19.5/0.5 CHCl3/MeOH/NH34q(32 %) and (B)
60/34/5.5/0.5 CHCls/MeOH/H20/NH34q(32 %) (all
solvent mixtures in vol%) following literature.3° Dur-
ing elution, the solvent gradient was adjusted line-
arly as follows (here shown as relative content of sol-
vent A): 0-14 min 100 % > 0 %; 14-23 min 0 %; 23-
24 min 0 % - 100 %; and 24-25 min 100 %.

Mass spectrometry (MS)

Lipids were extracted from the nanodiscs and spot-
ted onto a 10 x 10 cm silica gel 60 thin layer chroma-
tography (TLC) plate F254 (Merck). TLC separation
was performed in CHClz/MeOH/H20 (65:25:4) as
mobile phase. After separation, TLC plates were air-
dried and stained with a 0.03 % (w/v) Coomassie
Brilliant blue G250 solution in 20 % (v/v) MeOH and
80 % H20. Visible spots were removed from the car-
rier and stained lipids (data not shown).

For lipid quantification, dried lipids were dissolved
in 20 pl of 80 % MeOH/20 % CHCIz (v/v) and 2 pl of
a 100 times diluted stock of SPLASH Lipidomix Mass
Spec standard (Sigma-Aldrich) in 80 % MeOH/20 %
CHCI; was added to each sample.

Mass spectra were acquired on a Q Exactive Plus Hy-
brid Quadrupole-Orbitrap Mass Spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA)
equipped with a Nanospray Flex ion source (Thermo
Fisher Scientific). 5 pl of sample were loaded into bo-
rosilicate offline emitter coated with gold/palladium
(Thermo Fisher Scientific).

MS settings were as follows: capillary voltage, +2.5 to
2.8KkV; capillary temperature, 250 °C; resolution,
70000; RF-lens level, 50; scan range of MS spectra,
400-1600 m/z; ion mode, positive (for PC lipids) or
negative (for PE/PS/PI lipids); maximal injection
time, 100 ms; automatic gain control target, 2-109;
microscans, 1; target resolution, 100000.

Tandem MS settings: maximal injection time, 100 ms;
automatic gain control target, 5:-105; microscans, 1;
target resolution, 70000; fragmentation type, HCD;
mass selection window, 1 m/z; Top20 automatic pre-
cursor selection for 1 min; selected precursors were
excluded for 30 s.



Acquired mass spectra were analyzed manually us-
ing the lipid maps tools (http://www.lipid-
maps.org/tools/).

Continuous wave electron paramagnetic resonance
(CW EPR) spectroscopy

CW EPR spectroscopy was used to further character-
ize the impact of surrounding polymers on the lipids
while being able to differentiate between different
polarities or restricted rotational motions. To this
end, spin-labeled lipids (5DSPC or 16DSPC, 3.3 mol%
of total lipid) were incorporated in the liposomes
(and, therefore, the nanodiscs solubilized from the
liposomes) substituting only phosphocholine lipids.
To ensure a good signal to noise ratio the aqueous
suspensions after SEC were concentrated using cen-
trifugation filters (Amicon Ultra 4 with a molecular
weight cutoff of 30 kDa, Merck Millipore, Billerica,
MA, USA) at 3220xg until a volume of 200-300 pL
was reached. After centrifugation, the presence of
nanodiscs in the resulting suspensions were checked
using DLS once again. 10-15 pl of the sample were
filled into micropipettes (BLAUBRAND intraMark,
Wertheim, Germany) and capped with capillary tube
sealant (CRITOSEAL Leica, Wetzlar, Germany).

X-band CW EPR spectroscopic measurements were
performed with the Miniscope MS5000 (magnettech,
Freiberg Instruments, Freiberg, Germany) benchtop
spectrometer. Temperature control was achieved by
connecting the H04 temperature control unit (mag-
nettech) and, thus, temperature series were rec-
orded between 0-70 °C. All spectra were measured
with a modulation amplitude of 0.1 mT and a micro-
wave power of 3.63 mW. The range of the magnetic
field was adjusted to the width of measured spectra
and set between 332.5 and 347.5 mT.

Analysis of the recorded CW EPR spectra was con-
ducted using MatLab (R2017a, v. 9.2) in combination
with the EasySpin toolbox (v. 5.2.28) for EPR spec-
troscopy.3! Spectra of liposomes (for both 16DSPC
and 5DSPC) and all other systems containing 5DSPC
were simulated with a single component using the
model of anisotropic Brownian motion with an axial
symmetry and orienting potential (see Supporting
Information for further information).32-33 In nanodisc
systems containing 16DSPC, inclusion of a second
component was necessary to achieve an acceptable
agreement between simulated and experimental
spectra.

Differential scanning calorimetry (DSC)

To analyze the impact of the three polymers on mac-
roscopic lipid phase transitions, DSC was used with-
out chromatographic separation of liposomes, since
both lipid mixtures did not show any phase transi-
tions in liposomes. Prior to all measurements, the
samples as well as the reference buffer solution was
degassed under vacuum while stirring. DSC measure-
ments were performed using a MicroCal VP-DSC dif-
ferential scanning calorimeter (MicroCal, Northamp-
ton, MA, USA). In all experiments, 5 heating/cooling
cycles were measured to assure sample stability and

reproducibility from which one representative heat-
ing curve (heating rate 60 K h-! between 5 and 95 °C)
was chosen. Further evaluation of the DSC results in-
volved subtraction of regularly collected
buffer/buffer baselines as well as subtraction of off-
set values, if necessary.

Results and Discussion

Preparation of myelin-like nanodiscs

The successful preparation of myelin-like nanodiscs
requires knowledge of the optimal polymer/lipid ra-
tio for optimal solubilization.?! To achieve this, the
solubilization efficiency of the three polymers to-
wards myelin-like liposomes was tested with DLS by
measuring autocorrelation functions as exemplarily
shown in Figure 1A. For all other autocorrelation
functions see Figure S1. Solubilization of the lipo-
somes goes along with a decrease in the size of the
scattering particles and, thus, with a shift of the auto-
correlation function to shorter correlation times.16 21
In previous studies using polymer nanodiscs, the sol-
ubilization efficiency was tested determining either
the size of particles,%21 the turbidity of the sample,!5
or other methods.6-17. 21 Here, both of the former
methods were found unsuitable for detecting the
presence of nanodiscs because only partial solubili-
zation of the complex lipid mixtures could be
achieved. The decreased solubilization efficiency is
easily explained by the lipid mixtures used here.?4-26
It is known that solubilization works best with satu-
rated short-chain lipids such as DMPC and if unsatu-
rated lipids are used, solubilization efficiency is re-
duced.?"- 25 This is thought to be due to an increased
lateral pressure within the lipid bilayer, which im-
pedes the penetration of the amphiphilic polymers
into liposomes.24-25 In addition, lipid mixtures stud-
ied here contain large amounts of cholesterol, which
is also known to increase the lateral pressure of the
bilayer3* and, furthermore, causes the bilayer to
phase-separate into ordered and disordered do-
mains.3% This phase separation may hinder the com-
plete solubilization process as well, given that do-
main formation is possible in liposomes but probably
not in the size-restricted nanodiscs because of the
much smaller number of lipids they contain.

All optimal polymer/lipid ratios (w/w) for the solu-
bilization approach used here are shown in Table S1.
As can be concluded from DLS measurements (see
Figure S1), SMA and SMA-SB showed substantial
shifts in the autocorrelation function, whereas
DIBMA exhibited only minor effects. While for solu-
bilization of CNS liposomes only small polymer/lipid
ratios were necessary in the case of SMA (1.5/1) and
SMA-SB (2/1), solubilization of PNS liposomes was
most effective when all three polymers were added
in the highest amount suitable for the following SEC,
i.e. at a ratio of polymer/lipid of 5/1.

Since the liposomes cannot be solubilized com-
pletely, the nanodiscs have to be separated from the
remaining liposomes. In this study, the separation
was conducted by SEC.
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Figure 1. Preparation of myelin-like SMALPs containing lipids
of the cytosolic PNS myelin composition. (A) Intensity correla-
tion functions before and after addition of SMA to PNS lipo-
somes (here, a lipid concentration of 1 mM was used); (B) size
exclusion chromatogram of the resulting mixture of liposomes,
SMA, and SMALPs with marked fractions containing nanodiscs
conducted with a flow rate of 0.5 mL/min; (C) size characteri-
zation of PNS SMALPs with DLS side scattering at 20 °C, the in-
set in (C) shows a section of a corresponding TEM micrograph
with nanodiscs marked by yellow arrows.

The detailed chromatographic separation and purifi-
cation of all nanodisc-forming systems can be found
in the SI. Comparison of all three polymers leads to
the conclusion that only in lipid/SMA systems an ad-
ditional peak appears in the chromatograms origi-
nating from nanodiscs. For both SMA-SB and DIBMA,
possible nanodisc peaks are overlaid by a peak of
pure polymer.

After SEC, all collected fractions that showed UV ab-
sorption were further tested for their particle size us-
ing DLS. If particles in the range of lipid nanodiscs (5-
30 nm) were found, the respective fractions were
combined (compare Figure 1C and Figure S3). The
nanodisc sizes observed in DLS correlate well with
the elution volume of the samples in the SEC when
comparing all polymers. Note that in all fractions re-
maining liposomes were detected even after SEC.
This may be the result of a low separation efficiency
of the SEC but, since the chromatograms did not
show a significantly increased baseline, an equilib-
rium between nanodiscs and liposomes, even after
separation, is more probable. From literature it is
known that polymer-encapsulated nanodiscs show
fast lipid exchange among each other and in combi-
nation with monolayers.3¢-38 A similar but somewhat
slower lipid exchange would probably be observed
between nanodiscs and liposomes, too. Thermody-
namically, the driving force for solubilization of lipo-
somes to nanodiscs is described using transfer free
energies of both the polymer or the lipid mole-
cules.3%-40 AGipia is positive, that is the lipids prefer
their initial bilayer state within the liposome, while
AGpoymer is negative, ie. the polymers prefer sur-
rounding the nanodisc rather than being adsorbed to
liposomes.2L 3940 In case of the complex lipid mix-
tures, used in this study, the magnitudes of both
transfer free energies could be in a range which al-
lows an equilibrium between nanodiscs and lipo-
somes containing polymer to be detectable. This is
plausible especially for mixtures containing a high
amount of cholesterol because in liposomes these li-
pid mixtures are known to form ordered domains. In
nanodiscs, by contrast, their size restrictions proba-
bly inhibit the formation of sizeable domains and,
thus, AGipia could be significantly more positive. For
future applications of myelin-like nanodiscs, a fur-
ther thermodynamic evaluation will be necessary,
which could be conducted using e.g. 3'1P NMR spec-
troscopy.39-40

From these lipid/polymer suspensions, TEM samples
were prepared by diluting them to 50 % of their ini-
tial concentration and ensuing preparation steps
(see Materials and Methods). TEM micrographs were
collected to confirm the presence of nanodiscs after
separation of remaining liposomes.
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Figure 2. Lipid composition of myelin-like nanodiscs as de-
tected with HPLC after extraction with CHCls/MeOH; (A), cyto-
solic CNS lipid mixture, (B), cytosolic PNS lipid mixture. Light
gray columns represent the theoretical lipid composition used
for liposome preparation. The lipids are shown in order of their
appearance in the chromatograms and error bars represent the
standard error of three independent experiments.

The TEM micrographs (see Figure S4 in the Support-
ing Information) of all samples show the successful
preparation of myelin-like nanodiscs indicating sim-
ilar sizes as detected by DLS (compare Figure S3 and
Figure S4). However, the three studied polymers dif-
fer in contrast. Nanodiscs of SMA and DIBMA yield
clear micrographs with sufficient contrast, while
nanodiscs containing SMA-SB appear to have lower
contrast. This is probably due to the different ionic
character of the polymers, as SMA and DIBMA are an-
ionic, whereas SMA-SB is zwitterionic,2? which may
influence the binding affinity of the contrast agent
uranyl acetate. To ensure constant staining for all
polymers, we optimized the staining procedure and
prepared the samples three times with each prepara-
tion being a double determination.

The whole preparation process is exemplarily shown
for the system PNS lipids with SMA (polymer/lipid
5/1) in Figure 1.

Analysis of lipid properties in myelin-like nanodiscs

After successful preparation of nanodiscs of myelin-
like liposomes, their lipid contents were studied to
ensure similarity with the well-known model system
of liposomes. This is because, although the lipid vesi-
cles were formed to resemble the myelin sheath com-
position, itis unknown if, during solubilization, nano-
disc lipid composition was robustly recovered.

To elucidate compositional variation, the lipid com-
position of prepared myelin-like nanodiscs was stud-
ied with analytical HPLC regarding headgroup con-
tent (see Figure S7).3° In Figure 2 the composition
of each system is shown in comparison to the lipid
composition of liposomes prior to solubilization with
the polymers. Only SMALPs and SMA-SBLPs are
shown, as DIBMALPs yielded no reproduceable re-
sults, which may be due to the low solubilization ef-
ficiency of DIBMA as was observed by CW EPR spec-
troscopy of incorporated spin labels discussed in the
following chapters.

From Figure 2 it can be concluded that the additional
extraction steps?? induce only minor changes in de-
tected lipid compositions (compare the theoretical
composition shown in light gray and liposomes, max-
imal deviation of -4.3 % for cholesterol in the CNS-
like liposomes). Both SMA and SMA-SB solubilize all
lipids in similar amount as they are present in the lip-
osomes and only minor preferences are observed
which is in accordance with literature.244! Somewhat
stronger deviations from liposomal compositions
were found in the case of the PNS lipid mixture: while
SMALPs appear to show a minor deficiency in choles-
terol content (-10 % compared to liposomes) and a
higher amount of PC (+7.5 %), SMA-SB prefers to sol-
ubilize anionic lipids (+2.4 % for PI and +4.4 % for
PS). The latter effect was also observed in the CNS li-
pid mixture but to a smaller extent (+1 % for PI). For
other lipid mixtures containing even more negatively
charged lipids, this solubilization preference of SMA-
SB could be useful since the mainly used negatively
charged polymers SMA and DIBMA showed repulsive
interactions with anionic molecules.?2 42-43 However,
deviations from the liposomal lipid compositions
were only minor and, hence, myelin-like nanodiscs
can be assumed to exhibit similar surface properties
as myelin-like liposomes in general.

Besides the lipid composition in terms of surface
charge, i.e., the relative ratio of all headgroups, the
polymers could prefer different lipid chain composi-
tions as well. To study lipid chain composition, we
used mass spectrometry after extraction and TLC.
TLC (data not shown) was conducted to minimize
overlap of lipid species with similar mass in the ac-
quired mass spectra. The results of MS analysis of all
systems are shown in Figure S9.

For PE, PS, and PI, all myelin-like nanodiscs exhibited
similar chain compositions as observed in liposomes
of the same lipid mixture with maximal deviations of
approximately + 30 %. For PC lipids, in contrast, de-
viations are found depending on the polymer and the
lipid mixture (see Figure S9C and D). These stronger



deviations can be attributed to the poor signal/noise
ratio of PC lipids in this experiment resulting from
polymeric contamination that could not be removed.
For all but few exceptions all lipids were found in
both liposomes and nanodiscs of all three polymers.
Therefore, it can be concluded, that SMA, SMA-SB,
and DIBMA do not exhibit pronounced preferences
for distinct types of lipid chains.

Besides lipid preferences, the polymers were also
compared concerning their lipid solubilization effi-
ciency. As can be concluded from Figure S1, SMA and
SMA-SB exhibited strong effects on the diffusional
correlation time, that is correlated to the mean size
of the particles, as observed with DLS, whereas
DIBMA did not change the mean diffusion coefficient
of the scattering particles. As an additional indicator
of solubilization efficiency, 16DSPC was added to the
lipid mixture as spin probe. By measuring CW EPR
spectra of all nanodisc systems after equal sample
treatment below power saturation the spin probe
concentration and, thus, the lipid concentration can
be compared by measuring the double integral (DI)
of the spectra.*+45 This, obviously, is possible only be-
cause none of the polymers exhibits strong prefer-
ences for either distinct lipid headgroups or distinct
lipid chains. In addition, the comparability of all sam-
ples was ensured by concentrating them to similar
volumes prior to measurement as well as by working
with low microwave power to prevent power satura-
tion.*+4> However, it was not possible to prepare all
samples completely equal and small preferences in
lipid solubilization were observed before. Therefore,
the normed double integral values shown in Figure
$10 have to be considered to be an approximation of
lipid content. From measured double integral values,
it can be concluded that only SMA and SMA-SB are
capable of solubilizing PNS and CNS lipid mixtures to
a suitable extent. DIBMA, in contrast, did not solubil-
ize either of the two lipid mixtures within the exper-
imental procedures applied in this study to an extent
usable for most applications. Thus, DIBMA will be ex-
cluded from the following discussion. Nevertheless,
temperature-dependent CW EPR spectroscopic
measurements were also performed with DIBMALPs
and are shown in the Supporting Information (see
Figures S14 and S22).

CW EPR spectroscopy also enables us to unravel
changes in lipid environment induced by the poly-
mers at different positions within the bilayer.46-4° For
this, spin labeled lipids were introduced bearing a
doxyl moiety either in terminal position (16DSPC) or
near the carbonyl group (5DSPC) of the sn-2 chain. A
different position of the unpaired electron spin al-
lows detecting hydration and rotational mobility in a
distinct section of the bilayer.#6-4° In this work, tem-
perature-dependent EPR spectra were measured be-
tween 0 and 70 °C of all studied nanodisc systems as
well as myelin-like liposomes and simulated with the
model of Brownian motion with axial symmetry (see
Supporting Information for further details and Ta-

bles S2-S13, Figure S18, and Figure S$26 for simula-
tion results). The temperature-dependent spectra
and comparison of measured and simulated spectra
are shown in Figures $11-S17 and Figures S19-S25.

First, from the observed CW EPR spectra, it is obvi-
ous that only minor differences between the CNS and
the PNS lipid composition were found for all studied
systems. The hydration, as concluded from simulated
14N hyperfine coupling constants aiso (see Figure S18
and Figure S$26), as well as the rotational behavior
(Figure 3 as well as Figure S18 and Figure S26) re-
mained similar when comparing both CNS and PNS
composition for each model system. Subsequently, in
the following all results apply for both systems if not
stated otherwise.

Second, due to use of 16- and 5DSPC, the nanodisc
systems can be compared to liposomes of a similar
composition to study the impact of each polymer
onto (i) the core of the bilayer and (ii) the interface
between hydrophobic chain and hydrophilic head-
group, respectively.46-49

For (i), 16DSPC was introduced into the lipid mixture
prior to liposome solubilization. From the data
shown in Figure S18 it can be concluded, that all
studied model systems exhibit axial rotation with
temperature-dependent 7, Szz and aiso.The rotational
correlation time 7. decreases with temperature. Ad-
dition of either of the two polymers SMA or SMA-SB
induces an increase of .. Furthermore, the rotational
motion of 16DSPC changes its anisotropy Tro®>® with
increasing temperature in myelin-like liposomes
while in both polymer-encapsulated nanodiscs it re-
mains nearly constant over the whole temperature
range studied. Thus, both polymers hindered a more
isotropic motion of the lipid chains. The CW EPR
spectra were simulated using the least number of
spectral components possible, that is one for lipo-
somes and one or two for both SMALPs and SMA-
SBLPs depending on temperature. Inclusion of a sec-
ond component characterized by a higher hydration
and lower rotational mobility, i.e., increased aiso as
well as higher 7c compared to the main component
found for all systems, respectively, in both nanodisc
systems was necessary to achieve a reasonable fit to
the experimental data. However, the respective addi-
tional components of both polymers differ in their
temperature stability, rotational restrictions, and po-
larity of their environment (see Figure $18). Com-
plex spectra with correlated aiso and rotational be-
havior causes a hindered separation of the simula-
tion parameters. The decreased aiso shown in Figure
$18, therefore, has to be considered most probably
an artifact resulting from simulation of the motional
regime of the spin probe which is especially difficult
to simulate in combination with environmental po-
larity and an additional component. However, if this
isareal effect, it could in the future be studied further
using hyperfine spectroscopy in D20 solvent, for ex-
ample.

For lipid bilayers surrounded by SMA, an additional
component between approximately 0 °C and 34 °C is



needed in the analysis, which exhibits increased t.
combined with a higher order parameter and a more
polar spin label environment when compared with
myelin-like liposomes (see Figure $18). 16DSPC in
SMA-SBLPs had to be simulated with an additional
component between 0 °C and 55 °C (CNS) or 64 °C
(PNS) which is denoted by even stronger rotational
restrictions combined with increased order but an
environmental polarity in between liposomes and
SMALPs (see Figure $18). In contrast to 16DSPC in
SMALPs, the spectra of 16DSPC in SMA-SBLPs at 0 °C
and 5 °C can be simulated using only the additional
component and, therefore, differ substantially from
the spectra found in liposomes.

The additional spectral component, featuring in-
creased polarity and hydration in each model system,
can be consistently explained with the addition of the
amphiphilic polymers, i.e., SMA14 43 and SMA-SB,22-23
that change polarity directly plus disrupt the bilayer
structure by providing the basis for increased water
penetration into the core of the membrane.!516.51 On
the other hand, increased restrictions of spin label
rotational mobility can either be the result of a poly-
mer-induced formation of a condensed lipid phase?3
52 or by lipid-polymer interactions with the sur-
rounding polymer itself.1s 48 51 To study this effect,
we performed DSC measurements of SMALPs and
SMA-SBLPs of both lipid compositions prior to sepa-
ration of the liposomes.

Cp peaks in the DSC results would indicate a lipid
phase transition, and as is observable in Figure S27,
in our DSC experiments there are no Cp, peaks over
the whole temperature range. Furthermore, when
studying 5DSPC in the same systems, no additional
spectral component is necessary for suitable fit of
simulation to the experimental spectra.

From the combination of CW EPR and DSC, it can be
concluded that the observed spectral component
with increased rotational restrictions and polarity
has to be induced by direct interactions between the
polymers and the lipids. Subsequently, the main dif-
ference between both polymers is probably induced
by different nanodisc sizes. The prepared myelin-like
SMALPs of both lipid compositions exhibited larger
diameters as observed with DLS and TEM than SMA-
SBLPs. The interfacial area between the polymer and
lipids depends on the particle diameter. This corre-
lates with the effects visible in the additional compo-
nent observed in the CW EPR spectra. However, it is
possible that the observed interactions originate
from a temperature-dependent size increase of the
nanodiscs. Such an increasing size was observed only
for myelin-like SMALPs, while SMA-SBLPs exhibited
anearly constant size as determined by DLS (see Fig-
ure S28 and Figure S29).

Addition of 5DSPC to the lipid mixtures prior to lipo-
some solubilization, enables the study of the interfa-
cial region between lipid headgroups and chains.46-49
The simulation results of temperature-dependent
CW EPR spectra are shown in Figure $26. They indi-
cate only minor effects when compared with results

of 16DSPC simulation which is due to the already re-
duced rotational mobility of the spin label.3% 48 How-
ever, a change in polarity was found for SMA in com-
parison with liposomes at elevated temperatures.
SMA shows a decreased aiso between 30 °C and 65 °C
compared with liposomes, which declines again
around 70 °C. This could be the result of SMALPs be-
ing more hydrophobic. The differences in aiso, how-
ever, are only minor. Thus, this interpretation has to
be reviewed using hyperfine spectroscopic methods
in future studies. The rotational correlation time t.
was affected to a small extent by the surrounding pol-
ymer, in contrast to the observations in the mem-
brane core. Nevertheless, differences between lipo-
somes and both nanodisc systems emerge when
comparing the anisotropy of rotation Trot.5° All three
systems, in general, exhibited strong anisotropic mo-
tion. With increasing temperature, Trot of both 5DSPC
in SMALPs and in SMA-SBLPs deviates from Trot
found in liposomes to a more isotropic rotational be-
havior. This effect was more pronounced in the case
of SMA-SB-encapsulated lipid nanodiscs, which is
probably due to SMA-SB being more apolar?? and,
hence, preferably interacting with the hydrophobic
core instead of the whole bilayer. Thus, less rota-
tional restrictions were exerted by SMA-SB in the
only weakly interacting hydrophilic part of the bi-
layer. As the hydrophobic-hydrophilic interfacial re-
gion remains sterically demanding and the lipids are
unable to leave the bilayer, the rotation becomes
more isotropic instead of becoming faster. Changes
in Trot, as observed here, are caused by significant dif-
ferences in rotational behavior while a similar z. is
maintained within the dataset (compare with Ref. 48).
Our results, thus, have to be considered a clear argu-
ment for changing rotational restrictions, that is an
increased wiggling motion of the spin label in-plane
compared to liposomes.

From studying myelin-like nanodiscs in comparison
with liposomes, it can be concluded, that a variation
of labeling position within the bilayer yields vastly
contrary results. While both polymers induced simi-
lar effects in both the membrane core as well as the
carbonyl-near region, respectively, the deviations
from liposomes were more pronounced in SMA-
SBLPs. Addition of the polymer induced increased ro-
tational restrictions in the membrane core that were
accompanied by an increase in polarity and hydra-
tion, while the rotational anisotropy in the more po-
lar regions of the membrane was reduced. Both find-
ings lead to a model depicted in Figure 5 which com-
bines a compression effect in the hydrophobic parts
with a small loosening effect in the hydrophilic parts
of the membrane. SMA exhibits the same effects to a
smaller extent, which is due to (i) a larger diameter
of the nanodiscs resulting in a reduced interaction
area between polymer and lipids in relation to lipid
number and (ii) a higher polarity of the SMA polymer
in comparison to SMA-SB, which enables SMA to bind
both the hydrophilic and the hydrophobic areas of
the lipid membrane while SMA-SB interacts to a
smaller extent with the headgroups than SMA.
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Figure 3. Simulation results of CW EPR spectra of 16DSPC (A/B) and 5DSPC (C/D) in liposomes and nanodiscs of the cytosolic CNS
(A/C) and PNS (B/D) myelin composition. Shown are the rotational correlation time 7. (A/B) of 16DSPC and the rotational anisot-
ropy Trot (C/D) of 5DSPC. The spectral component of slow rotation appearing in X-band CW EPR spectra of 16DSPC of SMALPs and
SMA-SBLPs is presented in brightened colors to set it apart from the fast-rotating component.

Suitability of myelin-like nanodiscs as model system
for protein studies

Successful preparation of nanodiscs with a (near) na-
tive lipid composition is only the first step necessary
for in vitro myelin research. Generally, the suitability
of the prepared systems for mimicking cytosolic my-
elin requires further investigations. To this end, we
added myelin basic protein (MBP) to the myelin-like
nanodiscs to test for MBP-membrane interaction and
induced self-assembly. MBP is abundant in both CNS
and PNS cytosolic myelin, and we have ample experi-
ence in the characterization of MBP in different
charge variants in LUVs.12.53 As a suitable model pro-
tein, here we used bovine MBP?8 which presents a
similar amino acid sequence as human MBP.>*

In the myelin sheath, MBP is incorporated into the
multilayer system between both cytosolic leaflets of
opposed bilayers.1-12 Since MBP acts as “molecular
glue”, holding together two lipid bilayers,!1-12 it in-
duces association of multiple lipid particles. There-
fore, its interactions with lipid model systems can be
observed by light scattering techniques. To ensure
comparability of all measurements, we added the
same amount of bMBP to each sample resulting in

equal protein concentration but differing lipid con-
centration and, thus, different lipid/protein ratio.

First, DLS of the nanodiscs with and without addition
of bMBP was measured. The resulting size distribu-
tions for SMALPs of both PNS and CNS myelin-like
nanodiscs are shown in Figure 4 (for both other pol-
ymers and comparison with pure bMBP see Figure
$30). In the case of SMALPs, addition of bMBP has a
strong effect on the size of scattering particles. The
small nanodiscs disappear while new particles of hy-
drodynamic diameters of more than 1 pm appear.
While the vanishing of the small particles probably
was induced by larger particles, which scatter much
more strongly, the large particles additionally ob-
served must be the result of aggregated nanodiscs.
The bMBP alone exhibited a small fraction of aggre-
gated protein. Those large particles, however, did not
scatter to a similar extent as the mixtures of SMALPs
and bMBP. Furthermore, mixtures of bMBP and the
polymer without lipids do not contain particles of
similar size (see Figure S30). Therefore, the ob-
served interactions cannot originate from unspecific
coulombic interactions between anionic polymer



In case of myelin-like SMALPs, the size of the nano-
discs limited the space available for the lipids to ap-

—— CNS SMALPs

proximately 10 nm. bMBP as a positively charged
81---- CNS SMALPs + bMBP v ] protein is known to preferably bind to negatively
—— PNS SMALPs |

i charged lipid surfaces.?857 Subsequently, it probably
gathers negatively charged lipids in inhomogeneous
membranes like the studied myelin-like composition.
The used spin label lipids bear zwitterionic PC head-
PV groups. Thus, it is possible that bMBP repelled or ig-
20 B nored the PC spin labels to some extent which is in
accordance with literature showing weak interaction
between bMBP and PC lipids.?% 57 If the protein did
not bind the spin probe lipids, they accumulate at the
rim of the nanodisc and, hence, likely interact more
frequently among themselves, which causes a broad-
ening of the peaks.

While the addition of bMBP to myelin-like nanodiscs
did not directly affect the mobility and hydration of
the spin-labeled lipids, they could be pushed to the
rim of the nanodisc and exhibit strong peak broaden-
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Figure 4. Size distribution of SMALPs of the cytosolic CNS and
PNS myelin lipid composition with and without bMBP as ob-
served with DLS measurements.

and cationic bMBP alone. For SMA-SBLPs, by con-
trast, no observable size change of the lipid particles
is induced by the protein (see Figure S30).

From DLS measurements, it can be concluded, that
only in myelin-like SMALPs bMBP can execute its na-
tive function of stacking lipid bilayers to a noticeable
extent.

By measuring CW EPR spectra of myelin-like nano-
discs containing 16DSPC or 5DSPC with bMBP it is
possible to study the protein’s effect on the bound li-
pids. The spectra of all nanodisc samples are shown
in Figure S31 and Figure S32 in the Supporting In-
formation.

We found that addition of the protein induced no
changes in lipid mobility and hydration for all stud-
ied systems. One would typically assume in CW EPR
studies of interactions between penetrating proteins
and lipids that an additional spectral component af-
ter addition of the protein becomes observable.5®
This is not the case here after addition of bMBP. How-
ever, bMBP had an effect on the spectral intensity in
some cases. When the protein is added to myelin-like
nanodiscs the double integral value has to be re-
duced to 50 % of the pure systems due to dilution. In
both SMALP systems and SMA-SBLPs containing PNS
lipids the double integral was reduced even further
to 30-40 % of the nanodiscs without protein while
for DIBMALPs and CNS SMA-SBLPs it remained ap-
proximately at 50 %.

A decrease in spectral intensity can be induced by in-
creased spin exchange interaction between the spin
probes.5¢ If this interaction becomes strong enough,
i.e., the spin probes collide directly, the spectral
peaks can become broad enough to be indiscernible
from the baseline. This effect could be induced by
guest molecules such as proteins which preferably
bind lipids or reject them if the model system is spa-
tially confined.

ing which, thus, have decreased intensity. This indi-
cation of protein binding to the lipids was only found
for myelin-like SMALPs and SMA-SBLPs containing
PNS lipids. This may be due to a slightly higher bind-
ing affinity of bMBP to the more anionic PNS lipid
mixture.

In conclusion, we have shown that myelin-like nano-
discs encapsulated by SMA are the only model sys-
tems thatare able to bind bMBP in a native way. SMA-
SBLPs only bind the protein if the lipid composition
resembles the cytosolic PNS, which may be the result
of changed lipid properties as discussed before. How-
ever, in PNS SMA-SBLPs bMBP was not able to stack
the nanodiscs. The resulting model is depicted in Fig-
ure 5.

Conclusions

In this study, we present the preparation of myelin-
like nanodiscs with SMA containing either PNS or
CNS cytosolic lipids. The study and optimization of
the solubilization process was conducted using DLS.
Since solubilization was incomplete and liposomes
remained, they had to be separated by SEC after
which the nearly pure nanodiscs could be character-
ized further.

The myelin-like nanodiscs were studied regarding
their lipid composition, the properties of the myelin
lipids and their suitability to be used as model system
for natural myelin in lab scale.

Our results suggest that the preparation in accepta-
ble amount is possible with the polymers SMA and
SMA-SB. Both polymers do not show any preference
for distinct lipid headgroups or chains. However,
only myelin-like SMALPs present lipid-protein inter-
actions with the model protein bMBP while main-
taining the protein’s natural function.

By including the spin-labeled lipids 16DSPC and
5DSPC in our solubilization, we were able to charac-
terize the effects of both SMA and SMA-SB on the li-
pids within the myelin-like nanodiscs either in the



Figure 5. Suitability of SMALPs and SMA-SBLPs as model system for human myelin. While SMALPs of both cytosolic CNS and PNS
lipid composition can bind bMBP and aggregate, only the PNS-like SMA-SBLPs can bind bMBP but, however, do not show aggregation.
Note the different constraint both polymers exert onto the lipids as observed with CW EPR measurements. The myelin-like lipid
composition is indicated by differently colored phospholipids as well as cholesterol. The sizes in this scheme are not to scale and

size differences are exaggerated.

hydrophobic center of the bilayer or near the car-
bonyl groups. We find that both polymers exert steric
constraints onto the hydrophobic part of the lipids
while a small loosening effect is observable for the
carbonyl-near membrane region. Both effects were
significantly more pronounced in SMA-SBLPs and
may have prevented the membrane stacking by
bMBP. The third amphiphilic polymer in this study,
DIBMA, was not able to solubilize myelin-like lipo-
somes in a usable extent.

In future studies, the preparation process described
herein will be further optimized and different pro-
teins will be studied in combination with the myelin-
like lipid composition. The model system presented
here enables further structural studies of partly dis-
ordered myelin proteins such as MBP1! with a variety
of methods, i.e. solution and solid state NMR spec-
troscopy.17-58 Even SMA-SB and DIBMA could be suit-
able for solubilization with different experimental
parameters. The composition of the nanodiscs could
be optimized using both cytosolic and extracellular
lipids. If it is possible to prepare nanodiscs contain-
ing both the extracellular and the cytosolic leaflet
this would enable even more nature-like research
such as mimicking myelin with all major lipids and
proteins in combination. When considering that the
lipid composition of PNS and CNS myelin is challeng-
ing to be solubilized by polymers, our work shows

that more complex lipid model membrane systems
are in general accessible through polymer-encapsu-
lated nanodiscs. We can furthermore study protein-
lipid interactions in myelin and factors driving mye-
lin formation or degradation using combinations of
myelin proteins in a highly controlled lipid environ-
ment resembling myelin’s cytoplasmic leaflet.
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ABBREVIATIONS

5DSPC, 1-palmitoyl-2-stearoyl-(5-doxyl)-sn-glycero-3-phos-
phocholine, 16DSPC, 1-palmitoyl-2-stearoyl-(16-doxyl)-sn-
glycero-3-phosphocholine, bMBP, bovine myelin basic protein,
CNS, central nervous system, CV, column volume, CW EPR, con-
tinuous wave electron paramagnetic resonance, DI, double in-
tegral, DIBMA, diisobutylene/maleic acid copolymer, DLS, dy-
namic light scattering, DSC, differential scanning calorimetry,
HPLC, high performance liquid chromatography, LPs, lipid par-
ticles (used in combination with the three polymers), MBP, my-
elin basic protein, MS, mass spectrometry, NMR, nuclear mag-
netic resonance, PC, phosphatidylcholine lipids, PE, phosphati-
dylethanolamine lipids, PI, phosphatidylinositol lipids, PS,
phosphatidylserine lipids, PNS, peripheral nervous system,
SEC, size exclusion chromatography, SM, sphingomyelin lipids,
SMA, styrene/maleic acid copolymer, SMA-SB, styrene/maleic
amide sulfobetaine copolymer, TEM, transmission electron mi-
croscopy, TLC, thin layer chromatography.
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5 Discussion

The papers published in my doctorate studies cover different approaches of influencing
lipids in supramolecular model systems by applying intramolecular or external
constraints onto the lipid molecules.

Paper [P2] deals with the observation of characteristics of monolayers at the air/water
interface containing a model ether and ester lipid, PHPC and DPPC, in comparison.
The data presented in this publication is closely connected to earlier work shown in
[P1]. The two studied lipids differ in the linkage between their sn-2 chain and the
glycerol backbone. While DPPC contains two acyl chains, as is typical for
phospholipids in most biological systems, PHPC comprises one ester bond in the sn-1
position and an ether bond in the sn-2 position. This somewhat small structural
difference was found to induce a major rearrangement of the glycerol backbone in
aqueous suspensions.53

The results collected in this dissertation suggest a similar effect in monolayers at the
air/water interface. While the surface pressure isotherms of both lipids are comparable,
additional measurements of IRRA spectra revealed different chain tilt angles in the
liquid condensed lipid phase accompanied by an increased hydration of both the
phosphate and the carbonyl group in PHPC. Furthermore, the methylene groups
directly adjacent to the carbonyl moiety in sn-1 position, which is present in both lipids,
are significantly more disordered in PHPC than in DPPC, i.e., gauche conformers
broaden the observable CH2 wagging progression bands. The monolayer study
presented in this thesis results similar lipid properties as in the bilayer system and is
therefore discussed closely related to the bulk system.53

First, it is remarkable that a substitution of a carbonyl group with a methylene segment,
that is the change from ester to ether bond, which presumably yields a more apolar
glycerol region, causes increased hydration of the respective part of the lipid. In
addition to hydrational changes, the ether linkage causes an altered ordering of the
glycerol-near methylene segments. All of the observed differences between PHPC and
DPPC are achievable only by rearranging the glycerol backbone in the lipid molecules.
In diester lipids, such as DPPC, the glycerol is known to be orientated approximately
perpendicular to the interface between lipid headgroups and the water in both bilayer
and condensed monolayer systems.%%-60.98 |n PHPC, in contrast, the ether bond in sn-2
position causes the glycerol backbone to be aligned approximately parallel to the
bilayer (or monolayer) plane.?® A similar effect is already known for phospholipids with
altered chain positions, i.e., 1,3-diacyl or 1,3-diamido phospholipids.®*-1% Intriguingly,
a change as small as introducing an ether bond causes similar changes to the overall
lipid orientation as interchanging the position of a whole chain and the headgroup on
the glycerol backbone.

As a consequence, the water accessibility of the polar part of the lipid changes. This
results in an altered lateral density in the headgroup region which could influence
interactions with peripheral guest molecules such as peripheral membrane proteins.
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Since not only the polar part of the lipid is affected by the structural changes but also
the hydrophobic chains’ tilt angle, the ether linkage influences the whole monolayer (or
bilayer) of PHPC. The structural adaption of the whole lipid molecule probably has
implications for native membranes in biological systems containing high amounts of
ether lipids, such as membranes of extremophiles.*+4¢ While both lipids and proteins
in extremophile organisms adapted to their environment,*19" changes in the
membrane structure have to be accompanied by adjustment of the membrane
proteins.

This work is meant to cover the structural changes in the model system of the synthetic
ether and ester lipids PHPC and DPPC. Thus, the obtained results are not directly
applicable to natural systems, which contain a variety of different lipids including
various headgroups, chain lengths, and degrees of saturation, and even membrane-
spanning TELs.#4#6 To increase the relevance for biological systems, both model
compounds are additionally studied in mixtures at the air/water interface.

Langmuir monolayers represent an excellent model system for the study of lipid/lipid
interactions in mixtures.® The thermodynamics of miscibility are easily accessible
through the measurement of compression isotherms on a film balance and can be
complemented by epi-fluorescence microscopy and spectroscopic measurements
such as IRRAS.8102103 |n the investigations presented here, the lipids PHPC and
DPPC were found to be non-ideally miscible over the complete observed surface
pressure range. However, in isotherms of PHPC/DPPC mixtures an additional kink or
plateau in the isotherms was visible, that did not appear in isotherms of the pure lipids.
The combination of fluorescence microscopy of PHPC/DPPC mixtures and IRRAS
using PHPC and chain-perdeuterated DPPC-de2 revealed that the additional plateaus
were not caused by additional lipid phases induced by immiscibility. Both lipids undergo
the main transition from liquid expanded to liquid condensed phase coherently but a
delayed transition of the headgroup phosphates could be the cause of the plateau.
The non-ideal miscibility of PHPC and DPPC found in this study is probably caused by
structural differences between both lipids as discussed before. Different glycerol
backbone orientations of both lipids have to result in slight changes in the overall
molecular shape of the lipids. Asymmetries between mixture components is known to
result in non-ideal mixing behavior and even in immiscibility in extreme cases.'04-105
The miscibility studies in this simple model system containing only two synthetic
components highlight the importance of understanding lipid/lipid interactions for
complex lipid mixtures. In nature, a variety of different compounds is involved in lipid
membranes including phospholipids, sterols, and membrane proteins.#346.101 A||
molecules incorporated in the membrane contribute to its unique function and behavior
and even small changes within the molecules can have a tremendous impact on the
supramolecular system.

The second project presented here consists of two papers that deal with the
interactions between amphiphilic copolymers and DMPC ([P4]) or myelin-like lipid
mixtures ([P5]). [P3] provides the basis for this study by presenting the interactions
between the same polymers and small molecules. In general, we took the same
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approach for both lipid systems. We prepared liposomes of the respective lipids and
added one of the studied copolymers, that are SMA,>%81 DIBMA, '3 and SMA-SB. The
mixtures of liposomes and polymer were then shaken for 16 hours at elevated
temperature, i.e., at 30 °C for DMPC and at 45 °C for the myelin-like liposomes. The
successful formation of nanodiscs was examined by DLS measurement and for the
best samples by electron microscopy.

The main goal of this project was to unravel the impact the polymers had on the lipids
through shielding the hydrophobic lipid chains against the surrounding water. In the
case of DMPC, this could be done by measuring DSC thermograms as was conducted
for SMA and DIBMA before.’38' In [P4], the DSC results were additionally compared
with temperature-dependent CW EPR spectroscopic measurements characterizing
motional restrictions and hydrational changes within the bilayer in two different
positions.%20-23.106 Tq this end, two lipid spin probes were introduced into the system,
respectively, that are 1-palmitoyl-2-stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine
(5DSPC) and 1-palmitoyl-2-stearoyl-(16-doxyl)-sn-glycero-3-phosphocholine
(16DSPC). The use of these spin probes allows probing the lipid properties in the
center of the bilayer or near the carbonyls, separately, while avoiding major
disturbances of the lipids.2%-23 We, first, studied the influence of the three copolymers
on well-known DMPC bilayers in paper [P4] and, subsequently, characterized
additional effects introduced by complex lipid mixtures in [P5], as is shown in the
following.

The ability of SMA and DIBMA to solubilize DMPC liposomes is well-established.8-%13
From DSC experiments discussed in the literature, it is also known that both polymers
exhibit different stress onto the bilayer due to aromatic side chains being able to
penetrate the lipid chain region in contrast to aliphatic side chains.’® CW EPR
spectroscopy of lipids labeled in different chain positions revealed a general increase
of motional restrictions caused by the polymers.1283.107-108 |n paper [P4], we present
the temperature-dependent CW EPR spectra of 5SDSPC and 16DSPC in nanodiscs
encapsulated by the established polymers SMA and DIBMA, and the new polymer
SMA-SB.

Evaluation of the DSC thermograms of all nanodiscs in comparison with DMPC
liposomes revealed a distinct broadening of the main melting transition of the DMPC
gel phase to the fluid crystalline phase. This broadening has to be attributed to the
decreased size of the cooperative unit of the transition due to the smaller size of the
particles.'® Furthermore, the main transition temperature Tm of DMPC liposomes was
maintained in all studied nanodiscs. Additional measurement and simulation of CW
EPR spectra showed clear impact of all three polymers on the segmental order
parameter in both probed chain positions in accordance with literature, that is, all
polymers increased the order of the lipid bilayer.12:83.107-108 Solubilization of DMPC by
the polymers also caused changes in lipid hydration. While the chain terminations, as
probed with 16DSPC, were less hydrated in nanodiscs compared to liposomes, the
carbonyl-near region experienced a higher degree of hydration. Changes of the
hydration imply altered water accessibility of the lipid chains which is caused by the
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surrounding polymers. Connected to the increased order, that is more pronounced in
the bilayer center, the higher lateral density in the bilayer inhibits water penetration into
the membrane core.

The additional constraints onto the bilayer that are caused by the encapsulating
polymers were found to be slightly more pronounced for both styrene-containing
polymers SMA and SMA-SB, which, again, supports literature conclusions.®'® The
results of this research paper, therefore, support former evidence for aromatic polymer
side chains being able to penetrate the bilayer, while aliphatic side chains, such as in
DIBMA, had only minor effects. In addition, an ordering effect of all studied polymers
has to be considered over large temperature ranges when applying nanodiscs for lipid
and protein research.

In paper [P5], the study of polymer/lipid interactions was expanded to complex lipid
mixtures resembling the cytosolic leaflet of the PNS or CNS myelin sheath.

The lipid mixtures used in this study consist of natural lipids, that were bought as
purified extracts from pig brain (phosphatidylethanolamine, phosphatidylcholine,
phosphatidylserine, and sphingomyelin) or bovine liver (phosphatidylinositol), as well
as ovine cholesterol (44 % in CNS and 37 % in PNS).®” Thus, the phospholipids were
mainly unsaturated and contained various chain lengths. Recreating the known lipid
compositions of cytosolic myelin, the applied lipid mixtures contained 15 % or 23 %
negatively charged lipids for CNS- or PNS-resembling mixtures, respectively.?* As
mentioned in the theoretical chapter of this thesis, the composition of both studied lipid
mixtures hinders efficient solubilization of liposomes by the amphiphilic copolymers
used here.88 However, it was possible to prepare nanodiscs from liposomes
containing the lipids listed above with SMA and SMA-SB, although no complete
solubilization could be achieved. DIBMA, in contrast, was not able to solubilize the
studied lipid mixtures in an amount suitable for the use as myelin model system. To
discriminate between not solubilized liposomes and newly formed nanodiscs, the
liposomes had to be separated via size exclusion chromatography.

After formation of the nanodiscs, their lipid composition was studied using HPLC and
MS. From the resulting data, it can be concluded that both SMA and SMA-SB preserve
the liposomes’ lipid composition in good approximation. Only minor preferences of
SMA for phosphocholines and of SMA-SB for anionic lipids were observed. MS
enabled the determination of the polymers’ preferences for distinct chain lengths or
degrees of unsaturation. We could show that in nanodiscs encapsulated by SMA or
SMA-SB similar lipid chains were present as in liposomes. Concluding these
experiments, the lipid composition of the prepared nanodiscs remains similar allowing
further investigation of the lipid properties within the bilayer.

CW EPR spectroscopy using 5DSPC and 16DSPC revealed similar effects as in
DMPC nanodiscs. While the polymers caused motional restrictions in the membrane
core, they did not affect the rotational correlation time of 5DSPC to a similar extent.
However, the anisotropy of rotation of the doxyl moiety near the lipids’ carbonyl groups
changed due to solubilization, i.e., the probe’s rotation became more isotropic in
nanodiscs at elevated temperatures compared with liposomes. Interestingly, the center
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of the bilayer was strongly influenced by the polymers depending on temperature. At
low temperatures, an additional spectral component was necessary for simulating the
measured spectra. This component featured a higher hydration accompanied by
restricted motion. With increasing temperature, this spectral component vanished.
Using DSC, we were able to rule out polymer-induced lipid transitions as a cause for
this behavior. The conclusive interpretation we drew was that lipid/polymer interactions
were responsible for the observed behavior. This means that at low temperatures the
lipids interacted strongly with the surrounding polymer belt, which is detected by
increased hydration and decreased mobility. With increasing temperature, this
interaction got weaker.

Combination of the results from [P4] and [P5] leads to the following model for the main
interaction patterns of the copolymers SMA, SMA-SB, and DIBMA with enclosed lipids.
If the polymer’s hydrophobic side chains are aromatic, they are able to penetrate the
lipid chain region of the solubilized bilayer, which is supported by literature results.?13
In addition, the hydrophobicity of the whole polymer probably governs the approximate
interaction area between the lipids and the polymer. The most hydrophobic polymer,
SMA-SB, preferred interaction with the bilayer core where it had the strongest effects
on the lipid mobility. SMA presented a similar, but weaker, impact on the lipids. DIBMA,
as the third studied polymer, exerted less restrictions on DMPC bilayers than both
aromatic polymers (compare reference 13). However, DIBMA was not able to solubilize
more complex lipid mixtures to a suitable extent. The impact of polymer hydrophobicity
is presented graphically in Figure 5.1.

Following the characterization of lipid properties, the myelin-like nanodiscs were further
investigated for their ability to serve as a model system for the human myelin sheath.
To this end, the protein bMBP was added which is known to act as a “molecular glue”
between the cytosolic leaflets of native myelin.®>°7 It binds two opposing bilayers and,
therefore, sticks the membranes together.%-%7 In the nanodisc system containing a
myelin-like lipid composition of either the cytosolic PNS or CNS leaflet, it should be

i T
i ﬁlﬁ% ff%ﬁ%ﬁ%

hydrophobic polymer hydrophilic polymer

Figure 5.1. Schematic representation of lipid/polymer interactions depending on the polymer’s
hydrophobicity as discussed in the text. Polymer (yellow) and lipids are depicted in an abstract form
disregarding the complexity of lipid mixtures including various chain lengths, headgroups, and degrees
of saturation as well as cholesterol content.
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able to stack the prepared nanodiscs. Using DLS and CW EPR spectroscopy, we found
stacking of the nanodiscs in a native-like manner for myelin-like SMALPs. This was
concluded from an increase in particle size and lipid/protein interactions as observed
via broadened CW EPR spectra.

In this final part of the project, successful MBP-induced aggregation of the nanodiscs
supported the potential of using myelin-like nanodiscs as a model system mimicking
the human myelin sheath.

Comparison of all projects presented in this thesis reveals several similarities. Both the
compression of monolayers at the air/water interface as well as manipulating
temperature parallel to IRRA or CW EPR spectroscopic measurements provides the
basis for understanding lipid phase transitions. The coupled IRRAS measurements or
CW EPR spectroscopy enable complementary investigation of lipid order and
hydration, both being featured in ordered/disordered transitions of the lipids as
investigated in this thesis.?6.10%-110 The results discussed before suggest quite similar
effects occurring in monolayers and bilayers caused by a small intramolecular change
within the lipid or by constraints exerted by exogenous polymers regarding hydrational
properties of the lipids. As could be shown, the water accessibility of the lipids’ chains
was strongly dependent on the headgroup and chain geometry, on the one hand, and
on surrounding molecules exerting steric restrictions on different parts of the lipid in
the studied nanodisc systems, on the other hand.

The preparation of myelin-like nanodiscs from natural lipid mixtures containing mainly
brain lipids and cholesterol combines all of the above presented topics. The lipid
mixture used comprised ester and ether lipids, i.e., they contained plasmalogens as
was shown by MS measurements in [P5], highlighting the study of mixtures between
these different phospholipids as was shown in [P2], exemplarily conducted with
synthetic ester and ether lipids. In addition, the outcomes of the temperature-
dependent study of DMPC nanodiscs in paper [P4] could be expanded with lipid/lipid
interactions occurring in the complex myelin-like lipid mixtures and, therefore,
contributes to the field of research with an easily accessible approach while preserving
a natural-like system.
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6 Conclusions and Outlook
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Figure 6.1. Graphical representation of the research done during the work for this thesis. The approach
of, first, characterizing the influence of a molecular change within the lipids and, second, the impact of
exogenous polymers on the properties of the supramolecular nanodiscs merge to a view on lipid model
membranes from different perspectives.

Impact on lipid
composition

During the work in my doctorate, | investigated a variety of factors influencing the lipid
behavior in monolayers and bilayers. The study of systems of increasing complexity
allowed stepwise interpretation of the impact of, first, an intramolecular change within
the lipids forming the investigated supramolecular assembly and, second, amphiphilic
copolymers surrounding different lipid bilayers resulting in polymer-encapsulated
nanodiscs. The general approach used in this thesis is depicted graphically in Figure
6.1.

The comparative study of monolayers at the air/water interface containing the model
lipids DPPC and PHPC in [P2] revealed major structural changes of the whole lipids
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caused by a change as small as substituting the ester bond in sn-2 position with an
ether linkage. This minor molecular difference resulted in rearrangement of the glycerol
region, accompanied by hydrational changes of carbonyl and phosphate group, and
by altered lipid chain tilt angle. Several mixtures of DPPC and PHPC showed non-ideal
miscibility involving a coherent compression-dependent phase transition of the lipid
chains followed by a headgroup transition.

This first part of the thesis shows that even small molecular changes of the lipids can
affect the properties of the macroscopic model system formed by them. For increased
biological significance, similar studies could elucidate the effect of natural ether lipids
which are abundant in extremophiles, Archaea, and even in some human
tissues_44-46,50-52

The second project presented here deals with the formation of nanodiscs from either
model liposomes consisting of DMPC or myelin-like liposomes containing natural lipids
in a composition resembling parts of the human myelin sheath. Here, the polymers as
exogenous molecules exert additional constraints onto the lipid bilayer that influence
the properties of the whole supramolecular assembly, as well.

In the context of this work, the main objective was to unravel different effects of the
polymers on two regions of the lipid bilayer: the membrane center and the carbonyl-
near chain region. Combining the results of [P4] and [P5] with the groundwork
discussed in [P3], it can be concluded that two main properties of the polymers govern
the mode of interaction with small molecules and lipids.

Firstly, the charge and hydrophobicity of the polymers play a role. The polymer’'s
charge and its resulting zeta potential is the main property influencing interactions with
small molecules and its hydrophobicity determines the interaction area between
polymer and lipids in nanodiscs containing the studied complex lipid mixtures. SMA
and DIBMA interact with other molecules mainly via coulombic forces, while the mode
of action of the zwitterionic SMA-SB is driven mainly by weaker interactions with small
molecules, such as hydrophobic forces (see [P3]). Incorporation of a myelin-like lipid
bilayer leads to SMA covering a larger area of the lipids and SMA-SB interacting
preferably with the hydrophobic membrane core. DIBMA in contrast was not able to
solubilize the investigated complex lipid mixtures to a suitable extent. In addition, the
charge of the polymer is involved in the first contact between solubilized liposomes and
the polymer during nanodisc formation. In [P5] it could be shown by comparing the lipid
preferences of SMA and SMA-SB that the charge difference between both polymers
causes only minor differences in solubilized lipids. Interestingly, SMA-SB was able to
solubilize slightly more anionic lipids compared with their abundance in the precursor
liposomes and in SMALPs. For the studied lipid composition this effect was minor but
it highlights the importance of using polymers of different charge adjusted to the lipid
mixture that should be solubilized.

Secondly, the nature of the hydrophobic side chains governs the magnitude of the
steric impact the polymers exert on the enclosed bilayer and presumably their ability
to insert into the membrane during nanodisc formation. Polymers containing aromatic
side chains, e.g., SMA and SMA-SB, were found to penetrate the bilayer to a higher
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extent than polymers bearing aliphatic side chains such as DIBMA. In DMPC
nanodiscs, this effect led to slightly stronger ordering of the lipids in SMALPs and SMA-
SBLPs compared with DIBMALPSs. In the study of myelin-like nanodiscs, this effect was
not observable due to DIBMA not being able to solubilize the liposomes, in the first
place. Because SMA solubilized the highest amount of lipids despite the polymer being
negatively charged, the inability of DIBMA in nanodisc formation is probably mainly
due to its inability to penetrate the already highly ordered myelin membrane.

In general, the addition of amphiphilic copolymers to liposomes can lead to changes in
the membrane’s water accessibility, lipid order, and lipid mobility as shown in both
discussed papers [P4] and [P5]. The influence of the used polymer has to be
considered by researchers for discussing the biological relevance of the observed
results. However, polymer-encapsulated nanodiscs represent one of the best
accessible model systems for lipid and membrane protein research. Possible
differences between natural systems and nanodiscs are not fully understood and have
to be studied further. In many cases deviations from natural characteristics are even
compensated by the advantages of using nanodisc-forming polymers, such as
avoiding detergents in protein purification or the ability to mimic natural system like the
myelin sheath.

Paper [P5] presents a possible application of nanodiscs in protein research in detail.
We could show that the myelin protein bMBP was able to aggregate myelin-like
nanodiscs in a presumably native-like manner. This paper covers the basics of
preparing a model system that could be refined to mimic the whole human myelin
sheath. To this end, several other proteins could be incorporated and the asymmetrical
membrane composition of the cytosolic and the extracellular leaflet of the myelin
membrane should be addressed. Furthermore, bMBP represents a peripheric
membrane protein.®” To this point, the studied myelin-like nanodiscs were not used to
characterize transmembrane proteins, yet. A suitable candidate for future research is
the myelin protein PO, which contains a transmembrane helix and both an intra- and
extracellular domain and connects three myelin bilayers via protein/lipid and
protein/protein interactions.""

In conclusion, this thesis contributes to several research fields including the monolayer
studies of ether lipids, characterization of interaction mechanisms between lipids and
polymers in nanodiscs, and the introduction of a model system resembling the human
myelin sheath, as is presented schematically in Figure 6.1. The results gathered during
this dissertation highlight the importance of understanding properties of the systems of
interest that may be considered as trivial by many researchers studying protein
functions and seeking applicability despite the lipids’ properties and restrictions having
an immediate effect on incorporated transmembrane proteins, for instance. While
many principles of influences on lipid properties could be elucidated here, every result
evokes a variety of new questions that this outlook cannot fully cover, which, of course,
is the main driving force in science.
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8 List of Abbreviations and Symbols

8.1 Abbreviations

5DSPC 1-palmitoyl-2-stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine

16DSPC 1-palmitoyl-2-stearoyl-(16-doxyl)-sn-glycero-3-phosphocholine

bMBP bovine myelin basic protein

CD circular dichroism

CNS central nervous system

CW EPR continuous wave electron paramagnetic resonance

DIBMA poly-(diisobutylene-alt-maleic acid)

DLS dynamic light scattering

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

DPPC-ds2 1,2-dipalmitoyl-ds2-sn-glycero-3-phosphocholine

DSC differential scanning calorimetry

HPLC high performance liquid chromatography

IR infrared

IRRAS infrared reflection absorption spectroscopy

MBP myelin basic protein

MS mass spectrometry

MSP membrane scaffold protein

NMR nuclear magnetic resonance

PC phosphocholine

PHPC 1-palmitoyl-2-O-hexadecyl-sn-glycero-3-phosphocholine

PNS peripheral nervous system

SEC size exclusion chromatography

SMA poly-(styrene-co-maleic acid)

SMA-SB poly-(styrene-co-maleimide sulfobetaine)

TEL tetraether lipid

TEM transmission electron microscopy

uv ultraviolet

xLP polymer/lipid particle with x being either SMA, SMA-SB, or
DIBMA
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8.2 Symbols
Lg*

Lgl

Lc

ms

Pg’

R

RA

Riref

Tm

lamellar gel phase of lipids

interdigitated gel phase of lipids

crystalline phase of lipids

electron spin quantum number

rippled gel phase of lipids

reflectivity of the monolayer-covered interface
reflectance-absorbance

reflectivity of the surface without monolayer
main transition temperature of lipids
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