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CHAPTER 1

Introduction

The central paradigm in structural biology—a well-defined tertiary protein structure
specified by an amino acids sequence is essential for its biological function!>
indisputable over a long time. Several biological functions (e.g. immunological recog-
nition,* enzymatic catalysis® or molecular discrimination by receptors®) accomplish the
structure—function paradigm as a stable globular structure is absolutely necessary. As
opposed to this, physiological functions such as signal transduction,”® cell-signalling®*®
or chaperone activity!? are related to proteins that possess disordered regions in solu-
tion.n3 11 These so-called intrinsically disordered proteins (IDP) challenge the structure—
function paradigm. Intrinsically disordered proteins are not completely unstructured.'?
However, IDPs contain function-related elements of local structural organisation'® under-
going disorder-to-order transitions as a response to biological signals such as binding to
other biomolecules' or environmental changes (e.g. temperature or pH).'® The fact that
the conformation of IDPs depends on their environment or on association with binding
partners provides several advantages. The protein may respond rapidly to environmental
changes. Furthermore, a fast interaction or association with, and control of, multiple
binding partners at once is possible.! Being shaped by the environment endows disor-
dered proteins with an inherent flexibility that enables them to recognise a broad variety
of biomolecular targets for purposeful specific interactions.!»'® The interactions leading
to the disorder-to-order transition of IDPs are determined by hydrogen bonding, hy-
drophobic interactions, electrostatic interactions as well as entropic contributions arising
from conformational changes.

Whether a protein folds into a stable, globular state or remains either unfolded in solution
or adopts non-globular structures is encoded in its specific amino acid sequence.™ " Com-
pared to proteins obeying the lock-and-key mechanism of function, the primary structure
of IDPs features a higher proportion of charged and a lower proportion of hydrophobic
amino acids.'® 2 Furthermore, IDPs are enriched in disorder-promoting amino acids (A,
R, G, Q, S, P, E and K) and depleted in order-promoting amino acids (W, C, F, I, Y, V,
L and N).2

Due to their involvement in physiological and pathological processes,?!?? the transition
behaviour of IDPs is of high scientific interest. To derive medical or pharmaceutical
benefit from IDPs, more insights into the origins of disorder and the adoption of mul-
tiple aggregation states as a response to specific environmental conditions are required.
Therefore, this thesis approaches the aggregation behaviour of two types of IDPs provid-
ing different perspectives from a variety of characterisation techniques.

—seemed



1 Introduction

The first chosen type of IDPs are stimuli-responsive peptide polymers. Polymer-like
repetitive amino acid sequences with intrinsical disorder serve as model systems to ex-
amine the relation of amino acid sequence and biophysical behaviour of IDPg.15:23,24
Promising candidates for prototypes of IDPs are polypeptides that are rich in amino
acids contributing to disorder, especially glycine and proline.'®?% Glycine possesses a
high chain mobility since it has no side chain that facilitates to adopt a diversity in
conformations.?®> The conformational restriction of proline’s main chain hampers the
formation of stable secondary structure elements.?®> The stimuli-responsive behaviour of
intrinsically disordered peptide polymers such as elastin- or resilin-like polypeptides has
attracted a broad attention over the last decades due to their potential for applications
as drug delivery systems in cancer therapy,?®2” or in tissue engineering.?®2? Advantages
of the pharmaceutical use of amino acid-derived polymers arise from their non-toxicity,3°
biodegradability®' and their precisely controllable primary structure by gene encoding.??
For a purposeful application, the disorder-to-order transition of these polypeptides has
to be understood to enable a precise tuning of the desired response to external stimuli.
Focussing on hydration processes during the disorder-to-order transition, Chapter 3 of this
thesis addresses the temperature-dependent behaviour of two types of thermoresponsive
peptide polymers studied by continuous wave (CW) electron paramagnetic resonance
(EPR) spectroscopy. (A brief introduction of the theoretical aspects of the quantum-
mechanical principles and the spin Hamilton operator of an EPR experiment in general,
theoretical aspects of the EPR measurement on nitroxide spin probes and the theory
applied for the simulation of CW EPR spectra is given in Section 2.1.) First, diblock
elastin-like polypeptides (ELPs) composed of a hydrophobic and a hydrophilic block are
investigated with respect to their temperature-driven phase-separating behaviour (Sec-
tion 3.2). The influence of polarity and hydrophobic mass fraction on the transition tem-
perature and the molecular structure of the polymer aggregates is analysed in this section.
Second, thermoresponsive peptide polymers with differing dehydration and rehydration
processes during heating and cooling, respectively, of the polymers are investigated in
Section 3.3. Analysing the influence of primary amino acid sequence and chain length
of the polymer on its phase transition reveals information about the reversibility of the
dehydration process of the polymer chains. FExperiments verifying the conclusions are
suggested in an outlook (Section 3.4).

The second type of IDPs, investigated in this thesis, is myelin basic protein (MBP).
This protein is a major component of the central nervous system and related to neurode-
generative diseases like multiple sclerosis (MS). It adheres to the cytoplasmic leaflets of
the oligodendrocyte membrane to ensure a high compaction of the myelin sheath, which
serves as an insulator of neuronal axons to facilitate nerve impulse transmission. The
different isoforms of MBP are invariably intrinsically disordered.?’ The amino acid se-
quence of MBP corresponds to specific characteristics of IDPs. In particular, MBP has
a higher proportion of charged amino acids, a lower proportion of hydrophobic amino
acids and exhibits an enrichment in prolines compared to proteins that fulfil the classic
structure-function paradigm.?%33 MBP’s lack of tertiary structure facilitates a rapid
association with various biomolecules. Representing a random coil in aqueous solution,3*
MBP undergoes a disorder-to-order transition during the interaction with its environ-
ment or binding partners.?® The interaction with lipid layers plays an important role in
the formation of a-helical structures of MBP.36:37



This thesis focusses on the interaction of MBP with myelin-like membranes. Upon ap-
plication of monolayer adsorption techniques, the interaction of MBP and monolayers
composed of different lipid compositions that resemble the myelin sheath at the air—
water interface is studied in Chapter 4. (Lipid monolayers and different techniques for
investigations concerning their phase behaviour and the general interaction of proteins
with lipid monolayers are introduced in Section 2.2. Furthermore, this section contains a
short summary about the line tension of different monolayer domains and about electro-
static interactions between charged monolayers interacting with charged proteins.) In a
first step, different lipid compositions are tested to reveal the role of every single major
lipid of the myelin sheath for the incorporation of MBP. For this purpose, bovine MBP
is used to leave possible influences of different charge variants aside (Section 4.2). Based
on these results, in the next step the influence of the charge of MBP is involved by us-
ing recombinant murine MBP variants of different charge (Section 4.3), relevant for the
pathogenesis of neurodegenerative diseases like multiple sclerosis. An outlook containing
preliminary experiments for further investigations is given in Section 4.4.






CHAPTER 2

Theory

2.1 Electron paramagnetic resonance

2.1.1 Basic principles

EPR spectroscopic methods are based on the detection of the resonance behaviour of
unpaired electrons in an external magnetic field B. The intrinsic angular momentum S
of a spinning electron is related to a magnetic moment pg by the relation

ps = -2 (2.1)

with the Bohr magneton ug and the g value of the free electron g, =~ 2.00232.

The degenerated energy level of a single electron in an external magnetic field splits into
two energy levels, depending on its magnetic quantum number mg = £1/2 and on the
strength of the magnetic field By. Therefore, the magnetic moment of the electron can
adopt two orientations relative to the magnetic field: |«) antiparallel (mg = +1/2) or

|B) parallel (mg = —1/2). Boltzmann’s distribution gives the relative populations n of
the two respective energy states:
Ny AFE
— = —— . 2.2
nﬁ exp ( kBT> ( )

The difference in energy between these two energy levels defines the resonance condition
AFE = hw = ge/,LBB(). (23)

Thus, irradiation of an electromagnetic wave with a frequency w results in a change
of the spin quantum state of the electron from |B) to ). The detection of the energy
difference AE absorbed by the electron is the fundamental principle of EPR spectroscopy.
Practically, the paramagnetic system is brought into resonance by keeping the irradiated
frequency constant and varying the energy level separation by sweeping the magnetic field.
To increase the signal-to-noise ratio of the spectrum, the magnetic field is additionally
modulated by a sinusoidal field with amplitude dB and a frequency of w =100 kHz. This
modulation leads to the detection of the first derivative of the absorption signal.
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2.1.2 Spin Hamilton operator

In the case of a paramagnetic system with a bound unpaired electron, the energetic
state of the electron spin is influenced by the external magnetic field, other electronic
spins as well as nuclear spins in direct vicinity of the electron. The energetic eigenval-
ues of the paramagnetic system can be described by solving the Schrédinger equation
ih%z/}(r,t) = Hv(r,t). The static spin Hamiltonian H contains all magnetic interac-
tions of the electron spin:

I;[(S) = I;[eZ +I:szs +ﬁhf+ﬁnz +ﬁnq+ﬁnn; (24)

arranged in descending order of their typical contribution to the overall energy state (in
angular frequency units). The single contributions to H are explained in the following.

The interaction of the electron spin with the external magnetic field is described by
the electron Zeeman term

H., = %BB(?gS. (2.5)
Due to the orientation-dependence of the applied magnetic field By and the electron spin
operator S, g has the form of a tensor with 3 x 3 elements. Euler angle transformation*
yields a diagonalised form of the g tensor:

Gzz 0 0
g=10 gun 0 |. (2.6)
0 0 g
In an atom, the deviation of the principal values of g of the spin system from the g value
of a free electron depends on the spin—orbit interaction term:3®
g =gel+2)\A
L; L,
Ay = Z (ol Lilvbk) (¥l L;|o) (2.7)
Ey— Ey
k0

with the spin—orbit coupling constant A. The orbital angular momentum L is zero in the
case of a non-degenerated ground state. The elements A;; describe the interaction of the
ground state (1g| with energy Fy and the excited state |1¢y) with energy Fj. The indices
of summation in Equation 2.7 run over the coordinate axes x,y and z.

Fast molecular motion of the paramagnetic system in solution leads to an isotropic value
Giso = (Gza+9yy+9z2)/3, which is an average of the orientation dependence of the g tensor.

*The successive rotation of the lab coordinate system around the so-called Euler angles «, 3 and ~y
transforms it into the molecular coordinate system of the radical corresponding to the relation®®

cosy siny O cosf 0 —sinp cosae  sina 0
R=R./(v)-Ry(B) R.(a) = | —siny cosy O]~ 0 1 0 | —sina cosa 0
0 0 1 sinB 0 cosf 0 0 1



2.1 Electron paramagnetic resonance

Contributions of the zero-field splitting term
H,, = S"D,S (2.8)

with zero-field interaction tensor Dy to the overall spin Hamiltonian emerge for spin sys-
tems of strongly coupled spins with a group spin S > 1/2. The energetic degeneracy of
the ground state is removed, even in the absence of an external magnetic field. However,
in this thesis, the zero-field splitting can be neglected due to S =1/2.

The Hamiltonian of the hyperfine interaction

Hy =) STAI, = Hi. + Hyg

k

H-fc = Z aiso,kSTIk (2_9)
k

Hy =) _ S'T.I,
k

with hyperfine coupling tensor Ay and nuclear spin operator Iy, of the kth nucleus coupled
to the electron spin contains information about the magnetic environment of the electron
spin. It describes the interaction between the magnetic moment of an electron spin
and the magnetic moments of surrounding nuclear spins p,. The hyperfine interaction is
composed of a Fermi contact term Hp. (isotropic) and a dipolar term Hgq (anisotropic)

that is described by the hyperfine coupling tensor:>®
T
A = aisol + 97 (2.10)
Ge

The isotropic part arises from the non-vanishing spatial probability density |1o(0)|? of
an s-orbital electron at the location of the nucleus:

tis0 = 00 geps g 1 110 0) (2.11)
In the case of entire motional freedom ajg is given as the trace of the hyperfine coupling
tensor ajgo = Tr(A) = (Aze + Ayy + A.2)/3.

The anisotropic part Hygq of the hyperfine interaction arises from dipole—dipole interaction
between the magnetic moments of the electron spin pe and of the nuclear spin p, with
distance ren, which is generally given by:

Ho T 3(”gren)(l‘/gren)
By = - — ) 2.12
g T, 212

The dipolar term ﬁdd of I:Ihf contains the dipolar coupling tensor T

-1 0 0
T, = 47Tﬁ7“3 7 3 YeBInlin 0 -1 0 . (2'13)
0 0o -2

The dipolar coupling tensor 1" neglects spin—orbit coupling and g anisotropy and is deter-
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mined by the dipole-dipole interaction of the magnetic moments pe and p, with distance

Ten.-

Analogous to the already addressed electron Zeeman interaction, atomic nuclei also
couple to an external magnetic field, which is called nuclear Zeeman interaction:

H, = _% Zk:gn,kBOTIk (2.14)

considering the intrinsic properties of atomic nuclei as gy, pn and I. The nuclear
Zeeman interaction has the opposite sign to the electron Zeeman interaction due to the
opposite charge of electron and nucleus. The number of energy levels ny of k interacting
spins in an external magnetic field is described by a Hilbert space with dimensionf3?

nu = [[(2J, +1). (2.15)
k

Atomic nuclei with a spin angular momentum of I > 1 exhibit a non-spherical charge
distribution giving rise to a nuclear electrical quadrupole momentum @. This quadrupole
momentum interacts with the electrical field gradient at the location of the nucleus, which
is induced by the charge distribution of the electron and surrounding nuclei. The nuclear
quadrupole interaction is described by the Hamiltonian:

I:Inq = ZIkTPka (2'16)
k

with the nuclear quadrupole tensor P and results in second order effects such as a shift of
resonance lines and appearance of forbidden transitions, which are difficult to observe in
CW EPR spectroscopy but detectable with HYSCORE (hyperfine sub-level correlation)
measurements.3

In solid-state NMR, the dipolar coupling tensor d®h yields structural information
on inter-spin distances in macromolecules.*® In EPR spectroscopy, the dipolar coupling
between the kth and lth nuclear spin

H,, =) Ifd*r (2.17)
k,l

is too weak to be detected directly.

Weakly coupled electrons are conveniently described by the addition of the Hamiltoni-
ans of the single electrons and of terms arising from their coupling:°
H(S1,85) = H(S1) + H(S>) + Hex + Hee
H. = STJ,S, (2.18)
Heo = STT..S.

TThe total angular momentum J = S + L of a gyrating spin arises from the coupling of the spin
angular momentum S and the orbital angular momentum L leading to the total magnetic momentum
Ky = ps + pr.



2.1 Electron paramagnetic resonance

The so-called Heisenberg exchange term Hey with an exchange coupling tensor Jex con-
tains the contribution of the overlapping wave functions of two electron spins in spatial
proximity (r < 1.5nm).#" The exchange term arises from a spin state exchange reaction
or the exchange of the unpaired electrons. In liquid solutions, the orbitals overlap for
short times due to collisions of paramagnetic species depending on molecular diffusion
and spin concentration.*?> The spin exchange is characterised by the exchange integral
Jio of the colliding spins, which determines the exchange frequency*?
2 2
— ‘]12—7—1 (2.19)
(1 + J5o7))

Wex =

with the lifetime 7 of the colliding pair and the mean time between spin exchanges 7.
The overlap of the wave functions, and thus Jio and wex, depends on the distance ree
between the interacting electron spins.*?> Consequently, the exchange component of the
EPR spectrum is characterised by a distribution of exchange frequencies wex(r).

The interaction energy of the dipolar term H,, containing the dipolar coupling tensor
Te. can be described in analogy to the dipolar part of the hyperfine interaction (Equa-
tion 2.12). The dipole-dipole coupling frequency of electrons depends on the distance
between the electrons with r5,3. The extraction of this coupling frequency and corre-
sponding inter-electron spin distances is addressed by pulsed EPR methods as DEER

(double electron-electron resonance).45

2.1.3 Nitroxides

Since covalent chemical bonds are based on the pairing of electrons, due to their diamag-
netic properties only few macromolecular systems are suitable for investigation with EPR
spectroscopy. This situation can be circumvented by the use of EPR-active, paramagnetic
tracer molecules that interact with the system of interest via non-covalent interactions.
This phenomenon of self-assembly depends on the systems environment and is called
the ‘spin probing’ approach. In this thesis, nitroxide radicals with the structural unit
R'R2N-0 are used as spin probes. In such nitroxides, the unpaired electron is delo-
calised along the N-O bond. Energetically relevant terms of the spin Hamiltonian are
the electron Zeeman interaction HeZ7 nuclear Zeeman interaction an and the hyperfine
interaction th between electron and the nitrogen nucleus with I = 1:

KB
h

HUNIN

Hyo =
NO 3

Bigs — BT+ STAI + H\(t) (2.20)
leading to the energy diagram of nitroxides as depicted in Figure 2.1. The contribution of
nuclear quadrupole interaction ﬂnq can be neglected.* The time-dependent term H; (t)
arises form the interaction between the electron spin and the oscillating magnetic field
B(t) of the incident microwave. The solution of the Schrédinger equation for isotropic
rotation has six eigenstates with energies:

Exo = gepsBoms — gnpunBom + aisomsmy. (2.21)

The rules for magnetic dipole transitions (Amg = 1 and Am; = 0) allow for three
transitions with energy difference:

AENo = hwi = gepBBo + aisomy. (2.22)
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EZ NZ HF
Amp =0
Amg =1
myip = —1
ms=+41/2 - my=0 w-
wo
my = +1 w4
my = —1
mg =—1/2 . my =0
mryr :+1

Figure 2.1: Energy diagram for a spin system with S = 1/2 and I = 1, e.g. a nitroxide
radical, considering electron Zeeman (EZ), nuclear Zeeman (NZ) and hy-
perfine interactions (HF). Following the transition rules for magnetic dipole
transitions Amg = 1 and Amj; = 0, three transition frequencies w_, wy and
w4 are detected for this spin system (green arrows) resulting in a three peak
spectrum (see Figure 2.2 a).

a) 2ais0 b) 24,

)

—

B B

Figure 2.2: CW EPR spectra of nitroxides with different rotational correlation times 7:
a) fast rotational motion with 7 = 10ps, b) slow rotational motion with
7 = 100ns. The spectra were generated with the EasySpin software package
(see Section 2.1.4).

As a consequence, the B-dependent EPR spectrum of nitroxides shows three peaks. The
zero crossing of the central peak coincides with the g value of the spectrum according to
the resonance condition shown in Equation 2.3.

The anisotropy of the g value of nitroxides cannot be detected with X-band frequencies
(v = 9.4GHz) as used in this work but rather with higher frequencies (W-band, v ~
94 GHz). However, the anisotropy of the hyperfine coupling a can be investigated with
X-band frequencies, since the hyperfine interaction is strongly orientation dependent.

The EPR spectrum of nitroxides is sensitive to environmental parameters and thus
reports indirectly about the system of interest. The values of ¢ and a, especially g,
and A,,, strongly depend on the polarity of the environment of the spin probe and can
therefore be utilised to distinguish between regions of high and low polarity.*”*® In polar
regions hyperfine coupling is stronger than in apolar regions, since in a polar environment
the zwitterionic structure is favoured compared to the neutral form and the electron spin

10
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2(7'p01ar
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apolar,
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Figure 2.3: Schematic depiction of nitroxide radicals in polar, hydrophilic (blue) and ap-
olar, hydrophobic (red) environments with gpolar < Gapolars @polar > Gapolar
and corresponding CW EPR spectra. In a polar environment, the unpaired
electron is predominantly localised near the nitrogen nucleus and in an apolar
environment near the oxygen nucleus affecting the g value and the hyperfine
coupling constant a. In systems with regions of different polarities, a super-
position of both spectral types is obtained (violet).

density is therefore increased at the nitrogen nucleus (blue spectrum in Figure 2.3). With
increasing hydrophobicity of the nitroxide environment, the g value shifts to slightly lower
field positions and hyperfine coupling decreases. The effects of polarity on g and a are
added up in the EPR spectrum, leading to a detectable shift at the high-field peak (red
spectrum in Figure 2.3). If spin probe molecules are present in both environments, a
splitting of the high-field peak is visible due to superposition of the two described spectra
(violet spectrum in Figure 2.3).

Furthermore, the nitroxide spectrum is sensitive towards solution viscosity that affects
the rotational dynamics of the spin probe. The translational diffusion of the nitroxide
cannot be resolved in an EPR spectrum, since only the angular motion in an external
magnetic field affects the magnetic interactions and the line shape. Rotational diffusion as
a random process is characterised by the rotational correlation time 7, which is generally
defined by the integration over the rotational autocorrelation functions p(t):

r= [ "ot = [ (D @(0) | Dyt di (223)

0 0

with Wigner rotation matrices D(€2(¢)) that describe the time-dependence of the nitrox-
ide orientation €2(t). Solving Equation 2.23 and applying the Stokes-Einstein equation
results for spherical moleculest in

1 4mnRy
6D,  3kpT

(2.24)

with solvent viscosity n and rotational hydrodynamic radius Ry. For an asymmetrically
tumbling molecule (D, # Dy, # D), the rotational diffusion coefficient results from

A model for ellipsoidal molecules has been proposed by Perrin.*®

11
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the geometric average Dy = ¢/ Dy DyyD... By means of the rotational correlation time,
the mobility of the spin probe can be subdivided into different dynamic regimes. In the
case of fast rotation, anisotropic properties are averaged out. The spectrum is charac-
terised by ¢iso, aiso and spectral lines of similar heights (Figure 2.2a). With decreasing
mobility of the spin probe, 7 increases and anisotropic effects become more visible. The
hyperfine coupling constant differs increasingly from ais,. Restricted rotational motion
results in an anisotropic spectrum with broad and inhomogeneous line shapes. The hy-
perfine coupling constant of an anisotropic spectrum amounts to A,, (Figure 2.2b).

2.1.4 Simulation of CW EPR spectra

Rotational correlation times of (virtually) isotropic EPR spectra can be calculated with
the relative heights of the spectral peaks.’%®! However, this method cannot be applied if
the system of interest involves regions of different environmental properties and thus, dif-
ferent spectroscopic species contribute to the spectrum. The experimental EPR spectrum

Sexp = Y _ fpSp with Y f,=1 (2.25)
p p

consists of the summation of sub-spectra S, of each spectral species that contributes
with the fraction f, (violet spectrum in Figure 2.3). Spectral simulation facilitates the
separation of the EPR spectra into individual spectral contributions and concomitantly
the extraction of the parameters needed to further analyse the investigated system. In
this thesis, home-written MATLAB (The MathWorks, Inc., Natick, MA, USA) routines
that are based on the simulation toolbox EasySpin®? have been used to calculate CW
EPR spectra of up to four spectral components.

The spectral simulation reproduces EPR spectra by quantum-mechanical numerical calcu-
lations, incorporating the Hamiltonian of the spin probe (Equation 2.20). The spectrum
is calculated for a certain set of the parameters governing the shape of the resonance
peaks: g tensor, hyperfine coupling tensor A, line width ABy,, and the rotational diffu-
sion tensor D;. The rotational motion of the spin system gives rise to fluctuating local
magnetic fields influencing the resonance frequencies and the line shape of the spectral
lines. The characterisation of the rotational diffusion by the rotational correlation time 7
(Equation 2.23) allows for a classification of the mobility of the spin probe molecule into
four dynamic regimes with different EPR spectroscopic characteristics: isotropic limit,
fast motion, slow motion and rigid limit (anisotropic powder spectrum). The dynamic
regime determines the mathematical algorithm that should be applied for the spectral
simulation. In this thesis, only the slow-motion regime is of interest.

For the simulation of the EPR spectrum of slow tumbling molecules, the stochastic Li-
ouville equation:

0 R S

5P 1) = —ilHa(t), p] = —i[H2(2(2)), p(€2,1)] — Talo(82,2) — po($2)] (2.26)
has to be solved.?3:54 It describes the time-dependent density matrix p with regard to
the spin Hamiltonian Hy(t), the rotational diffusion super operator I'g and the density
matrix at thermal equilibrium pg. Rotational motion results in the time-dependence of
Hj(t), which is expressed by the time-dependent random variable Q. The random angles

12
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are described in terms of the Euler angles: Q € {«, 8,7}.
To calculate line positions, intensities and widths of the EPR spectra of a spin system in

the slow-motion regime, EasySpin uses Equation 2.26 in the modified form®?
0 .
5 X1 8) = —[1H3(2(2)) + Aa]x (€2, 1) = —L(, t)x (2, 1) (2.27)

with out-of-equilibrium spin density x = p — po, Hamilton commutation superoperator
ﬂ; and stochastic Liouville superoperator L. The diffusion matrix I'q is determined by
the model describing the rotational motion. These models involve jump diffusion, free
diffusion and Brownian rotational motion. The latter is the most common. The intensity
I(wp — w) at a point w relative to the centre of the EPR spectrum wy is described by®% 6

I(wp — w) x Re(v'u)  with (L +i(wp — w))u = v (2.28)

with the superoperator v that describes the magnetisation in z-direction and auxiliary
vector w. The simulation of EPR spectra using EasySpin algorithms proceeds in three
steps. First, orientation-dependent ﬁ; (), T'q and v are computed with the help of
Wigner rotation functions Dfnn(ﬂ) Second, the matrix L is transformed into a tridiag-
onal form, applying v as starting vector. Third, every point of the spectrum is calculated.

2.2 Monolayer measurements

2.2.1 Model lipid monolayers

Phospholipids constitute the main component of biological membranes. Thesge lipids are
composed of glycerol, esterified with a hydrophilic phosphoric headgroup at the sn-3 posi-
tion and two hydrophobic fatty acid chains at sn-1 and sn-2 position (Figure 2.4). Phos-
pholipids are classified by the structure of the headgroup (e.g. choline, ethanolamine).
Due to their amphiphilic character, phospholipids, when dispersed in water, build aggre-
gates (e.g. micelles) to minimise the interface between hydrophobic parts and surround-
ing water molecules. The structure of these aggregates is determined by water content
(lyotropic mesomorphism), temperature (thermotropic mesomorphism), pH, salt concen-
tration and the structure of the respective lipid, including the structure and charge of
the headgroup, its length and the corresponding saturation of the acyl chains.

Lipids dissolved in a water-insoluble solvent can be spread onto a water surface build-
ing a monolayer at the air—water interface. In this monolayer the hydrophilic headgroup
points towards the aqueous subphase and the hydrophobic chains point towards the air.5”
Using film balance methods, the phase behaviour of lipid monolayers can be investigated
by reducing the available area A at the air—water interface while the surface pressure 7
is recorded simultaneously. The surface pressure—area isotherm of saturated lipids like
DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) shows a typical phase behaviour
during compression of the monolayer (black curve in Figure 2.5). At large areas per
molecule, the lipid molecules at the air—water interface show no interaction with each
other, resulting in very low surface pressures. In this gas-analogue phase (G), the lipids
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Figure 2.4: Basic structure of phospholipids. The X-group determines structure and prop-
erties of the phospholipid headgroup.

behave like a two-dimensional gas, which can be described by the ideal gas law:?®
TA = kgT. (2.29)

Reducing the available area per molecule by compression of the film with moveable bar-
riers, the monolayer reaches the liquid-expanded phase (LE), in which attractive van der
Waals interactions occur between the molecules. In contrast, the polar headgroups of
the lipids are strongly hydrated resulting in repulsive forces. In this isotherm region,
the acyl chains still have a high content of gauche conformation as in the gas-analogue
state. Further compression increases the interaction of the molecules. A plateau in the
m(A) isotherm indicates the transition from the LE to the liquid-condensed phase (LC).
In this phase the lipid chains are arranged in all-trans conformation and tilted against
the surface. The lipids are in a higher ordered state with a lower compressibility. The
ideal gas law is no longer sufficient to describe the lipids in the LE and LC phase. In this
case, the van der Waals interactions have to be taken into account:>

(w + %) (A= Ag) = kT (2.30)

where a and Ag include the attractive interaction of the lipid molecules and the mini-
mum required area of these molecules. In the subsequent solid-condensed phase (S), the
molecules are closer packed. Further compression leads to the collapse of the film.

The physiologically relevant lipids used in this study are mixtures of different structures
of the respective lipids containing saturated, as well as unsaturated fatty acids. These
lipids do not show the typical phase behaviour in the surface pressure—area isotherm as
described above. Due to double bonds that lead to a higher disorder in the hydrophobic
part of the lipid, the film shows no transition from LE to LC state (at 20 °C). Instead,
the collapse occurs directly after the LE phase (blue curve in Figure 2.5).

In addition to phospholipids, cholesterol is a major component of eukaryotic membranes.
Cholesterol is only slightly amphiphilic due to its hydrophilic hydroxyl group bound ter-
minally at the hydrophobic part of the molecule. Since cholesterol has no acyl chains
it does not adopt an LE phase. The 7(A) isotherm shows a direct transition from gas-
analogue to LC phase (green curve in Figure 2.5).
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collapse

A

Figure 2.5: Schematic depiction of a 7(A) isotherm of cholesterol (green curve),
brain phosphatidylcholine (blue curve) and 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (black curve) with different monolayer phases: gas-analogue
region (QG), liquid-expanded state (LE), liquid-condensed state (LC), LE/LC
phase transition, solid-condensed state (S).

2.2.2 Film balance methods

The surface pressure 7 of a lipid monolayer at the air—water interface is measured as the
difference between the surface tension of pure water vg and the surface tension of the

monolayer Yy:

=9 — Ym- (2.31)

Applying the Wilhelmy plate method,’® %" a thin plate of high surface roughness (e.g.
filter paper) is immersed into the subphase. The exerted force on this plate is measured,
which results from the surface tension of the subphase. The total force F' results from
downward directed forces that emerge due to gravity and surface tension, as well as
upward directed buoyancy as a result of the displaced water by the plate, resulting in:

F =mpg + 2ym(wp + tp) cos O — pygwptpyh (2.32)

with mass mp, gravitational acceleration g, width wp, and thickness ¢, of the plate, contact
angle 0 of the liquid on the plate, density of water py and penetration depth of the filter
paper h. The gravitational part mpg in Equation 2.32 is constant and can be determined
during the calibration of the Wilhelmy system. Due to the high roughness of the plate,
the filter can be assumed to be completely wet and the contact angle is then 6 = 0°.
The buoyancy part can be neglected since the width of the plate is much higher than the
thickness (wy, > t,,). These simplifications in combination with equation 2.31 allow for
the determination of the surface pressure. This is facilitated by measuring the difference
between the force of a clean surface and of a lipid monolayer on the filter paper:

_AF

= —. 2.33
2wp, ( )

To minimise the influence of the width of the plate, the pressure sensor is calibrated
using the surface pressure of ultrapure water (72.8 mN/m)%:62 and that of air (0 mN/m)
as reference points.
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a) Area—pressure isotherm b) Protein adsorption C) Epifluorescence Microscopy
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Figure 2.6: Schematic depiction of the monolayer techniques used in this work (top) and
corresponding data assessment (bottom). a) Trough with moveable barriers
to study the compression behaviour of lipid monolayers. The recorded area-
dependent surface pressure (diagram below) is measured with the Wilhelmy
plate method. b) Protein (~) injected below a monolayer at the initial surface
pressure min; in a trough of constant area. The recorded time-dependent
surface pressure (diagram below) is also measured with the Wilhelmy plate
method. The difference in surface pressure Am = mepd — Tinj is determined
for different 7in;. ¢) Epifluorescence microscope setup with 1) light source, 2)
excitation filter, 3) dichroic mirror, 4) microscope with aperture, objective,
and lenses, 5) emission filter and 6) camera. Upon addition of a fluorescent
dye to the lipid mixture, dark and bright domains become visible, depending
on the phase behaviour of the lipids in the monolayer (image below).

In the present work, the surface pressure is measured in dependence of molecular area
A, of time ¢ and in combination with epifluorescence microscopy.
In the case of the area-dependent measurement, the surface pressure is recorded during
constant reduction of the available area per lipid molecule with two symmetric moving
barriers for analysing the compression behaviour of the monolayer®? (Figure 2.6a). The
velocity of the barriers has to be slow enough to ensure thermodynamic equilibrium con-
ditions (v = 2 A%/(molecule-min)).
Time-dependent surface pressure measurements with a constant available area is a suit-
able tool to follow the adsorption process of e.g. proteins at the lipid monolayer film
(Figure 2.6b). With different amounts of lipids spread onto the subphase surface, the
initial surface min; is adjusted. If the protein injected below adsorbs to the monolayer,
a change in surface pressure Am can be detected since the area of the surface is kept
constant. The adsorption leads to a gain in Gibbs free energy resulting from enthalpic
(hydrogen bonding, van der Waals and Coulomb forces) and entropic contributions (re-
arrangement of the protein, release of water molecules and counter ions). If Ax, the
difference of the surface pressure at the end of the adsorption experiment 7e,q and the
initial surface pressure mini, is a linear function of my,;, it reveals the maximum insertion
pressure (MIP) of the protein adsorbed to the lipid monolayer, which is defined as the
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Figure 2.7: Schematic depiction of the first quadrant of a lipid domain with an averaged
radius r¢. Considering fluctuations of the domain contour, the radius r(«) is
angle dependent.

initial surface pressure, above which no adsorption of the protein to the monolayer occurs:

AT = Tepd — Tini = @ + b - Tinj

(2.34)
MIP = 7jpi(Am = 0mN/m) = —a/b.

Paramters a and b can be received from linear regression.

The combination of film balance methods with epifluorescence microscopy allows for a
visual detection of the phase behaviour of lipid monolayers (Figure 2.6 ¢). A fluorescent
amphiphilic molecule is added to the lipid composition in a low concentration to prevent
an influence on the microstructure of the monolayer. Different solubilities of the lipid dye
in i.e. LE and LC phages allow for the microscopic observation of coexisting domains.
The shape of the domains (circular, starlike, propeller, bean, fractal...) is determined by
e.g. the chemical composition of the lipid layer and the surface pressure. The excitation
wavelength matching the fluorophore in the sample is selected by an excitation filter after
the polychromatic light is generated by a mercury vapour lamp. The light of the specific
wavelength is directed onto the sample. Light absorption excites the electrons of the
aromatic system of the fluorescent lipid from the energetic ground state Sp into different
vibrational states v/ of the excited state S; or higher excited states S;. The excited
electrons decay into the lowest vibrational state () = 0) of S; (internal conversion)
releasing thermal energy. The relaxation into the ground state leads to emission of light
of a higher wavelength than initially applied. The emitted light passes a dichroic mirror,
which separates the excitation light and the emitted fluorescence light. The coexisting
phases and domains of the lipid monolayer become observable by just combining the
fluorescence system with a microscope.

2.2.3 Line tension

The fluorescent dye used in this work (1,2-dihexadecanoyl-sn-glycero-3-phosphoethanol-
amine-N-(lissamine rhodamine B sulfonyl), Rh-DHPE, for chemical structure, see Fig-
ure 5.3) is preferentially located in LE or fluid phases of the lipid monolayer. Hence,
these phases appear as bright domains and LC phases as dark domains in epifluorescence
microscopy images of phase separated lipid monolayers. The domains observed in this
thesis are of a circular shape. After a deformation due to an external disturbance, the
circular shape is reconstituted rapidly. The driving force results from the line tension
~v at the domain boundary.®® This energy per unit length is a measure for the energy
difference of lipids located in the interface between LE and LC phase domains and lipids
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inside the phases. The free energy of the domain boundary arising from line tension:

FEline = v/dC (2.35)

depends on the contour C of the respective domain interface, where

2 1 (2" (or\?
= — — . 2.
C /0 rda+ o |, <8a> da (2.36)

Equation 2.36 considers small fluctuations and thus radii 7(«) that deviate from the
average radius ro of a circular shaped domain (Figure 2.7).%° If spherical domains are
assumed, the contour simplifies to C' = 27ryg.

2.2.4 Monolayer electrostatics

Electrostatic interactions between negatively charged lipids in the monolayer and pos-
itively charged adsorbing molecules like proteins often play an important role for the
overall protein-lipid interaction. The Coulomb interaction between protein and lipid
is screened if their interaction is investigated in a buffer solution. Following the Debye—
Hiickel theory,® the electrostatic potential of a charged molecule in an electrolyte solution
is decreasing exponentially with distance x from the charge surface of the potential g:

2 202
o(x) = @o exp(—kzx) with k = H% (2.37)

with Debye length x~!, bulk ion concentration ¢, and charge number z of the ion in bulk
solution and the dielectric constant of water e, and of vacuum &g.

The monolayer at the air—water interface is characterised as a charged surface. The theory
of Gouy and Chapman®7-68 describes the electrostatic surface potential of a lipid layer
assuming that the thermal motion of counterions in the electrolyte results in a diffuse
layer of ions.%*=" The Poisson equation

d2<p

5 (2.38)

p(x) = —ereg
with charge density p(z) and electrostatic surface potential ¢ can be used to describe the
electrostatic attraction between the charged surface and the respective counterions. The
charge density at point z in the aqueous subphase can be calculated by summarising the
charge densities of all ion species in the aqueous solution:

p(x) = Z Nazieci(x) (2.39)

with charge z; and concentration ¢; of the respective ions. The statistical distribution of
the ions in the solution follows a Boltzmann law:

ci(x) = cpy exp(—Zfi) . (2.40)
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Combining equations 2.38-2.40 reveals the Poisson—Boltzmann equation:

d2cp Nae z;ep
_ E o ) 2.41
dl‘Q Er€o i ZZCb’Z exp< kZBT> ( )

Taking Na -k = R and the boundary conditions i) ¢(x — 00) = 0 and ii) dp(z = 0)/dzx =
o into account, integration of equation 2.41 results in

1 (dy 2 RT Ziep
- == = i — —1]. 2.42
() = aa X o (57) -] 24

%

Assuming that the model system contains only symmetrical electrolytes leads to the
expression

dp S8RTc, . zep
—— =4/ sinh . 24
dx ErED St <2kBT> (2.43)

As a consequence, the charge density o at the surface amounts to

d
o = &0 <d§> = /8RT¢c,e00 sinh( sadl > ) (2.44)
0

2kgT

This equation allows to draw conclusions about the charge distribution of ions in an
electrolyte, which depends on the distance from the charged surface or the monolayer
containing charged lipids, respectively (Gouy—Chapman theory).
With the general definition of the surface charge density, o can directly be obtained from
the averaged area per charged molecule Ac:
Zhe

Oge A (2.45)
with the charge of the lipid headgroup zy.
Stern combined the theory of a diffuse layer of ions with a hypothetical layer of counterions
adsorbed to the headgroups of charged lipids.”* This relatively rigid layer was already
anticipated by Helmholtz.”> The surface charge density of this layer depends on the
number of ions bound to the surface ny and the number of lipid binding sites ny:

zeng

nAe '

Og —

(2.46)

The addition of oy and oy results in the total surface charge density o = oy + 05, which
can be used in equation 2.44 to obtain the electrostatic surface potential ¢y and ¢(x)
with equation 2.37.

The consideration of the electrostatic potential of a positively charged protein in the
buffer solution has to be performed in a similar manner.

The electrostatic interaction energy Fee. that affects the positively charged protein can
be described with:

Eelec = /pp(r - $)(Pext($>d$ (2.47)
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where the distance between protein and monolayer is r, the charge density of the protein
pp and the external electrostatic potential exs, which is the superposition of the electro-
static potential of the protein and the potential of the monolayer.

It has been shown that the surface potential and concomitantly the surface charge
density depends on the concentration of ions in the bulk solution ¢, temperature and
the dielectric constant of the subphase ;. Amongst others, the Gouy—Chapman theory,
as well as Stern theory includes the simplification that ions only interact electrostatically
in the diffuse layer. Furthermore, the dielectric constant has to be assumed as constant.
In fact, the latter depends on the degree of hydration and the orientation of bound water
molecules.”™7® Thus, in the interfacial region of lipid layer and bulk subphase, €, amounts
to values between the value for water (e; water(20°C) = 80.20)"" and the lipid acyl chains

(ertipia =~ 2).78
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CHAPTER 3

Thermoresponsive peptide polymers

3.1 Introduction

Peptide polymers showing a temperature-dependent conformational or solvation transi-
tion in aqueous solution are of particular interest e.g. for use in regenerative medicine?® 29
and protein purification.”8" Moreover, these polymers can host small molecules to serve
as drug delivery systems,?5:%7 due to their temperature-triggered encapsulation or release
properties.8! Thermoresponsive polymers that show a lower critical solution temperature
(LCST) behaviour exhibit a phase transition when the solution is heated above the LCST.
This inverse phase transition of LCST polymers is a complex process, which is neither
completely understood for synthetic polymers (like PNiPAAm %2 PPns®) nor for biolog-
ical peptide polymers, which have been studied intensely in the last decades.'® %85 Bio-
logical examples include polymers with amino acid sequences similar to those of elastin,
collagen fibres or resilin.?* They all have in common that they are rich in proline (P)
and glycine (G)®%7 containing regions, which have structure-breaking abilities.?> These
polypeptides can be summarised as having a P-X,,~G motif (n € N,0 < n < 4).%
Amino acid-derived polymers gain an advantage over synthetic LCST polymers through
their precisely controllable sequence and chain length by use of recombinant DNA- and
protein-engineering techniques.®®3? Molecular parameters like the amino acid sequence
of the peptide monomer or the number of repeats of the monomer control the LCST
behaviour of peptide polymers.?®

The phase transition behaviour of thermoresponsive polymers at the transition temper-
ature is entropically-driven as a disruption of the water network hydrating the polymer
chains leading to molecular conformational changes and a phase separation into polymer-
rich and water-rich phases.”’ ™3 This phase transition is accompanied by a decreasing
radius of gyration of the a-carbons and a state in which intra- and intermolecular hy-
drogen bonding between the polymer chains (e.g. secondary structures like B-turns) are
favoured over solvation, i.e. over hydrogen bonding to water molecules hydrating the
polymer chains.?3%6

The hydration of a polymer chain can furthermore be differentiated between the hydra-
tion layer of the backbone and the hydration layer of the side chains of the amino acid
chain. Tt was shown by Kurzbach et al.?? for elastin-like polypeptides (ELP) that both
hydration layers can exist in a coupled or in a decoupled state. Depending on the primary
sequence of the peptide polymer the backbone and side chains can be dehydrated in a
cooperative way at the transition temperature or independently from each other. In the
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latter case two different transition temperatures were observed.
Continuous wave (CW) electron paramagnetic resonance (EPR) spectroscopy on reporter
molecules (spin probes) as a non-invasive, intrinsically local technique can help to un-
derstand the temperature-dependent phase transition. The sensitive time scale of EPR
ranges from 10ps to 1 us.”” This makes EPR a powerful tool to investigate the inverse
phase transition since the exchange processes of amphiphilic spin probes between polar
and apolar regions of the LCST polymers coincide with the time scale of EPR.? The spin
probes are incorporated by non-covalent interactions and molecular self-assembly. They
act as reporter molecules and provide local information about their different nanoscopi-
cally sized environments (e.g. polarity, local concentration in spin probes) and concomi-
tantly of the water-rich and the aggregated hydrophobic regions of the polymer and the
exchange dynamics between them. The CW EPR spectrum of a nitroxide radical in the
fast and in the slow tumbling regime shows three peaks. The hydrophobic collapse at
the transition temperature is indicated by a change in the hyperfine coupling a, which is
reflected in a splitting of the high-field line. The change in a stems from spin probes that
reside in the dehydrated, polymer-rich regions, which sense less polar environments.
During the temperature-induced aggregation of thermoresponsive polymers, nanoscale
inhomogeneities occur,?” which can be detected using CW EPR spectroscopy. Kurzbach
described them as nanoscopic clusters of collapsed polymer segments, which represent an
apolar, hydrophobic environment compared to a fully solvated polymer.?” Nanoscale in-
homogeneities cannot be separated from the inverse phase transition of thermoresponsive
polymers, since a few local dynamic inhomogeneities on a nanometre scale already lead to
a transition that is macroscopically observable by turbidity measurements.”® Depending
on the observed spectral developments of the reporter molecules, the prevalent processes
and aggregated regions reflect nanoscopic behaviour that was characterised as either of
three types of nanoscale inhomogeneities:*7
1. static inhomogeneities: The spin probe is incorporated inside the inhomogeneity
and a dynamic exchange is impossible at any temperature. This type is charac-
terised in the EPR spectra by a splitting of the high-field line of the nitroxide
radical (spin probe), which is partitioned between two environments of different
hydrophilicity. The line splitting remains constant during a change in temperature.
Only the relative weight of the two spectral components changes.

2. dynamic inhomogeneities (I): In this case, a spin-probe exchange between polymer-
rich and water-rich nanophases is featured at intermediate temperatures slightly
above the initial formation of hydrophobic aggregates. The high-field peak of the
EPR spectra is split characteristically and the two peaks diverge continually with
temperature, due to a decreasing guest-exchange with increasing temperature.

3. dynamic inhomogeneities (11): The spin-probe exchange is featured at high temper-
atures. The EPR spectra show two lines merging with increasing temperature, due
to an increasing spin-probe exchange with increasing temperatures.

Depending on the timescales, the different types of inhomogeneities lead to a multimodal
or an averaged total EPR spectrum of the probe in the polymer-rich and in the water-
rich phase. For many systems it was found that the amphiphilic nitroxide spin probes
TEMPO (2,2,6,6-Tetramethylpiperidine 1-oxyl)8%83:9 and 16-DSA (16-DOXYL stearic
acid)%19 with rather large partition coefficients between hydrophobic and aqueous
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phases (TEMPO: 10gP,ctanol/water = 1.77, 16-DSA: 108Pocianol water — 4.49)'00 was best
suited for the measurement of the temperature-dependent behaviour of responsive poly-
mers.

In this chapter the temperature-dependent behaviour of two types of peptide polymers
is investigated with CW EPR spectroscopy with regard to the aggregation and hydration
behaviour of the polymer chains.

3.2 Hydration and nanophase separation of elastin-like
polypeptide diblock copolymers

This section is already published in:

Widder et al. Characterisation of hydration and nanophase separation during the temper-
ature response in hydrophobic/hydrophilic elastin-like polypeptide (ELP) diblock copoly-
mers. Soft Matter, 13:1816-1822, 2017.

3.2.1 Diblock ELP

Elastin-like polypeptides (ELP) are high-precision peptide polymers based on the hy-
drophobic domain of tropoelastin.'®? They are composed of the amino acid sequence
(VPGXG),, (VX\P)* and correspond to the P-X,,—G amino acid motif for n = 0. The
temperature-triggered self-assembly of a multitude of ELP-derived polymers has already
been studied by various methods like light and neutron scattering techniques,!03
ular dynamics simulation,?® NMR!94:195 and EPR spectroscopy.”?

A study by Garanger and co-workers'®® investigated diblock ELPs composed of a hy-
drophobic block and a hydrophilic block with different hydrophobic block size by light
and neutron scattering techniques (absorbance spectroscopy, DLS, SLS and SANS). Their
study yielded that once above the first transition temperature the hydrophobic block has
been desolvated independently from the hydrophilic block, the ELP block copolymers
form aggregates with a core of hydrophobic blocks and a corona of hydrophilic blocks.
The aggregates are first strongly hydrated and then continue to evolve thermally. A fur-
ther increase in temperature leads to a temperature-driven desolvation and compaction
of the core. As a consequence the aggregates expel water. At a second transition tem-
perature macroscopic aggregates are built through aggregation of the globular aggregates
through their hydrophilic coronas.

Since these diblock ELPs are possibly applicable as a drug delivery system, it is impor-
tant to investigate what small molecules sense in their environment and how they are
expelled or taken up during the phase transition. Hence, spin probing EPR is used here
to investigate the temperature-triggered self-assembly of the diblock ELPs of Garanger
and co-workers on the molecular scale at a constant molar concentration. Diblock ELPs
with different lengths x; of the hydrophobic block (VPGVG),, and x3 of the hydrophilic
block (VPGXG),, (X=A, G (1:1)) were examined and compared with regard to the
influence of the length of the hydrophobic block on the one hand and of the length of
the hydrophilic block on the other hand. Moreover, the effect of the guest residue in
the hydrophilic block without significantly changing its hydrophilicity is considered. For
complete amino acid sequences of the investigated diblock ELPs and experimental details
see Section 5.1. In the following, it will be referred to the diblock ELPs as ‘ELP z1—x5 .

molec-
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Figure 3.1: CW EPR spectra of 16-DSA in polymer buffer solution. a) Experimental
spectra of diblock ELP 200-30, b) experimental spectra of diblock ELP 40—
60 and c) simulated spectral components of the multimodal EPR spectra.

3.2.2 Results and discussion
3.2.2.1 EPR spectroscopic changes during the loss of hydration

Temperature-dependent changes of the investigated polymers were detected with CW
EPR spectroscopy using the spin probe 16-DSA (16-DOXYL stearic acid; for chemical
structure, see Figure 5.1b). The CW EPR spectra detected during heating of the poly-
mer solutions with 16-DSA are shown in Figures 3.1a, b and A.1. EPR spectra during
cooling are not considered since no differences between heating and cooling spectra have
been observed (Figure A.2).

At small T', the EPR spectra show no interaction between probe and polymer (exemplary
shown for ELP 200-30 in Figure A.3, 10 and 20 °C). The probe senses merely a slightly
higher viscosity. The interaction starts with the aggregation of the polymer. At tem-
peratures above the transition temperature the spectra exhibit temperature-dependent
changes that differ from the reference measurement of 16-DSA in pure buffer (exemplary
shown for ELP 200-30 in Figure A.3, T' >30°C). The spectra are composed of differ-
ent components of the spin probe. Three components were taken into account for the
simulation of the spectra (Figure 3.1c¢):

A) hydrophilic component: 16-DSA molecules freely rotating in buffer and showing
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no interaction with the polymer. The rotational correlation time 7 is in the order
of magnitude of 107!%s. The probe senses a polar environment leading to a high
hyperfine splitting constant a.

B) hydrophobic component: 16-DSA molecules located in hydrophobic and apolar
regions of the polymer. The probe rotates slower and senses a smaller polarity
leading to higher 7 (~ 107 s) and smaller a.

C) aggregated component: 16-DSA molecules forming aggregates (e.g. micelles) in
buffer. This leads to highly frequent spin probe collisions, which results in high
Heisenberg spin exchange frequencies, which as its hallmark shows a collapse of the
three peaks into one broad peak with lower amplitude. This component vanishes
partly during the increase of temperature and since the fraction of component C
is not reproducible, the fractions of the 16-DSA aggregates were subtracted out of
the fraction of the depicted hydrophobic component for the sake of comparability.

For simulated spectra, see Figures A.4-A.9.

At temperatures below the transition temperature the spectra are a superposition of the
three-peak spectrum of the freely rotating nitroxide molecules and the broad one-peak
spectrum of 16-DSA aggregates. In this temperature region the spectra of 16-DSA in
polymeric solution are similar to the reference spectra of 16-DSA in pure buffer: no
interaction of the spin probe with the polymer is detectable. With reaching the transi-
tion temperature of the respective polymer the hydrophobic component appears in the
EPR spectra, indicating the formation of polymer-rich nanophases that 16-DSA as an
amphiphilic molecule partitions into a large degree. Due to a smaller hyperfine splitting
constant and the shift of the hydrophobic component spectrum towards smaller mag-
netic (B-)fields, the appearance of the hydrophobic component becomes visible next to
the high-field peak at smaller B-field values than the third peak of the hydrophilic com-
ponent. The relative weight of these two spectral contributions changes with increasing
temperature. In the case of smaller hydrophilic mass fractions (e.g. ELP 200-30, Fig-
ure 3.1a) the appearance of the hydrophobic component in the spectra is more distinct
than for higher hydrophilic mass fractions (e.g. ELP 40-60, Figure 3.1b).

3.2.2.2 Microscopic phase transition

Since the above described LCST is the minimum of a phase diagram that also takes
the concentration of the polymer in the solution into account, the temperature of the
here reported phase transition process at constant concentration is denoted as ‘transition
temperature’.

The transition temperature T} jppgr of the diblock ELPs is marked by the onset of appear-
ance of the hydrophobic component in the EPR spectra. Since spin probing EPR reports
on the first occurrence of polymer-rich, apolar cavities in the polymeric system, the here
stated transition temperatures (Table 3.1) have to be discerned from absorbance spectro-
scopic data. The latter may identify the transition only when much larger aggregates are
present to scatter the transmitted light. Figure 3.2 shows the transition temperatures of
all measured diblock ELPs as a function of the hydrophilic mass fraction f. The tran-
sition temperatures derived from EPR measurements as well as the data of absorbance
spectroscopy (Garanger et al.'% and Table A.1) show an exponential dependence from
the hydrophilic mass fraction. Taking the exponential regression (see Equations A.1 and
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Table 3.1: Transition temperatures for all diblock ELP investigated with CW EPR spec-
troscopy. The transition temperature is indicated by the appearance of the
hydrophobic spectral components of 16-DSA.

1 T2 fhydropilic E/EPR in °C

200 30 0.12 2241
200 S30 0.13 22+1
200 60 0.21 24+1
120 60 0.31 26+1
80 60 04 28 +1
40 60 0.56 38+1
45 ‘
o UV-Vis
e EPR
40}
35
o

30

25

20

012 021 031 04 047 056
Hydrophilic mass fraction

Figure 3.2: Transition temperatures as a function of the hydrophilic mass fraction of all
diblock ELPs as measured by EPR and UV-Vis spectroscopy'%® (see also
Table A.1).

A.2) into account, a transition temperature can be determined for f = 0 corresponding
to the ELP motif (VPGVG). Table 3.2 compares the theoretical values for the transition
temperature of (VPGVG) determined by EPR, absorbance spectroscopy and turbidity. !0
Urry et al. assumed a linear dependence for T; = f(f), but considered only hydrophilic
mass fractions of f < 0.5. The results of EPR show slightly lower T-values than those
of Garanger'%® and Urry.!% This could have two reasons: with 16-DSA smaller inhomo-
geneities can be detected at lower temperatures than with absorbance spectroscopy and
turbidity and/or higher concentrations of the polymer lead to smaller transition tem-
peratures. But the former appears less likely because 16-DSA is too big to enter small
hydrophobic cavities. The smaller but more hydrophilic spin probe TEMPO (2,2,6,6-
Tetramethylpiperidine-1-oxyl) was also tested but did not show any interaction with the
diblock ELPs (Figure A.10). Hence, the slightly lower transition temperature is most
likely due to the employed higher polymer concentration.

The other extremum, f = 1, leading to the motif (VPGAG-VPGGG) would lead to far
too high transition temperatures compared to Urry, who stated Ty = 45°C for (VPGAG)
and T; = 55°C for (VPGGG). In conclusion the exponential model is an empirical model
to estimate the transition temperature for a given hydrophilic mass fraction f, but it
collapses at high hydrophilic mass fractions.
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Table 3.2: Extrapolated transition temperatures for diblock ELP with minimal hy-
drophilic mass fraction.

Ti/gpr in °C T cmr in °C T} jypry in °C

¢ = 300 uM c=25uM c=?
=0
21.15 23.26 24106
(VPGVG),,
508 i ?% 3E
< §313
%0.7 it
3 0.6
Q
805
<
Q.
904
2 o 200-30
fa 03 X 200-S30
c e 200-60
.20'2 e 120-60
801+ * 80-60
i o 40-60
0 10 20 30 40

(T-T)/°C

Figure 3.3: Fraction of simulated hydrophobic component of the EPR spectra of the in-
vestigated diblock ELPs.

Since the appearance of the hydrophobic component in the EPR, spectra of the diblock

ELPs marks the temperature of the inverse phase transition on the nanoscale, the fraction
of this component mirrors the progression of the transition process. At temperatures
near 7T; the fraction of 16-DSA molecules located in the polymeric aggregates increases
rapidly (Figure 3.3) indicating a sharp transition of the diblock ELPs. The smaller the
hydrophilic mass fraction, the faster the increase of the hydrophobic fraction after their
appearance. At higher temperatures, the slope of the fraction becomes smaller for all
diblock ELPs showing an asymptotic behaviour.
A higher hydrophilicity of a polymer leads to a higher hydration of the polymer chains and
less hydrophobic aggregated regions. As a consequence, less 16-DSA molecules are located
near to hydrophobic regions. This leads to smaller fractions of hydrophobic component
in the spectra and a smaller slope of the fraction increase, since more water molecules
around the not-aggregated hydrophilic parts of the polymer make it less likely that the
spin probe molecules favouring more non-polar regions actually enter the aggregated
regions.

3.2.2.3 Type of inhomogeneities

With spin probing EPR spectroscopy, only one transition could be detected. Garanger
et al.19% described two transitions for the diblock ELPs z1-60. If the loss of water and
the densification of the polymer aggregates that they reported between the transitions,
could have been detected by EPR, the occurrence of static inhomogeneities would have
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Figure 3.4: Results of simulation of the CW EPR spectra of 16-DSA in a polymer—buffer
solution: rotational correlation times (a) and c¢)) and hyperfine splitting con-
stant (b) and d)) of the hydrophobic component for different hydrophobic
block lengths (a) and b)) and different hydrophilic blocks (c) and d)). Hyper-
fine splitting constants give half of the difference in B field of the high-field
and of the low-field peak of the simulated EPR spectra of the respective
component.

been seen (see Section 3.1, case 1). In this case, the 16-DSA molecules would stay inside
the hydrophobic regions of the polymer sensing the loss of water but not exchanging with
the surrounding water-rich phase. The loss of water of the aggregates would be charac-
terised by an increase of the rotational correlation times with increasing temperatures as
a consequence of the restricted mobility of the spin probe in the densified aggregate and
by a decrease of the polarity at higher temperatures in the spin probes environment.

The simulation results do not support these considerations. As can be seen in Figure 3.4,
the rotational correlation times decrease and the hyperfine splitting constant increases
during the temperature rise. The increase of mobility of the spin probe molecules and
the increase of polarity in their environment characterises the polymer aggregates as
dynamic inhomogeneities. The gained mobility due to the temperature rise allows the
16-DSA molecules to diffuse between hydrophobic and hydrophilic regions. The detected
values of 7 and a are the average over both regions. Due to different a values of the
hydrophobic and the hydrophilic component, the high-field peak of the EPR spectra is
separated at temperatures just above T;. Way above the transition temperature of the
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polymer further increase of temperature leads to an increasing spin-probe exchange. This
becomes visible over the merge of the separated high-field peak of the spectra.

After the hydrophobic component arises in the EPR spectra, a stays constant for a spe-
cific temperature interval. The increase of temperature leads to an increase of a only
after temperature reached T + 8 °C in the case of ELP 200-z5, 120-60 and 80-60. ELP
40-60 showed an increase of polarity already at Ty + 4°C. At and above these tempera-
tures, the interface between polymeric aggregate of hydrophobic blocks and the corona
of hydrophilic blocks becomes permeable by the spin probes. This and the higher mobil-
ity allows the spin probe molecules to diffuse between these two regions. According to
Kurzbach et al.%7 the polymer aggregates and the collapse mechanism represent dynamic
inhomogeneities of type II.

3.2.2.4 Influence of the hydrophobic block

Diblock ELPs with different lengths of the hydrophobic block (VPGVG);, were inves-
tigated by spin probing EPR. Their block length x; amounted to 40, 80, 120 and 200,
while the hydrophilic block stays constant with the guest residues X =A, G (1:1) and a
constant length xo = 60. Higher x; cause smaller transition temperatures due to smaller
hydrophilic mass fractions f (Table 3.1). Simulation of the CW EPR spectra yielded
information about the environment of the different spin probe components. Since the
hydrophilic component represents the 16-DSA molecules freely tumbling in water, only
the results of the spin probe molecules located in the hydrophobic polymer aggregates
are plotted in Figure 3.4. For simulation results of the hydrophilic component, see Fig-
ure A.12.

As can be seen in Figure 3.4 a, diblock ELPs with higher x; show higher rotational corre-
lation times 7 inside the polymer aggregates. This means that the here located 16-DSA
molecules have a smaller mobility and rotate slower than the spin probes in polymer
aggregates of ELPs with smaller 1. A dependence of the hydrophobic block length is
also visible in the progression of the hyperfine splitting constant with increasing temper-
ature (Figure 3.4b). Smaller x; cause higher hyperfine splitting constants. Higher values
of a indicate a higher polarity in the environment of the spin probe, often speaking for
a higher amount of water. The temperature-dependent progression of both—the rota-
tional correlation time and the hyperfine splitting constant—can be interpreted such that
the 16-DSA molecules sense more water inside polymeric aggregates of more hydrophilic
polymers. As already stated, the more hydrophilic an ELP is, the more water molecules
surround this polymer due to its higher hydration. Hence, a spin probe inside hydrophobic
regions of ELP with higher hydrophilicity show higher values of a and smaller values of 7.

Another scenario, which could explain the higher hydrophobicity sensed by the spin
probe refers to the contact area of hydrophobic and hydrophilic polymer regions. Chang-
ing the length of the hydrophobic block by keeping the molar concentration the same re-
sults in different hydrophobic volume fractions per measured diblock ELP. Consequently,
the interface between hydrophobic and hydrophilic domains is diminished with higher x;.
To examine this possible explanation for smaller hyperfine splitting constants in the case
of higher x1, spectra of different concentrations of polymer and spin probe were recorded
and simulated (Figures A.13-A.21). Since the concentration of polymer as well as of
spin probe has no significant effect on the rotational correlation time and the hyperfine
splitting constant, it can be ruled out that the higher hydrophobicity sensed by the probe
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is a result of a diminished contact area between hydrophobic and hydrophilic regions for
higher z;.

3.2.2.5 Influence of the hydrophilic block

The hydrophilic block of the diblock ELPs was varied with regard to block length z9 and
guest residue in the hydrophilic motif of (VPGXG). 22 was chosen as either 60 and 30 with
the guest residue X =A, G (1:1), in each case with the hydrophobic block (VPGVG)qg.
Another diblock ELP was composed of (VPGVG)2po and (VPGSG)sp.

As can be expected, the effect of the number of repeat units of the hydrophilic block
T9 on the transition temperature is reverse to the effect of the number of repeat units
of the hydrophobic block x1. The diblock ELP with zo = 60 shows a higher transition
temperature than the diblock ELPs with x5 = 30 (Table 3.1). This is consistent with the
influence of 1 on the transition temperature, since a higher x5 causes a larger hydrophilic
mass fraction.

The comparison of the diblock ELPs with different guest residues in the hydrophilic block
shows no significant differences. The fraction (Figure 3.3), rotational correlation time and
hyperfine splitting constant (Figure 3.4 ¢ and d) of the hydrophobic component of the
EPR spectra of ELP 200-30 and 200-S30 show similar results for both polymers. Consid-
ering only the hydrophobicity of the different pentapeptides, the similarity in behaviour
is not surprising. According to the hydrophobicity scale of Urry et al.l% the transition
temperature of (VPGAG) amounts to 45°C, (VPGGG) to 55°C and (VPGSG) to 50°C.
Since the transition temperatures are a measure for hydrophobicity and hydrophilicity, re-
spectively, the hydrophilicity of the diblock ELPs 200-30 and 200-S30 is identical within
experimental error.

ELPs 200-30 and 200-S30 have similar hydrophilic mass fractions (Table 3.1). Due to
their xo = 30, their hydrophilic mass fraction is smaller than of all other investigated
diblock copolymers. According to the former subsection, it was expected that the hy-
drophobic component of the ELPs 200-30 and 200-S30 shows higher rotational correla-
tion times and smaller hyperfine coupling constants than ELP 200-60. Less hydration of
the polymers with zo = 30 gives rise to the presumption that the spin probe senses less
water molecules than in the case of xo = 60. However, the results (Figure 3.4 c and d) are
contradictory to this consideration. The rotational correlation times of the spin probe
molecules located in the aggregated regions of the ELPs 200-30 and 200-S30 are slightly
smaller than of 200-60. Concomitantly, the polarity in the probes environment is higher
for smaller xo observable on higher values of a of diblock copolymers with x5 = 30. As
the studies of Garanger'%® on diblock ELPs with a hydrophilic chain length of x5 = 60
showed, the hydrophobic parts of these diblock ELPs collapses into aggregates and the
hydrophilic blocks are located around these micelles. This is also in agreement with the
EPR-spectroscopic measurements of the ELP x1-60 copolymers. Apparently, this does
not apply for ELPs with shorter hydrophilic block length of 29 = 30. The short hy-
drophilic blocks seem not to be capable of forming a nanophase-separated corona and are
rather incorporated into the hydrophobic regions during their aggregation. Due to the
hydration of the hydrophilic part of the polymer, more water molecules are also incorpo-
rated into the polymer aggregates. The higher water content inside the aggregates leads
to a higher mobility of the here located spin probe molecules accompanied by smaller
rotational correlation times. Moreover, the spin probes sense a more polar environment

explaining the higher values of a for ELP 200-30 and 200-S30.

30



3.2 Hydration and nanophase separation of elastin-like polypeptide diblock copolymers
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Figure 3.5: Schematic depiction of the different aggregation mechanisms for diblock ELP
20060 (top) and ELP 200-30 (bottom), blue: hydrophilic polymer block,
red: hydrophobic polymer block.

3.2.3 Conclusions

The inverse phase transition behaviour of diblock ELPs with different hydrophobic block
length and different hydrophilic blocks were investigated by self-assembly spin probing
CW EPR spectroscopy. This study gained new insights into the temperature-responsive
transition of the block copolymer that is driven by the hydrophobic block. The ther-
moresponsive phase behaviour proceeds via structural inhomogeneities on the nanometre
scale, similarly to what was found for synthetic and ELP homopolymers. The here ob-
served polymeric aggregates are dynamic inhomogeneities featuring a spin-probe exchange
between polymer-rich and water-rich nanophases at specific temperatures above the tran-
sition temperature. These specific temperatures are 8 °C and 4 °C above the transition
temperature, respectively, depending on the relative hydrophilic mass fractions. At the
onset of exchange, the spin probe molecules so far located in the hydrophobic regions
diffuse through the permeable interface between hydrophobic aggregate and hydrophilic
regions. Kurzbach et al.”? already found this type of inhomogeneities for synthetic block
copolymers.

A second transition driven by aggregation of the hydrophilic blocks as well as a loss of
water leading to the densification of the polymer aggregates was not visible at the molec-
ular level with the here applied EPR-spectroscopic characterisation. Remarkably, EPR
spectroscopy becomes a helpful tool if this process is not observed by scattering tech-
niques. As seen here in the diblock copolymers with only 30 repeat units in the (short)
hydrophilic block, these hydrophilic blocks cannot form a hydrophilic corona (Figure 3.5)
but these short chains are rather incorporated into the hydrophobic aggregates formed at
the transition temperature of the polymer. This is in contrast to diblock ELPs with long
(60 repeat units) hydrophilic blocks, which are located around the hydrophobic aggre-
gates building a corona (Figure 3.5). This explains why Garanger and co-workers did not
observe a second temperature transition and hence nanophase-separation of the diblocks
with hydrophilic block length of 30, yet they did observe it at block lengths of 60.

The knowledge of the phase transition behaviour obtained by spin probing EPR is gained
in an indirected manner. One has to deduce the behaviour of a host-polymer from
the guest molecules’ behaviour and one can use EPR spectroscopy to characterise the
temperature-induced nanophase-separation and the processes at the interface of polymer-
and water-rich nanophase.
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3.3 Dehydration and rehydration of hysteretic
temperature-responsive peptide polymers

3.3.1 Hysteretic peptide polymers

Most reports of temperature-dependent behaviour of LCST peptide polymers focus on
processes taking place with increasing temperature, since no differences could be observed
between the behaviour during the heating and the cooling cycle of the thermoresponsive
polymer. Only a sparse number of studies reports on a thermal hysteresis. A difference
in the response of the polymer to increasing and decreasing temperatures has been re-
ported by Wang!?” and Kujawa'%® for the synthetic polymer PNiPAAm investigated by
calorimetric and light scattering techniques. A thermal hysteresis of the ELP (VPGVG)3
was detected by Ma et al. using NMR spectroscopy.'% Employing differential scanning
calorimetry (DSC) and turbidity measurements, Reguera and co-workers observed a de-
layed (as compared to the aggregation during heating) resolvation during cooling only
for the peptide polymer with the (VPAVG) repeat unit but not for (VPGVG).}0

Since hysteretic effects offer new opportunities for tuning the phase transition of LCST
polymers and for application-driven development of, e.g. drug delivery systems, pep-
tide polymers exhibiting a thermal hysteresis are investigated in this section. To obtain
a deeper insight into the molecular details of the phase transition, hysteretic peptide
polymers of different motifs and different chain lengths are investigated by CW EPR
spectroscopy on amphiphilic spin probes.

For this purpose, 4-Hydroxy-TEMPO benzoate (TB) is used to monitor the polymeric
phase as the investigated polymers and the more common spin probes (like TEMPO, 16-
DSA) showed no molecular interactions. The temperature-dependent behaviour of the
hysteretic polymers of the amino acid motifs (VAPVG) and (TPVAVG) with differing
chain lengths is investigated with regard to the influence of the primary sequence of the
polymer and the chain length on the temperature-dependent behaviour of the polymers
in a buffer solution during the increase and the following decrease of temperature. The
analysis of the EPR spectra reveals information about the dehydration and rehydration
process of the polymer chains. For the amino acid sequences of the investigated hysteretic
polymers and experimental details, see Section 5.1.

3.3.2 Results and discussion
3.3.2.1 EPR spectroscopic changes during the loss of hydration

Temperature-dependent, changes of the investigated polymers were detected with CW
EPR spectroscopy using the spin probe TB (4-Hydroxy-TEMPO benzoate; for chemi-
cal structure, see Figure 5.2b). EPR spectra of TB in the polymer buffer solutions are
shown in Figure 3.6 a, b and A.22 for the heating and the cooling cycle because the poly-
mers showed a thermal hysteretic behaviour. In addition to that other spin probes were
tested: 16-DSA (16-DOXYL stearic acid), TEMPO (2,2,6,6-Tetramethylpiperidine 1-
oxyl), TEMPOL (4-Hydroxy-TEMPO), Phenyl- TEMP O-4-carboxylate, 4-Methyl-phenyl-
TEMPO-4-carboxylate and 4-Ethyl-phenyl-TEMPO-4-carboxylate, none of which showed
any interaction with the polymers in the complete temperature range (see Figures A.23-
A.28).

At small T', the EPR spectra show no interaction between probe and polymer (exemplary
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Figure 3.6: CW EPR spectra of TB in polymer buffer solution. a) Experimental spectra
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of (VAPVG)40, b) experimental spectra of (TPVAVG)4, c) simulated spectral
components of the multimodal EPR spectra.

n for (TPVAVG)gg in Figure A.30, 10 and 20 °C). During heating, the EPR spectra
ded at temperatures below the transition temperature of the respective polymer are

composed of two components:

a)

A hydrophilic spectral component of three peaks represents TB molecules freely
rotating in buffer, which do not interact with the polymer (component « in Fig-
ure 3.6 c). Hence, simulation results of this component are not discussed here (7
and a are shown in Figure A.42). Rotational correlation times 7 of this TB species
are in the order of magnitude of 10~ !!s.

Some TB molecules form aggregates in buffer leading to high Heisenberg spin ex-
change frequencies due to highly frequent spin probe collisions. EPR spectra of
aggregated nitroxides are characterised by the collapse of the three peaks into one
broad peak with a lower amplitude (component y in Figure 3.6 ¢). This spectral
component vanishes during the increase of temperature and is not of interest for
the characterisation of the polymer behaviour. Hence, the spectral fraction of this
component was not taken into account in the further analysis.

At temperatures above the transition temperature the spectra exhibit temperature-de-
pendent changes that differ from the reference measurement of TB in pure buffer (exem-
plary shown for (TPVAVG)sg in Figure A.30, T' > 30°C). When reaching the transition
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temperature T; the polymers start to aggregate, which is reflected in the EPR spectra by
the appearance of two additional spectral components:

¢) A hydrophobic spectral component corresponds to TB molecules close to hydropho-
bic and apolar regions of the polymer (component 31 in Figure 3.6¢). The probe
rotates slower and senses a lower polarity leading to smaller hyperfine splitting con-
stants a and slower rotational motion due to the presence of the macromolecules as
seen in higher 7 (= 10719s) than in the case of the hydrophilic component.

d) Even slower rotating TB molecules (7 ~107?s) result in an anisotropic spectral
component (component B2 in Figure 3.6 ¢).

For simulated spectra, see Figures A.31-A.40.

At temperatures below the transition temperature the recorded spectra are a superpo-
sition of the three-peak spectrum of the freely rotating TB molecules and the broad
one-peak spectrum of the aggregated nitroxide molecules. In this temperature region
the peptide polymers are highly hydrated and the amphiphilic spin probes do not inter-
act with the polymers resulting in spectra similar to the reference spectra of TB in pure
buffer. The interaction of spin probes and polymers starts with the aggregation process of
the polymer. The polymer chains lose their hydration shell and polymer-rich nanophases
are formed with TB molecules entering these regions. During this aggregation process the
peptide polymers form secondary structures like B-turns or a-helical structures.!'% 11 In
previous studies with thermoresponsive peptide polymers?? and in the previous section
about diblock ELPs, during the aggregation only one hydrophobic spectral component
from slowly rotating spin probe molecules was detected. In the present study the ag-
gregation is associated with two spectral components above the transition temperature
T:. Hence, the overall spectra at temperatures above the transition temperature (during
heating) are a superposition of three or four components, respectively, since the aggre-
gated TB component vanishes during heating and does not reappear during cooling. The
appearance of the hydrophobic three-peak component 31 is visible in the EPR spec-
tra as having a smaller hyperfine splitting constant a and the shift of the hydrophobic
component spectrum towards smaller magnetic (B-)field values (higher g values). As a
consequence the hydrophobic spectral component (31 appears next to the high-field peak
at lower B-field values than the high-field peak of the hydrophilic component. The second
spectral component indicating aggregation is an immobilised spectral fraction 35 showing
broad anisotropic EPR lineshapes. This anisotropic contribution to the entire spectrum
is distinguished by a positive peak at B fields smaller than the low-field peak of the
hydrophilic and the hydrophobic peak, respectively, and a negative spectral feature at B
fields higher than the high-field peak of the hydrophilic and the hydrophobic component,
respectively. The difference between the B values of these two extrema is equal to twice
the apparent hyperfine coupling constant A’,. Due to the weak signal amplitude of the
immobilised component (2) as compared to the amplitude of the spectral components
« and (31, component (32 is only barely visible in the EPR spectra and highlighted in
Figure 3.6b for the spectra of (TPVAVG)y in the cooling branch of the temperature
cycle. For a detailed view of the low field peaks of component (32 of the recorded EPR
spectra, which is clearly visible in spectra of the cooling cycle at low temperatures, see
Figure A.41. It should be noted that components 1 and 3o always appear together in
all investigated polymers.

During the cooling of the polymer solution, the immobilised spectral component (32 is
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Table 3.3: Transition temperatures of the measured polymer buffer solutions investigated
by CW EPR spectroscopy. The transition temperature is indicated by the
appearance of two spectral components of slowly rotating TB (f3; and f2).

Monomer n T; in °C
TPVAVG 80 24 +1
TPVAVG 40 24+1

VAPVG 80 261
VAPVG 40 30+1
VAPVG 30 34+1

present with a nearly constant fraction in a broad temperature range, while the fraction
of the hydrophobic component (31 decreases monotonically. Both components are observ-
able at temperatures below T; during the cooling period (see Figures 3.7 and 3.8).

The hydrophobic as well as the immobile spectral component is more prominent in the
case of the (TPVAVG),, polymers without a visible influence of the number of repeats n.
For the (VAPVG),, polymers, a more prominent appearance of the hydrophobic species
is obvious for smaller n.

Since the above described LCST is the minimum of a phase diagram that also takes
the concentration of the polymer in the solution into account, the temperature of the
here reported phase transition process at constant concentration is denoted as ‘transition
temperature’. The transition temperatures, which are marked by the onset of appearance
of the hydrophobic and the immobilised components (31 and 2) in the EPR spectra, of
all investigated polymers are given in Table 3.3. With increasing degree of polymerisation
n of the pentapeptide polymers, T; is shifted to lower temperatures. This behaviour is in
accordance with previous studies on peptide polymers®? and the results of the hydration
behaviour of diblock ELPs (see Section 3.2). The transition temperatures of the two
investigated hexapeptide polymers showed no n-dependence. Comparison of the tem-
perature dependence of both polymer types reveals that the discrepancies between the
T; of both polymers at identical n is lowered with increasing n (ATi(n = 80) = 2°C,
ATi(n = 40) = 6°C). A longer chain lengths leads to an only slightly higher T} of
(VAPVG)go compared to (TPVAVG)go.

While the appearance of the components 31 and 32 in the EPR spectra indicates the
onset temperature of the inverse phase transition on the nanoscale, the temperature-
dependent behaviour of the fractions of these components mirrors the progression of the
transition process upon heating. The fraction of the immobilised component (f32) of TB
increases rapidly at temperatures near 7 (Figure 3.7b and Figure 3.8b). Thus, the
aggregated regions occupied by the immobilised TB molecules show a sharp transition.
In contrast the fraction of the hydrophobic component shows only a small increase near
T;: (Figure 3.7a and Figure 3.8a) followed by a monotone increase indicating a smooth
transition of the hydrophobic regions represented by this spectral component.

One could argue that during the polymeric aggregation at T' > Ti, the loss of hydra-
tion and the related diffusion of water molecules from the polymer-rich to the water-rich
phase should result in a decrease in mobility of the spin probes and in polarity inside
the dehydrated and aggregated polymer regions indicated by an increase of the rota-
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Figure 3.7: Fractions of the components of the EPR spectra of the (VAPVG),, polymers
arising with the transition of the polymer from rigorous spectral simulation.
a) Fractions of the hydrophobic component, b) fractions of the immobile
component, e heating and o cooling.

tional correlation time 7 and a decreasing hyperfine splitting constant a. The results of
the simulation of the EPR spectra recorded of the hysteretic polymers reveal the oppo-
site situation. All spin probes in the examined polymers feature an increasing hyperfine
splitting constant a (i.e. an increase in polarity of the environment) for the hydropho-
bic component 3 (Figure 3.10a). At first glance the decrease of a of the immobilised
component B9 (Figure A.44) points at a decrease in polarity. However, in this case the
temperature-dependent behaviour of A), is dominated by the increase in mobility of the
immobile spin probes due to a gain in kinetic energy at higher temperatures. Conse-
quently, the hyperfine splitting spans values in the transition regime from the anisotropic
A, to the isotropic aise. The gain in mobility and the increase in polarity in the envi-
ronment of the hydrophobic spectral component is typical for dynamic inhomogeneities
of type II during the collapse process (see Section 3.1 case 3, according to Kurzbach
et al.%7), allowing the probes to diffuse between polymer-rich and water-rich regions on
the timescale of several nanoseconds. Averaged values of 7 and a of these regions then
dominate these EPR spectral components.

3.3.2.2 Hysteretic behaviour of (VAPVG) and (TPVAVG)

The EPR spectra of the polymers (VAPVG),, and (TPVAVG),, at a given temperature
show distinct differences between the spectra depending on whether they were recorded
during heating or cooling steps, respectively. The hysteretic behaviour is most obvious in
the temperature-dependent fractions of the spectral components arising at the transition
temperature during heating (Figure 3.7 and Figure 3.8). Since the hydrophilic component
represents the TB molecules freely tumbling in water, this component is not discussed
here. For simulation results of the hydrophilic component, see Figure A.42.

Thermal hysteresis is clearly visible for the heating and cooling curves of the fraction of
the immobilised component 5 of the spin probe and is first described in the following,
before component 31 is also taken into account. During heating, all three (VAPVG),
polymers basically follow the same curve shape, only shifted along the T-axis by the
transition temperature of the respective polymer (Figure 3.7b). After a sharp increase
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Figure 3.8: Fractions of the components of the EPR spectra of the (TPVAVG),, polymers
arising with the transition of the polymer from rigorous spectral simulation.
a) Fractions of the hydrophobic component 1, b) fractions of the immobile
component 32, e heating and o cooling.

at Ti, fraction (32 increases to a maximum at 40 °C-50°C and then slightly decreases at
higher temperatures to reach a plateau value at 7' > 65 °C. This decrease possibly stems
from the increase in mobility of the immobile TB molecules. As shown in Figure A.43 and
Figure A.44, the rotational correlation time and the hyperfine splitting constant A’ of
the immobile component decrease with increasing temperature indicating faster rotating
molecules. It is possible that some molecules gain enough thermal energy to leave the
strong hydrophobic, water-depleted regions leading to a smaller fraction of the immobile
TB molecules.

There is a slight n-dependence of the maximum fraction value attained (0.53, 0.41, 0.36
for n = 80, 40, 30, respectively) but the final fraction values in the plateau region above
65°C are very similar for all (VAPVG),, (0.33, 0.3, 0.29 for n = 80,40, 30, respectively).
When the polymer solution is then cooled after heating to 75°C, the fraction of the im-
mobilised component (3o remains nearly constant down to temperatures of at least 25°C.
Only at temperatures of 25°C ((VAPVG)3g) or 15°C ((VAPVG)y), the fraction slightly
decreases suggesting a saturation of the hysteresis at lower temperatures. Larger n-values
lead to higher fractions of the immobilised component 35 during the heating as well as
the cooling phase and in the cooling steps. This is especially true for n = 80 as compared
with n = 30,40 (Figure A.45b). The two polymers of shorter chain length show only
minute differences.

In the case of the polymers composed of (TPVAVG) the dependence of the immobilised
component fraction during heating is qualitatively similar to those of the (VAPVG) poly-
mers but without a distinct dependence on n (Figure A.45d). The (TPVAVG)gg polymer
has only slightly higher fractions of the immobilised component than (TPVAVG)y. In
the cooling phase the (TPVAVG) polymers show a development of the immobilised frac-
tions B9 that is distinctly different to that of (VAPVG). Decreasing temperature from
75°C to 10°C leads to increasing immobilised fractions of all (TPVAVG) polymers.
This temperature hysteresis of the weighted fraction is also observable for the hydropho-
bic component 1—to a lesser degree (Figure 3.8a). Fractions of this component f3;
have virtually identical temperature behaviour for both, (VAPVG) and (TPVAVG) poly-
mers. Heating up the polymer solution, the hydrophobic component (31 appears with a
steep increase at the transition temperature, which is followed by a monotone increase
of the fraction with higher temperatures. The following cooling shows no hysteresis in
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the fractions of the hydrophobic component until Tt is reached again. The hydrophobic
component 31 does not disappear when the polymer solution is cooled, yet—the fraction
of the hydrophobic component decreases further at temperatures below T;. Taking the
chain length of the polymers into account, a stronger n-dependence is observed for the
(VAPVG) polymers (Figure A.45a). In contrast to the findings in Section 3.2 longer
chain lengths lead to smaller fractions of the hydrophobic component 3;. The same ap-
plies to (TPVAVG) but with only a small difference between a chain length of 40 and
of 80 motif repetitions (Figure A.45c). The divergence of this n-dependent behaviour
possibly arises from the fact that in former studies only one spectral component char-
acterised the thermoresponsitivity, whereas two of them are observed in the present study.

Taking all together it can be stated that the inverse phase transition and the tempera-
ture-dependent behaviour of the (VAPVG) and (TPVAVG) polymers can be investigated
by CW EPR spectroscopy, specifically by characterising the two spectral components (31
and (3o arising at the transition temperature. These hydrophobic and immobile compo-
nents 31 and P2, respectively, have a remarkably different temperature dependence. The
sharp transition indicated by the immobilised component is in contrast to the smooth
transition observed for the hydrophobic component. The hysteretic behaviour is observ-
able for all polymers studied here in the plots of the temperature-dependent fraction
for both components but is decidedly more distinguished for the immobilised component
2. Longer polymer chains result in higher fractions of component 35, whereas the frac-
tion of component (31 drops for longer chain length. These differences indicate different
transition processes of different hydrophobic and polymer-rich regions of the aggregating
polymers. Nonetheless, the onset of both processes is identical, at the transition temper-
ature. Since LCST-type transitions as for these peptide polymers are driven by changes
in hydration, the observed thermal hysteresis may reflect differences in the rehydration
process during cooling when compared to the dehydration of the polymer chains during
heating. In the case of the well-studied ELPs, neither the immobilised component nor a
thermal hysteresis was observed. Hence, one can connect the hysteresis observed in the
two spectral components 31 and o and the individual differences of the temperature
dependence of the two components with different nanoscopic processes during the tran-
sition of the (VAPVG) and (TPVAVG) polymers.

For ELPs, Kurzbach et al. were able to describe an amino-acid (residue X) tuning of
either a coupled or a decoupled state of main chain and side chain hydration of these
polypeptides.?? The coupled hydration state featured only one transition temperature,
while the decoupled state was characterised by two transition temperatures stemming
from the dehydration of the main chain and of the side chains individually. In this study
of (VAPVG) and (TPVAVG) the dehydration of main chain and side chain during heating
happens simultaneously at the same temperature, since no second temperature transi-
tion could be detected, but the process of the rehydration during cooling shows a delay
between the rehydration of two aggregated regions—assumingly the main chain and the
side chain region. As can be seen in Figure 3.9, when the polymer solution is heated
up to the transition temperature (process (1) in Figure 3.9), the hydration shell of the
main chain (depicted in cyan) vanishes as well as the hydration shell of the side chain
(depicted in blue) leading to the collapse of the polymer, forming intra- and intermolec-
ular physical crosslinks (through H-bonding) that lead to the macroscopically observable
polymeric aggregates. During the following cooling (process (2) in Figure 3.9), the side
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3.3 Dehydration and rehydration of hysteretic temperature-responsive peptide polymers

chains are more easily and gradually rehydrated while the main chain stays dehydrated.
Hence, the polymer—polymer contacts and the secondary structures formed during the
transition stabilise the polymer-rich phase and thus persist even when cooled below the
transition temperature. As a result, the polymer is not fully resolubilised at the tran-
sition temperature. Main chain and parts of the side chains stay dehydrated. This is
reflected in the fraction of the immobilised component (32 remaining constant and that
of the hydrophobic component 31 not vanishing (but decreasing) at temperatures below
the transition temperature.

The temperature hysteresis and the difference in the dehydration and rehydration pro-
cesses are obviously related to the amino acid sequence of the peptide polymers. Classical
ELPs with repeat units built on the (VPGXG) motif have at least two glycines in the
sequence, i.e. at least two of five amino acids have no side chains, precluding a hysteresis
in hydration. The (VAPVG) and (TPVAVG) polymers contain only one side-chain free
amino acid (glycine) so that one can assume that the remaining four or five, respectively,
amino acids are capable of forming a compact side chain hydration shell. This side chain
hydration layer seems to be able to protect the aggregated main chains from rehydra-
tion by impeding the diffusion of water molecules into the dense hydrophobic aggregates,
which were formed when heating the polymer solution above the transition temperature.
Considering the described insights in de- and rehydration, one can interpret the physical
origin of the two spectral components arising at the inverse phase transition. Denoted
TB molecules representing the hydrophobic component 3; (e in Figure 3.9) are probably
situated close to side chains, which undergo a smooth dehydration. The slower rotating
TB molecules of the immobilised component 5 (« in Figure 3.9) are located in the water-
depleted, strongly hydrophobic regions of the dehydrated main chains, which undergo a
fast, sharp dehydration process. Overall, this can hence be characterised as a complete
decoupling of main-chain and side-chain rehydration, while the onset of the dehydration
process is coupled (T} for components 31 and P9 are identical). Nonetheless the process
of dehydration of both hydration layers nansocopically (inspecting the different sharp vs.
smooth transition curves) are somehow decoupled.

3.3.2.3 Stabilisation of aggregates by a hydrophilic amino acid

The amino acid sequence of the polymer has an impact on the transition as well as on
the hysteretic behaviour. The (TPVAVG)-based polymers show higher fractions of the
immobilised component (32 during cooling. Furthermore, one observes higher fractions
of the hydrophobic component. In the case of (TPVAVG) it is also remarkable that the
hyperfine splitting constant a of the hydrophobic component is smaller than in the case
of (VAPVG) (Figure 3.10c and d). Since a is a measure of the polarity of the local
environment of the spin probe, a smaller a of TPVAVP indicates a lower polarity around
the hydrophobic component of the TB molecules and concomitantly less water in their
environment despite the fact that the additional amino acid threonine (T) is a highly
hydrophilic amino acid'% with a hydroxyl group side chain. In contrast, it has been
shown for diblock ELPs that a higher hydrophilicity leads to a higher polarity in the
environment of spin probes located in the aggregated regions (see Section 3.2).

The additional amino acid threonine apparently also influences the thermal hysteresis as
can be seen in Figure 3.8b compared to Figure 3.7b. The fraction of the immobilised
component 2 as compared to that in (VAPVG) is much larger and ever-increasing with
decreasing temperatures.
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% freely rotating TB component « === main chain hydration layer
® hydrophobic TB component f3; === side chain hydration layer
* immobile TB component 2 E Threonine’s hydration layer

Figure 3.9: Schematic representation of the supposed hydration process of the hysteretic
peptide polymers (VAPVG) (left) and (TPVAVG) (right). Side and main
chains of the polymers are hydrated at temperatures below the transition
temperature and dehydrated at temperatures above the transition tempera-
ture. If the temperature is decreased afterwards to temperatures below the
transition temperature, the side chains are rehydrated, while for (VAPVG)
the main chains are only partially rehydrated and for (TPVAVG) a hydra-
tion layer of threonine-bound water prevents main chain rehydration almost
completely.
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Figure 3.10: Results of simulation of the CW EPR spectra of TB in a polymer—buffer
solution: hyperfine splitting constants of the simulated hydrophobic compo-
nent compared for the same motif (a) (VAPVG) and b) (TPVAVG)) and
for the same chain length (c) n = 40 and d) n = 40). e and A: heating,
o and A: cooling. Hyperfine splitting constants give half of the difference
in B field of the high-field and of the low-field peak of the simulated EPR
spectra of the respective component.

Spectral simulation of the CW EPR spectra allows for an even more detailed and differen-
tiated characterisation of the processes leading to thermal hysteresis than just obtaining
the fractions of the individual spectral components. The isotropic hyperfine coupling
values a also give detailed insights in the surrounding polarity.

The results of the simulation of the EPR spectra reveal that the rehydration process dif-
fers for (VAPVG) and (TPVAVG) polymers. The side chains of the (VAPVG)-polymers
are rehydrated almost completely at temperatures clearly below T, as the fraction of
the hydrophobic component 1 reaches values of f ~ 0 (Figure 3.7a). The fraction of
the immobilised component (5 of these polymers slightly decreases during cooling at
temperatures below T but remains significantly above f = 0. Apparently, the mostly
hydrated and resolvated side chains of this type of peptide polymer do not shield the
still aggregated main chains from the surrounding water any more. Consequently, water
molecules can reach the main chain regions, where the immobilised fraction (o of the
TB molecules is situated, leading to the polymer and TB molecules being resolvated
and the destruction of the secondary structure elements formed during the inverse phase
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transition. The hydrophobic component 1 close to the side chains of the (TPVAVG)
polymers vanishes, too, but there is no concomitant decrease in the fraction of the im-
mobilised component 2. Thus, the surrounding water does not reach the regions of the
aggregated main chains, where the immobilised TB molecules are located.

Assumingly, slight difference in the order of the amino acids beyond the addition of
the very hydrophilic threonine in the repeat units does not lead to such drastic effects.
Thus, the different hysteretic behaviour of the (VAPVG) and (TPVAVG) polymers can
be traced back to the OH group of threonine and its ability to form hydrogen bonds.
The hydroxyl group of threonine can interact with the surrounding water molecules, be-
ing incorporated in the aqueous H-bond network. Due to its hydrophilicity threonine
prefers to be localised at the interface of the polymer aggregates with the water-rich re-
gions rather than in the hydrophobic, water-depleted regions of the polymeric aggregates.
Hence, rather rigid and local H-bonding networks may form around the side chains of the
threonines (depicted as thick blue shell in Figure 3.9). As a consequence and somehow
counterintuitive, the hydration shells of the main chain and of the side chains of the
amino acids other than threonine may be perturbed in comparison to the polymers not
containing threonine. These polymers may always have more water molecules close to
the non-polar amino acid side chains and the main chain. This explanation is in fact sup-
ported by the transition temperatures of the polymers, which are lower in the case of the
T-containing polymers (Table 3.3) and the smaller values of a of the hydrophobic com-
ponent indicating a smaller polarity in the surrounding of the side chains (Figure 3.10c,
d). The T-side chain hydration therefore expedites the dehydration of the polymer chain,
potentially by acting as an efficient trap for water molecules leaving the polymer chains
above T;.

When the polymer solution is cooled after the heating cycle, the localised water struc-
ture/hydration shell forming around threonines together with the hydration shell of
the rehydrated amino acid side chains may shield the strongly hydrophobic, water-
depleted and still dehydrated main chains of (TPVAVG) from penetrating water. This
can be viewed as a hydration layer of rather localised water molecules that prevent water
molecules from reaching the main chain. Thus, the main chain aggregates exist during
the cooling cycle even at small temperatures (as can be seen in Figure 3.9 (right) at
T < T, after process (2)) indicated by the not decreasing fraction of the immobile spec-
tral component.

3.3.2.4 Chain length dependence

The comparison of EPR spectroscopic parameters for (VAPVG) and (TPVAVG) polymers
reveals different dependences of the chain length n. While the parameters for (TPVAVG)
polymers virtually display no n-dependence, for (VAPVG) polymers a clear n-dependence
for the fractions of the hydrophobic ($1) and the immobilised components (f32) and in the
hyperfine splitting constant a of the hydrophobic component (Figures 3.7, 3.8 and 3.10).
Since a is inversely proportional to n, shorter polymer chains are apparently hydrated
more strongly, which is also reflected in the higher transition temperatures for smaller
n (Table 3.3). On the contrary (TPVAVG)yo and (TPVAVG)gp have very similar T;. It
seems that threonine or the hydration shell of threonine’s side chain, respectively, coun-
teracts the impact of the chain lengths on the thermal behaviour of the peptide polymers
also with regard to the transition temperatures.
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3.3 Dehydration and rehydration of hysteretic temperature-responsive peptide polymers

The phase transition for both polymers seems to proceed nearly identically as can be seen
in the temperature-dependent fractions of the immobilised component 5 (Figures 3.7
and 3.8). The development of spectral fractions of this component in (VAPVG) and (TP-
VAVG) show a similar behaviour, only shifted along the temperature axis through their
different Tis. Additionally, for n = 80 a higher fraction of the immobilised component
was observed for VAPVG.

Already for entropic reasons, the chain length of the pentapeptide polymers strongly
determines the size of the polymeric aggregates. Short (VAPVG), polymers (n =
30,40) apparently form small very hydrophobic aggregates containing the immobilised
TB molecules and less hydrophobic, more water containing regions located around these
extremely water-depleted regions. The higher fraction of component 35 and the smaller
fraction of component (1 in case of longer (VAPVG),, polymers (n = 80) indicates pref-
erential formation of the highly water-depleted regions in which the immobilised TB
molecules reside. Since the ratio of the spectral fractions of components (31 and (5 in the
EPR spectra is reduced with higher degree of polymerisation, it is concluded that dehy-
drated side chains partake into the very hydrophobic, water-depleted aggregates hosting
the immobilised TB molecules.

While the fraction of the immobilised component (32 shows similar values for both poly-
mer types, the fraction of the hydrophobic component (31 is significantly higher for the
hexapeptide polymers. Since the temperature-dependent development of the fractions
of the spectral components interacting with the dehydrated chains of (TPVAVG),, is
nearly independent of n it can be suggested that the ratio of hydrophobic regions to
very hydrophobic regions does not change with the chain length of the polymer. This
is in contrast to the aggregation behaviour of (VAPVG), and leads to the assumption
that the (TPVAVG),, polymers form very hydrophobic (main chain) aggregates, where
the immobilised component (39 is located, while the side chains independently form the
hydrophobic regions containing the hydrophobic spectral component 3;. This is schemat-
ically depicted in Figure 3.9, where the side chains of (VAPVG) (left part of the picture)
are situated mostly inside the main chain aggregates and the side chains of (TPVAVG)
(right part of the picture) outside the main chain aggregates. The located water struc-
ture around threonine seems to be coupled to the hydration shell of the side chains of
the other amino acids of (TPVAVG). This results in a more prominent distinction of the
hydrophobic and the immobile regions than in the case of (VAPVG) leading to a nearly
n-independent ratio of the hydrophobic to the immobile fractions. As described above,
threonine assumingly leads to structural different polymer-rich regions, where the dehy-
drated main chain regions and the dehydrated side chain regions are more separated.
They are coupled upon heating but the hydration layer of water coupled to threonine
decouples the rehydration upon cooling. All this is not the case for any peptide polymer
without threonine.

3.3.3 Conclusions

Peptide polymers of two different motifs and varying chain lengths were investigated
by self-assembly spin probing CW EPR spectroscopy. This study sheds light upon
the nanoscale of the temperature-dependent behaviour of the polymers (VAPVG),, and
(TPVAVG),, in a buffer solution during heating and subsequent cooling.

In contrast to previous findings of the phase transition behaviour of peptide polymers,
the transition of these polymers leading to the aggregation of the polymer chains is
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hallmarked by the appearance of two components in the EPR spectra: a slow rotating
component with a hydrophobic environment and an even slower rotating component in a
strongly water-depleted, very hydrophobic region showing an immobilised spectral con-
tribution. The analysis of the spectra with respect to the amino acid sequence of the
polymers allows the conclusion that the immobilised probe molecules of spectral com-
ponent (3o are situated near the dehydrated main chain regions and the slightly faster
rotating probe molecules of spectral component (31 near the dehydrated side chains. The
dehydration of both polymer regions starts at the same temperature. Although their
onset upon heating is coupled, the dehydration process of their hydration layers appear
to be somehow decoupled since the immobilised spectral component displays a sharp
transition, whereas the development of the fraction of the hydrophobic component with
increasing temperature denotes a smoother, more gradual transition.

Both polymer types exhibit a thermal hysteresis. The rehydration process, when the
polymers were cooled down, differs from the dehydration process, when the polymer so-
lution was heated up. The different hydration states are summarised in Figure 3.9. The
rehydration of the side and the main chains proceeds differently. The side chains are
gradually hydrated with decreasing temperature, while the main chain stays dehydrated
over an extended temperature interval. This is surprising, since such a hysteresis was not
observed for the structurally similar, well-studied ELPs. It can be assumed, that in the
case of (VAPVG),, and (TPVAVG),, the rehydrated side chains shield the dehydrated
main chain regions from penetrating water. This effect is amplified for the threonine-
containing sequence. The measurements revealed that the OH group of threonine forms
its own shell of water molecules, which strengthens the shielding of the water-depleted,
aggregated regions from penetrating water molecules. Furthermore, the very hydrophilic
amino acid threonine decreases the transition temperature and cancels the influence of
the chain length on the phase transition behaviour of these peptide polymers.

3.4 Outlook

The study of diblock ELP consisting of a hydrophobic and a hydrophilic block by CW
EPR spectroscopy based on a former study applying light and neutron scattering tech-
niques. With the approach used in this thesis, further insight into the nanoscopic phase
transition of the diblock ELPs was gained. However, only the transition of the hydropho-
bic block could be detected. The subsequent loss of water and transition of the hydrophilic
block, which was stated by Garanger et al.!%3 for this type of polypeptides, was indis-
cernible with spin probing EPR. These limitations may be overcome with the binding of
a spin label covalently to the polymer. By site-directed spin labelling, a nitroxide radical
such as MTSSL ((1-oxyl-2,2,5,5-tetramethyl-D-pyrroline-3-methyl)methanethiosulfonate)
could be bound covalently to the cysteine located in the leader sequence near to the
hydrophobic block of the diblock ELPs. Consequently, the loss of water inside the aggre-
gated hydrophobic block may be detectable by CW EPR since the nitroxide radical would
not exchange between polymer-rich and water-rich phases of the aggregated polymer in
solution as observed with the spin probing approach. By comparing the CW EPR results
of the spin probing with the CW EPR results of the spin labelling experiments, it could
be investigated if the spin label has a significant influence on the temperature-dependent
phase separation of the polymers.
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3.4 Outlook

The results of EPR measurements on peptide polymers showing a thermal hysteresis

revealed differences in the rehydration process of side and main chains of the amino acids,
which are amplified by the OH group of an additional threonine. In this thesis, only two
different sequences were studied. To verify the interpretation of the EPR data, more rele-
vant sequences have to be investigated. Results of polymers with the motif (VPGVG) as
an example for non-hysteretic behaviour''? should be involved. This motif was already
investigated with CW EPR by Kurzbach et al.?? but without taking the hydration be-
haviour during cooling into consideration and using 16-DSA instead of TB, which was
used in this thesis. Thus, CW EPR results of TB and of 16-DSA, respectively, should
be compared for ELP known as non-hysteretic. Furthermore, EPR measurements of the
sequence (VPAVG) should be implemented, which is one of the first described hysteretic
peptide polymer.'? Since the amino acid compositions of (VPAVG) and (VAPVG),
which was investigated in this thesis, are identical, the comparison of the dehydration
and rehydration processes during heating and cooling of these polymers would facilitate
the interpretation of the effects governing the hysteresis from the perspective of main and
side chain hydration.
EPR measurements in the presence of urea may help to gain further insights. Urea is
known to increase the transition temperature of ELPs''? and can significantly decrease
the degree of hysteresis of (VAPVG) but has a lower effect on the degree of hysteresis of
(TPVAVG) (unpublished data by F. G. Quiroz and A. Chilkoti). Adding urea in differ-
ent concentrations to the solutions of (VAPVG), (TPVAVG), (VPAVG) and (VPGVG),
respectively, may reveal further comprehension of the behaviour of the different spin
probe fractions upon cooling due to possibly different effects of urea on the main chain
hydration and on the side chain hydration.
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CHAPTER 4

Myelin basic protein

4.1 Introduction

The myelin sheath—a multilamellar lipid membrane—is wrapped concentrically around
the nerve axons in the central nervous system (CNS).33>113 Thereby, it accomplishes the
task of insulating the nerve fibres and facilitating rapid nerve impulse transmission by
saltatory conduction.'™ 116 To increase the efficiency of transmission of electric nerve
signals, a low capacitance and, concomitantly, a low effective dielectric constant of the
myelin are necessary. This requirement is enabled by a relatively high lipid content of
70-80 % in the myelin sheath!'” (compared to 20 % for most cell membranes''®) and a
dielectric constant of the lipid acyl chains e,ipiq ~2."® For an optimal application of
ELipid, the myelin sheath has to be compact and tightly wrapped around the nerve fibre.
Myelinated axons transmit nerve impulses much faster than axons without a compact
myelin sheath.!?

The myelin basic protein (MBP; for amino acid sequence of human, bovine and recombi-
nant murine charge variants of MBP, see Table 4.1) is a structural protein that associates
with opposing leaflets of the cytoplasmic side of the oligodendrocyte membrane like a
‘molecular glue’ to ensure a high compaction of the myelin sheath.!'3 120,121 The 18.5kDa
splice isoform is the major structural protein of the myelin sheath in the adult human and
bovine brain.!'?? MBP is an intrinsically disordered peripheral membrane protein with a
net positive charge of +19 (at pH 7). In aqueous solution, MBP has long been known
to have an extended conformation. It interacts with diverse binding partners like diva-
lent cations'?124 (e.g. Zn%*t, Cu?T),125 127 molecules of the immune system!'?%12% and
proteins like MBP itself'21:130 and proteolipid protein.!3%32 The protein’s interaction
with most of its binding partners, but especially lipids, causes it to undergo conforma-
tional changes and form ordered secondary structures at the binding site.3% 113,133,134
particular, three amphipathic a-helices exist in the protein bound to the myelin mem-
brane, located at the N- and C-termini, and in the central region: T33-D46, V83-T92
and Y142-L154 (murine 18.5kDa sequence numbering, Table 4.1).11%:135 The binding
of MBP to the cytoplasmic membrane is driven by electrostatic and hydrophobic inter-
120,136,137 with an assumed absolute requirement of the electrostatic interaction
between negatively charged lipids and the positively charged MBP.!3® The conforma-
tional transition of MBP from an extended conformation into a self-assembled protein
with elements of ordered secondary structures is assumed to be triggered by the lower
dielectric constant of the membrane surface? and fixed by charge neutralisation of the
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4 Myelin basic protein

Table 4.1: Amino acid sequences of 18.5 kDa human (h)MBP C1,'22 bovine (b)MBP,!22
recombinant murine (rm)MBP C1 and C8.143 Highlighted amino acids indicate
the basic residues (K, R) of rmMBP C1 that are replaced by glutamine (Q)

to yield rmMBP C8.

1

11

21

31

hMBP C1 ASQKRPSQRH GSKYLATAST MDHARHGFLP RHRDTGILDS

bMBP AAQKRPSQRS KYLASASTMD HARHGFLPRH RDTGILDSLG

rmMBP C1 ASQKRPSQRS KYLATASTMD HARHGFLPRH RDTGILDSIG

rmMBP C8 ASQKRPSQRS KYLATASTMD HAQHGFLPRH QDTGILDSIG
41 51 61 71

hMBP C1 IGRFFGGDRG APKRGSGKDS HHPARTAHYG SLPQK SHGRT

bMBP RFFGSDRGAP KRGSGKDGHH AARTTHYGSL PQKAQGHRPQ

rmMBP C1 RFFSGDRGAP KRGSGKDSHT RTTHYGSLPQ KSQHGRTQDE

rmMBP C8 RFFSGDRGAP KRGSGKDSHT RTTHYGSLPQ KSQHGRTQDE
81 91 101 111

hMBP C1 QDENPVVHFF KNIVTPRTPP PSQGKGRGLS LSRF SWGAEG

bMBP DENPVVHFFK NIVTPRTPPP SQGKGRGLSL SRFSWGAEGQ

rmMBP C1 NPVVHF FKNI VIPRTPPPSQ GKGRGLSLSR FSWGA EGQKP

rmMBP C8 NPVVHF FKNI VIPRTPPPSQ GKGRGLSLSR FSWGA EGQQP
121 131 141 151

hMBP C1 QRPGFGYGGR ASDYKSAHKG FKGVDAQGTL SKIFKLGGRD

bMBP KPGFGYGGRA SDYKSAHKGL KGHDAQGTLS KIFKL GGRDS

rmMBP C1 GFGYGGRASD YKSAHKGFKG AYDAQGTLSK IFKLGGRDSR

rmMBP C8 GFGYGGQASD YKSAHKGFKG AYDAQGTLSK IFKLGGQDSR
161

hMBP C1 SRSGS PMARR

bMBP RSGSPMARR

rmMBP C1 SGSPMARR

rmMBP C8 SGSPMARQ

positively charged amino acid residues of MBP by negatively charged lipids.'4% 141 The
strong interaction of MBP and the oligendrocyte membrane leads to the tightly packed
multilamellar structure of the myelin sheath.'*? MBP is also a candidate autoantigen
in multiple sclerosis.!**:145 Binding to a membrane, the amino acid segment V83-T92
of the murine MBP sequence (corresponding to V86-T95 in the case of human MBP)
assumes an -helical conformation and is known as immunodominant epitope for B and
T cells."*> 147 MBP-specific autoantibodies bind to this region, if it is exposed from
the membrane. In the human disease MS, active destruction of the myelin sheath and
resultant demyelination of the axons!'*® lead to sensory and motor impairments that are
a basis for diagnosis.'*® There is no animal model of MS that fully recapitulates its
manifestation in humans. The induced inflammatory disease experimental autoimmune
encephalomyelitis (EAE) in rodents (mainly) as well as in primates, such as marmosets,
nevertheless, shows many similarities to MS in its later stages and is therefore commonly
used as a model system for diseased myelin.'?% 15" Myelin lipids derived from brains
of EAE-afflicted animals have increased amounts of negatively charged phosphatidylser-
ine (PS), decreased amounts of phosphatidylcholine (PC) and sphingomyelin (SM), and
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a greater degree of acyl chain unsaturation, compared to healthy controls.!5%152 Al

though it is contentious as to whether these changes reflect an underlying mechanism of
degradation or are a consequence of it, it is nonetheless intriguing that protein-lipid ad-
sorption isotherms are altered using EAE-mimetic monolayers and that fatty acyl chain
unsaturation has effects independent of lipid headgroup composition.'®® More recently,
the small-angle X-ray scattering (SAXS) and cryogenic transmission electron microscopy
(cryo-TEM) measurements conducted by Shaharabani and co-workers have revealed that
instabilities in the myelin membrane in the form of an inverted hexagonal phase occurred
in membranes with lipid compositions similar to those observed in EAE-mimetic myelin,
in contrast to the multilamellar phase characteristic of membranes like those in healthy
myelin.'”" These changes in abnormal adsorption of MBP to a membrane of altered lipid
composition may be an additional mechanism that contributes to destabilising myelin
and might be operative in human MS.

Since the molecular mechanisms of the MBP-lipid interactions are still not completely
understood, the initial stages of myelin degeneration at the cellular level are unknown.'®?
For such reasons, there is still no therapeutic option for MS patients that will result in
full recovery.!®155 A large number of partly unconnected (so far) pieces of the puzzle
‘multiple sclerosis’ exist, all yielding attempts to explain the molecular origin of this dis-
ease: Most commonly, researchers have investigated the autoimmune character of the dis-
ease mediated by the response of T cells against proteins of the myelin sheath.14%:156,157
In other studies, a relation of MS and iron in MS plaques coming from extracellular
hemoglobin has been discovered.'?® 160 Effects of a post-translational deimination of
MBP C1 to MBP C8 have already been studied.3% 121147161164 Thig short list can
in addition be expanded to include genetic approaches.'® Changes in the biophysical
properties of the myelin membrane are suggested as a key factor in the development of
demyelinated diseases.!'%6 Thus, a better understanding of the binding of the MBP to
the myelin lipids may lead to a more detailed picture of the processes causing the loss of
myelination and to newer therapeutic strategies.

MBP as an intrinsically disordered protein (IDP) undergoes conformational changes from
an extended conformation in aqueous solution into a self-assembled protein with elements
of ordered secondary structure caused by the interaction with lipids.?% 139167 Thus, lipid
monolayer adsorption experiments are a useful tool to investigate these interactiouns.
Representing half of a bilayer,? 18 lipid monolayers at the air-water interface are useful
model systems for investigating the specific interactions of proteins to a membrane. 6% 170
In monolayer adsorption measurements, the change in area per molecule or the surface
pressure can be easily determined. Here, monolayer adsorption experiments and the anal-
ysis of the maximum insertion pressures (MIPs) of the protein adsorbed to monolayers
formed by several lipid combinations reveal the importance of hydrophobic and especially
electrostatic interactions leading to the high compaction of the myelin sheath. (The MIP
represents the initial surface pressure above which no protein incorporation into the lipid
monolayer occurs.) An MIP of 30 to 35 mN/m speaks of a well-incorporated protein. At
smaller values, there is nearly no incorporation.!”!

In the following sections, the interaction of MBP and the major lipids of the cytoplas-
mic side of the oligodendrocyte membrane is investigated in detail by using monolayer
methods. A better understanding of the molecular mechanisms of the MBP-lipid inter-
actions may be helpful for obtaining deeper insights into the processes leading to the
MS-related loss of myelin. For experimental details, see Section 5.2.

49



4 Myelin basic protein

4.2 Interaction of bovine myelin basic protein with lipid
monolayers

This section is already published in:
Widder et al. Interaction of myelin basic protein with myelin-like lipid monolayers at
air—water interface. Langmuir, 34:6095-6108, 2018.

4.2.1 MBP-lipid interactions

Diverse previous studies of the interaction of MBP and lipid monolayers and bilayers
by atomic force microscopy, surface pressure measurements, calorimetry, and scattering
measurements!' 1120137172 have revealed that the stability of the myelin sheath is main-
tained by a balance of the forces between the protein and the components of the myelin
layer.'®” The myelin sheath loses its stable structure if this balance is disturbed by, for
example, changes in the lipid composition. Many of these previous studies on the interac-
tion of MBP and lipids have used model lipids like phosphatidylglycerol (PG),136,137,173
phosphatidic acid (PA),!36:137.174 dipalmitoylphosphatidylserine (DPPS),'72175 or di-
palmitoylphosphatidylcholine (DPPC).!"? However, interpretation of the results should
be done with caution, especially in the case of PA or PG, for example, since these lipids
are not relevant in the environment of MBP. Furthermore, most of the studies do not
include the whole lipid composition of the cytoplasmic membrane leaflets, and it remains
to ascertain how the separate components interact synergistically.

The following investigations shed further light on the role of each of the major sin-
gle brain lipids found on the cytoplasmic side of the oligodendrocyte membrane, for the
association of MBP to it. To elucidate this role, monolayer experiments were done of
bovine MBP (bMBP) interacting with the whole lipid composition of the cytoplasmic
side of the oligodendrocyte membrane (further referred to as ‘normal’ composition) and
with the single lipids. Importantly, the negative image—the normal lipid composition of
the myelin without the indicated lipid—was also evaluated. For example, in the case of
cholesterol, additionally, the normal composition without cholesterol was investigated by
adjusting the ratio of all other lipids to make them equal to what they would be in the nor-
mal composition. In situations of removal of highly represented lipids, like cholesterol or
phosphatidylethanolamine (PE), the impact of negatively charged lipids increases. This
approach enables to focus on their electrostatic interactions with positively charged MBP
and their key role in facilitating MBP folding and membrane binding.'*! By considering
all lipids of the cytoplasmic leaflet of the myelin membrane systematically, the results of
the monolayer adsorption measurements reveal more clearly the specific impact of every
lipid in the natural environment of MBP on the lipid—protein interaction. MBP extracted
from bovine brain contains different charge variants of MBP. Using bMBP allows to focus
on the role of the single lipids leaving influences of the charge of MBP in this section aside.
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Figure 4.1: a) Time-dependent surface pressure of bMBP (¢ =100 nM) injected at t=0h
below a monolayer of constant surface area. The top scale refers to the surface
pressure—area isotherm of the lipid monolayer at 20°C (grey curve). b) Dif-
ference of surface pressure Am(mini) after maximal 5h of adsorption of bMBP
(¢ =100 nM) to lipid monolayers with a lipid composition similar to the cyto-
plasmic leaflet of the myelin sheath (cholesterol, PE, PS, PC, SM, and PTin a
mole ratio of 44:27:13:11:3:2) at different initial surface pressures. Regression
curve is included.

Subphase: 20°C, 20mM HEPES and 10 mM NaCl at pH 7.4.

4.2.2 Results and discussion
4.2.2.1 Monolayers of the normal myelin composition

To investigate the interaction of myelin basic protein with the myelin-like lipid monolayer,
chloroform solutions of cholesterol, PE, PS, PC, SM, and PI were prepared in a mole ratio
of 44:27:13:11:3:2 (further referred to as ‘normal’ composition). Thus, the lipid mixture
consists of 56 % amphiphilic phospholipids and sphingomyelin and 44 % cholesterol. This
composition corresponds to that of the cytoplasmic leaflet of the myelin sheath.!76:177
Different amounts of lipid solution, spread onto the buffer surface, resulted in different
initial surface pressures. Small 7y up to 20 mN/m remain constant after several minutes.
Higher my; are not constant even after the waiting time of 30 min, by which time the
chloroform evaporates. It is possible that an ongoing reorientation of the unsaturated
lipids results in a decreasing surface pressure of the film.

Injecting the protein—buffer solution below the monolayer leads to an increase of the
surface pressure m(t) depending on min; (Figure 4.1a). The increase of surface pressure
results from the incorporation of bMBP into the lipid monolayer driven by hydrophobic
interactions. If proteins or only parts of the proteins are incorporated into a monolayer,
either they can be inserted into the lipid layer to interact with the acyl chain region
or they can interact with the lipid headgroups and occupy space at the air—water inter-
face.!”™ In either case, the surface pressure increases at a constant total area. Higher
initial surface pressures cause smaller increases in 7 than small 7j,; because the monolayer
is in a more condensed liquid-expanded (LE) state at higher pressures. It is interesting
that after injecting the protein below a monolayer of a high iy, the surface pressure
increases well above the collapse pressure (=43 mN/m) and then decreases to a pressure
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4

Figure 4.2: Fluorescence microscopy images of a monolayer composed of a) the normal
composition and b) the normal composition without cholesterol at a pressure
of ca. 5mN/m. (The image of the normal composition without cholesterol has
been recorded by Jennica Triager in the course of her Master’s thesis ‘Wech-
selwirkung zwischen divalenten Metallionen und basischem Myelin-Protein
in Myelin-artigen Lipidmonoschichten’, Martin-Luther-Universitat Halle Wit-
tenberg, 2016, advised by the author of the present thesis.)

Lipid dye: 0.05mol-% Rh-DHPE, subphase: 20°C, 20mM HEPES and
10mM NaCl at pH 7.4.

region where the lipid film is stable. MBP seems to stabilise the myelin monolayer to
prevent it from collapsing.

The change in surface pressure Am = Tend — Tini a8 a function of 7iy; shows a linear
behaviour for this lipid composition (Figure 4.1b). As mentioned before, the MIP of a
protein or peptide well incorporated into the monolayer lies between 30 and 35mN /m.
The maximum insertion pressure of bMBP adsorbed to the normal myelin lipid mono-
layer amounts to 42.3mN/m. This relatively high value well above a well-incorporated
protein speaks for a strong interaction between bMBP and the myelin-like monolayer. As
the surface pressure—molecular area curve shows, the monolayer is in the LE phase over
all areas (Figure 4.1 a, grey curve).

A phase separation is visible in the results of epifluorescence microscopy (Figure 4.2a).
Defined, well-separated, domains are visible even at small surface pressures. McConnell
et al.'”? previously described a phase separation of lipid mixtures of cholesterol and phos-
pholipids. Here, taking this study into account, it is concluded that the monolayer phase
separates in a dark cholesterol-rich phase and a bright phospholipid-rich phase. The mul-
ticomponent system of four phospholipids, sphingomyelin, and cholesterol thus behaves
here as a pseudobinary system,'®® where the phospholipids are assumed to be homoge-
neously distributed between the cholesterol domains. Since the fluorescent dye (0.05 mol-
% Rh-DHPE) is preferentially located in LE phases, the cholesterol-rich domains show
darker regions because cholesterol inclines to the higher-ordered liquid-condensed (LC)
phase behaviour. Indeed, the phase separation into cholesterol-rich and phospholipid-rich
domains has already been reported for purified myelin from bovine spinal cord by Oliveira
and Maggio®! and for lipid compositions similar to the white matter of marmosets by
Min et al.,'8? supporting the relevance of the here adopted experimental system.

If bMBP is adsorbed to the lipid monolayer of the normal composition, small grey re-
gions are visible in the fluorescent microscopy images (blue arrows in Figure 4.3). As
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Figure 4.3: Fluorescence microscopy images of bMBP adsorbed to a monolayer composed
of the normal composition at a pressure of ca. 5mN/m. (The images have
been recorded by Jennica Tréger in the course of her Master’s thesis ‘Wech-
selwirkung zwischen divalenten Metallionen und basischem Myelin-Protein
in Myelin-artigen Lipidmonoschichten’, Martin-Luther-Universitat Halle Wit-
tenberg, 2016, advised by the author of the present thesis.) The blue arrows
highlight small regions arising from the adsorption of bMBP to the myelin-
like monolayer.

Lipid dye: 0.05mol-% Rh-DHPE, subphase: 20°C, 20mM HEPES and
10mM NaCl at pH 7.4.

these regions did not occur in the monolayer without adsorbed protein, they must rep-
resent the MBP incorporated into the lipid film. Remarkably, bMBP is mostly visible
in the phospholipid-rich domain near the cholesterol-rich phase. DeBruin and Harauz
suggested the localisation of MBP at the boundary of the cholesterol-rich domains!'®3
and the here shown data provide direct experimental evidence for this conjecture. It is
possible that MBP is also incorporated into cholesterol-rich phases, but this cannot be
detected with the approach used here, and this event is not considered to be likely.

4.2.2.2 Various combinations of brain lipids of the myelin-like monolayers

Adsorption experiments of bMBP to a monolayer of the respective brain lipid and of
the normal composition without this specific lipid by keeping the ratio of all other lipids
constant (the ‘negative’ scenario; for lipid ratios, see Table 5.1) were performed to in-
vestigate the specific role of each lipid, by observing the effect of the protein on the
physical state of every lipid during its incorporation into the monolayer. Table 4.2 shows
the determined maximum insertion pressures (MIPs). The difference in surface pressure
Am(mini) as a function of the initial pressure iy is shown for PE and PS in Figure 4.4
and for cholesterol, PC, SM, and PI and the normal composition without the respective
lipids in Figure B.1. For m(t) diagrams, see Figure B.2.

In the following, the series of experiments with the individual lipids are described.

Cholesterol (Chol) The most abundant lipid in the cytoplasmic leaflet of the myelin sheath
is slightly amphiphilic due to a single OH group and is known to modulate the fluidity of
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Table 4.2: Maximum insertion pressures for binding of bMBP to the different brain lipids
of myelin. Compared are the values of monolayers of the several lipids alone,
the normal composition, and the normal composition without the respective
lipid. In the case of PS, PI, and the mixture without PE, the given value is
the apparent maximum insertion pressure MIP,p, as the A7 (miyi) behaviour
is not linear.

Monolayer MIP in mN/m

Chol PE PS PC SM PI
359 365 41.8° 260 195 36.6°
+1.1 +13 425 +12 +1.0 =+3.9

42.3

+1.4
Without 54.9  41.8% 32.6* 456 473  32.6*
indicated lipid | 19 4137 419 +14 +16 +19

Lipid alone

Normal

* without PS and PI
f MIP,pp

membranes because its planar nature allows it to intercalate between fatty acyl chains.
Molecules with small polar groups, like cholesterol, have reduced degrees of freedom and
tend to be in a condensed phase on their own.'®* This statement is supported by the
surface pressure—area isotherms obtained here, which for cholesterol monolayers shows a
direct transition from the gas-analogue state into the liquid-condensed (LC) phase (Fig-
ure B.1).

For cholesterol, the change in surface pressure Ar(miy;) relative to min; shows a linear
decreasing curve. The same applies for the adsorption of bMBP to a monolayer of the
normal composition without cholesterol. The MIP of bMBP injected below a cholesterol
monolayer is in the range of a well-incorporated protein: 35.9mN/m. If the normal com-
position without cholesterol is determined, the MIP of 54.9mN/m is even higher than
that for the normal lipid composition. Comparing the MIPs, it is assumed that choles-
terol slightly impedes the incorporation of the protein into the myelin monolayer.
Analysing the phase behaviour of the mix without cholesterol with epifluorescence mi-
croscopy reveals that cholesterol leads to the occurrence of cholesterol-rich and phospho-
lipid-rich phases, as already assumed above. Without cholesterol, the lipid monolayer is
nearly homogeneous (Figure 4.2b).

Phosphatidylcholine (PC) With its cylindrical shape, PC is ideally suited to serve as the
bulk structural element of eukaryotic biological membranes. Previous measurements on
dipalmitoylphosphatidylcholine (DPPC) monolayers'™ and vesicles of PC17:185,186 jp_
dicated no significant interaction between MBP and PC. Some earlier studies, however,
suggested a weak interaction, i.e., a non-negligible one so the point might simply repre-
sent differences in semantics.!87188

Injecting bMBP below a brain PC monolayer causes only small increases of surface pres-
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Figure 4.4: Difference of surface pressure Am(miyi) after maximal 5h of adsorption of
bMBP (¢ =100nM) to lipid monolayers as a function of the initial surface
pressure Tipi. a) Normal composition, only PE and the normal composition
without PE with all other lipids in the same ratio as in the normal composi-
tion. b) Normal composition, only PS and the normal composition without
PS with all other lipids in the same ratio as in the normal composition. Re-
gression curves are included.
Subphase: 20°C, 20mM HEPES and 10 mM NaCl at pH7.4.

sure. The Am(mipi) curve shows a linear behaviour with an MIP of 26.0 mN/m, which is
similar to the MIP of the model lipid DPPC of 27 mN/m measured by Polverini et al.!”™
This relatively low pressure indicates a very low affinity of bMBP for the headgroup of
PC. Since the incorporation of bMBP into the lipid monolayer without PC results in a
higher MIP (45.6mN/m) than in the case of the normal myelin composition, it can be
concluded that PC reduces the maximum ingertion pressure of bMBP incorporated into
the monolayer.

Sphingomyelin (SM) SM and cholesterol have a high affinity for each other via van der
Waals interaction. They are usually thought to be located together in the so-called lipid
rafts.18?

Since SM has the same headgroup as PC, the adsorption behaviour of bMBP to an SM
monolayer is similar to that of a PC monolayer. The small MIP of 19.5mN /m highlights
the poor affinity of bMBP to interact with the headgroup of PC and SM. But due to
its interaction with cholesterol, it can be assumed that sphingomyelin plays a role in the
formation of lipid domains in myelin.'%® Compared to the MIP of bMBP adsorbed to the
normal composition, the MIP for a monolayer of the normal composition without SM is
slightly higher. This will be further investigated and discussed in Section 4.3.

Phosphatidylethanolamine (PE) In membranes, PE modulates the curvature due to its
small headgroup and the resulting cone shape of the lipid. At very high pH, it is mostly
deprotonated, whereas 99 % of PE molecules (due to a pK, of 9.6!%!) are in the proto-
nated form at a pH of 7.4 used in this study.

The An(7iyi) linearly decreasing dependence of the adsorption of bMBP to a PE mono-
layer has a zero crossing at 36.5mM/m, indicating good protein incorporation (Fig-
ure 4.4). In contrast to this result, though poor penetration of MBP into PE monolayers
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or vesicles has been reported in the literature.''”-192 Here, it is postulated that the high
MIP arises from the polar interaction of the MBP with the lipid headgroups rather than
from a hydrophobic interaction with the acyl chains.!'":137 For a schematic depiction,
see Figure 4.5 b(1I).

Intriguingly, the change in surface pressure is not in a linear relation to the initial surface
pressure if the normal lipid composition without PE is examined (Figure 4.4a). For small
Tini up to &~ 15mN/m, the Am(mipi) is roughly constant. If 7ip; is higher than 20 mN /m,
then Am(mini) decreases more sharply than in the case of the normal monolayer. Fitting
the experimental data with the quadratic curve A7 (7ini) = ¢+d-mipi —e- 7Ti2ni is a helpful
and well-suited tool to characterise and compare the nonlinear behaviour of different lipid
compositions, and a quadratic regression matches well with the experimental data of the
adsorption to the monolayer without PE yielding a quadratic term of e = 0.0085m/NM.
Since the maximum insertion pressure is defined for linear An(mj,i) graphs, the zero
of the quadratic function may not represent the true MIP per se. Hence, the value of
41.8mN/m should be described as the apparent maximum insertion pressure MIP,,,.
The real initial pressure, at which no incorporation occurs any more, should be higher.
Taking this into account, it can be stated that PE slightly lowers the MIP of bMBP
adsorbing to the myelin monolayer. The reasons leading to the nonlinear behaviour of

Am(mini) are explained further in the next paragraph.

Phosphatidylserine (PS) PS is the most abundant anionic phospholipid in the cytoplasmic
leaflet of the myelin sheath and therefore makes the biggest contribution to nonspecific
electrostatic interactions in the membrane.

The adsorption of bMBP to a PS monolayer leads to a high increase in surface pressure,
which is approximately constant with ~23.9mN/m up to an initial surface pressure of
15.6 mN/m. After this plateau phase, Am decreases steeply with increasing 7, (Fig-
ure 4.4b). In accordance with former studies on the interaction of MBP with mono-
layers of the negatively charged model lipids dipalmitoylphosphatidylserine (DPPS)!7
and dipalmitoylphosphatidylglycerol (DPPG)'™ and with vesicles composed of nega-
tively charged lipids like PS, dimyristoylphosphatidic acid (DMPA), and DPPG,% two
counteracting processes lead to this special behaviour of the change in surface pressure:

i) protein incorporation driven by hydrophobic interactions leading to an increase of
the surface pressure 7 and

ii) lipid condensation due to electrostatic interactions leading to a decrease of 7,

where i) predominates over the measured range of miy; leading to a positive surface pres-
sure.

Native MBP in its most abundant isoform has a net positive charge of +19 (at pH7)
due to its abundance of positively charged arginine and lysine residues. The electrostatic
interactions between these residues of the cationic protein and the negatively charged
headgroups of PS result in a shielding of the negative charges and a concomitant re-
duction of the repulsive forces between the PS molecules. As a consequence, the area
occupied by the lipid molecules is reduced because there is better acyl chain packing
(Figure 4.5a). It is known that MBP adopts o-helical structures during hydrophobic
interaction with the myelin membrane!!® %141 (shown in a simplified illustration in
Figure 4.5). The incorporation of the protein, or even parts of the protein (particularly
the three amphipathic «-helices), in opposition, disturbs the order of the acyl chains and
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leads to an increasing surface pressure.

Epifluorescence microscopy shows small grey regions in the mostly homogeneous lipid film
of PS upon adsorption of bMBP (Figure B.3), interpreted to be regions of higher order
than the LE phase of PS alone. Apparently, these dark regions represent lipid condensed
parts of the PS film induced (as only observed when bMBP is present) by protein-PS
interactions.

A deviation from the linear behaviour of Am(my;), if positively charged peptides are
adsorbed to negatively charged monolayers, has already been observed before. 9319 A
separate analysis of the kinetics of the two superimposed processes, as described by
Hidicke and Blume'® is not applicable here for the time-dependent change of the sur-
face pressure if bMBP is adsorbed to charged monolayers. Both processes proceed with
similar time constants and cannot be separated in the time-dependent surface pressure
graphs (Figure B.2).

The definition of the MIP, described above, cannot be applied for the binding of bMBP
to PS monolayers. Since the increasing and the decreasing parts of the 7(¢) curves cannot
be separated, it cannot be detected if the condensing process occurs over the whole range
of mini. Thus, it is not possible to ascertain whether the value of An (7)) =0mN/m de-
scribes the maximum pressure of insertion or the superposition pressure. At this point,
the contributions of the protein incorporation and the lipid condensation are in an equi-
librium. The real maximum insertion pressure could be higher. Again, that is why, mip;
of Am(mini) =0mN/m is here called ‘apparent maximum insertion pressure’ MIP,pp.
Compared to an MIP of 32.6 mN/m for the lipid composition without the charged lipids
PS and PI, PS increases the MIP of the myelin monolayer significantly, speaking for a
better incorporation of bMBP into the monolayer.

Phosphatidylinositol (PI) PI is another negatively charged lipid of the myelin. With PI,
the ratio of negatively charged lipids to neutral lipids can be modified by phosphorylation
of PI to PIP or PIPy.197

The interaction of bMBP with a pure PI monolayer results in a high increase of the sur-
face pressure. The Am(mip;) curve of bMBP adsorbed to PI (Figure B.1) shows a similar
behaviour to the adsorption to PS. At small 7ip; up to 13.8 mN/m, the change in surface
pressure is nearly independent of the initial pressure with a value of ~25.7mN/m. A
steep decrease of Am(mip;) is observed for higher 7in;. The nonlinear A7 (i) curve of Pl is
attributed to the same processes as in the case of PS: the surface pressure 7(t) is a super-
position of protein incorporation and lipid condensation as a result of electrostatic inter-
action between positively charged MBP and negatively charged PI molecules. The former
process leads to an increase of surface pressure, and the latter to a decrease. Both effects
apparently occur with the same time constant. Therefore, the maximum insertion pres-
sure cannot be determined reliably and the value min; — 36.6 mN /m of A7 (7min;) = 0mN/m
is only an apparent MIP.

Again, a suitable regression curve of the An(7y;) graph is a quadratic fit with the down-
ward opened function A7 (7ipi) = c+d - Tipi — € - 7r12ni. The quadratic term e can then be
used for the characterisation and comparison of the quadratic course of the curve and of
the electrostatic interaction. The higher the value of e, the higher is the deviation from a
linear function. The Am(miyi) is linear if e is close to 0 m/mN, in consideration of the error
Ae. The change in surface pressure as a function of the initial surface pressure of bMBP
injected below a PI monolayer yields a quadratic term of 0.0285m/mN (Table 4.3). In
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Figure 4.5: Schematic depiction of the adsorption of MBP to a lipid monolayer of a) the
charged lipids PS and PI and b) the lipid mixture PE:(PS:PI) at the air-
water interface before the injection of MBP below the monolayer (left) and a
few hours after injection of MBP below the monolayer (right). In b) the two
possibilities of protein incorporation are sketched: (I) parts of the protein
interact with the acyl chain region, (IT) parts of the protein interact with
the lipid headgroups of PE at the air—water interface. The depiction of the
protein and lipids is simplified.

the the case of PS, e amounts to 0.0187m/mN. The higher quadratic term of the PI
monolayer measurements implies a higher slope of Am(miyi) at higher i, indicating a
stronger electrostatic attraction between bMBP and PI than between bMBP and PS.
In monolayers without the charged lipids PS and PI, the MIP of bMBP is in the range
of a well-incorporated protein. Thus, with PS and PI present in the monolayer, the elec-
trostatic interactions increase the maximum insertion pressure of bMBP to a myelin-like
monolayer.

4.2.2.3 Electrostatic interaction

Change of surface pressure

These investigations of the adsorption of MBP to the lipids of the cytoplasmic monolayer
of the myelin sheath showed a special adsorption behaviour of charged lipids (PS and
PI), as sketched in Figure 4.5a. Due to a superposition of protein incorporation into
the monolayer and lipid condensation as a result of electrostatic interaction, the change
of surface pressure does not decrease linearly with increasing initial surface pressures,
as observed for uncharged lipid films. The nonlinear behaviour of the An(mj,i) graphs
of MBP adsorbed to PS and PI monolayers is also present if the normal composition
is used but without the neutral lipid PE. It is possible to ascribe this fact to a higher
amount of negatively charged lipids in the composition without PE (21 % of PS and PI
together) compared to the normal lipid composition (15% of PS and PI). However, the
lipid composition without cholesterol, which has an even higher proportion of negative
charges (27 % of PS and PI), shows the same linear A7 (mp;) behaviour as with uncharged
monolayers (Table 4.3). One may assume that PE shields the electrostatic attraction be-
tween negatively charged lipids and the positively charged protein. This assumption was
tested with different lipid compositions of cholesterol, PE, PC, PS, and PI with different
ratios of uncharged to charged lipids. The ratio of PS to Pl was in all cases the same
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4.2 Interaction of bovine myelin basic protein with lipid monolayers

as in the natural composition (13:2). The same applies for the ratio of cholesterol to PE
(44:27). PC was used to test the ‘anti-nonlinear’ role of PE. Therefore, in compositions
with cholesterol and PC, their ratio was equal to that of cholesterol to PE in the normal
composition (44:27). For detailed information about the composition of the lipid mix-
tures, see Table 5.2.

Tables 4.3 and 4.4 summarise the quadratic terms and apparent maximum insertion pres-
sures of the adsorption of bMBP to all tested lipid compositions relevant for electrostatic
analysis. For An(mni) and pi(t) diagrams, see Figures B.4 and B.5.

Chol:(PS:PI) Due to the domain-building effect of cholesterol to the brain lipids of the
myelin sheath, its effect on the nonlinear behaviour of negatively charged monolayers was
tested with different ratios of cholesterol to PS and PI.

As can be seen in Table 4.3, higher amounts of cholesterol lower the quadratic term
e. A mere mixture of PS and PI exhibits a nonlinear An(7,;) behaviour with an e of
0.0209 m/mN, which decreases to 0.0092 m/mN if cholesterol and the negatively charged
lipids are in an equal amount. Even a lipid composition with 80 % cholesterol shows
clearly a quadratic Am(mipi) curve. Thus, cholesterol seems to have only a small effect
on the electrostatic interactions between protein and lipid monolayer, which possibly re-
lies on the smaller amount of negatively charged lipids at a high percentage of cholesterol.

PE:(PS:PI) As discussed above, the nonlinear A7 (mip;) graph of bMBP adsorbed to the
monolayer of normal myelin composition without PE suggests a shielding of the electro-
static attraction between the positively charged protein and the negative charges of PS
and PI.

An increasing lipid content of PE results in a decrease of the quadratic term e coming close
to zero and a concomitant decreasing influence of lipid condensation on A7 (7iy;). Spread-
ing a lipid mixture of PE, PS, and PI in a ratio of 50:50 (uncharged to charged lipids)
on the buffer surface and injecting bMBP below the monolayer show with a quadratic
term of 0.0087m/mN a similar Ax(mipi) behaviour to the 50:50 mixture of cholesterol
with PS and PI. But higher amounts of PE show a stronger effect on the curve shape.
Although the function of the change in surface pressure is only slightly quadratic with
e =0.0055m/mN for the 65:35 mixture of PE:(PS:PI), it is linear if the content of PE is
80 %. Consequently, the influence of PE on the quadratic behaviour of Az (i) is higher
than that of cholesterol.

(Chol:PE):(PS:PI) Replacing parts of PE by cholesterol gaining the same ratio of choles-
terol to PE as in the normal composition slightly lowers the shielding effect of PE. The
quadratic term is significantly higher if the amount of cholesterol and PE is 80 %. This
composition leads to a change in surface pressure that still shows a nonlinear dependence
on the initial surface pressure. Without cholesterol and with the same amount of nega-
tively charged lipids, the graph was already linear at this point.

PC:(PS:PI) To test a possible influence on the lipid condensing process of a phospholipid
with an unattractive headgroup for the adsorption of bMBP, different proportions of the
uncharged PC and charged lipids PS and PI were investigated.

As previously observed for lipid compositions of PE, PS, and PI, a decreasing amount of
charged lipids results in an decrease of the quadratic term e. The same relation was found
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Table 4.3: Quadratic terms e of the quadratic regression A7 (i) = c+d- 7 —e -
of different mole ratios of the lipid mixtures (z):(y) tested for electrostatic
investigations, with = referring to uncharged lipids and y to charged lipids. In
the case of (e = Ae) > 0m/mN, Am(mipi) can be assumed as linear. The values
with linear behaviour Am(myi) are written in blue. For detailed composition

of lipid mixtures, see Table 5.2.

Monolayer e in m/mN
(x):(y) 0:100 20:80 50:50 65:35 80:20  100:0
Chol:(PS:PT) 0.0209 - 0.0092 - 0.0071 0
+0.0028 +0.0014 +0.0019
PE:(PS:P1) 0.0209 0.0164 0.0087 0.0055 0.0012 0
+0.0028 +0.0010 £0.0016 =+0.0013 =£0.0029
(Chol:PE): 0.0209 0.0166 0.0099 0.0050 0.0050 0
(PS:PI) +0.0028 =+£0.0014 £0.0009 40.0010 =+£0.0019
PCA(PSPI) 0.0209 0.0143 0.0040 - -0.0003 0
+0.0028 =+£0.0013 +£0.0014 +0.0010
(Chol:PC): 0.0209 - 0.0091 -0.0003 0.0008 0
(PS:PI) +0.0028 +0.0023 £0.0010 +0.0017
PS 0.0187
+0.0013
PT 0.0285
+0.0037
(Chol:PC:SM): 0.0085
(PS:PT)* £0.0012
(PE:PC:SM):
(PS:PI)?
(Chol:PE:PC:SM): 0
(PS:PI)*
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4.2 Interaction of bovine myelin basic protein with lipid monolayers

Table 4.4: Apparent maximum insertion pressures MIP,,, of different mole ratios of the
lipid mixtures (z):(y) tested for electrostatic investigations, with x referring to
uncharged lipids and y to charged lipids. In the case of (e £ Ae) > Om/mN
(Table 4.3), Am(mini) can be assumed as linear and the given MIP (written
in blue) is obtained from linear regression. For detailed composition of lipid
mixtures, see Table 5.2.

Monolayer MIP,;, in mN/m
(x):(y) 0:100 20:80 50:50 65:35 80:20 100:0
Chol: (PS:P1) 40.3 - 45.6 - 41.9 35.9
+4.7 +4.2 +5.6 +1.1
PE:(PS:PT) 40.3 42.1 45.9 459 44.2 36.5
+4.7 +2.0 +£5.3 +5.4 +1.5 +1.3
(Chol:PE): 40.3 42.1 45.6 48.8 43.5 36.2
(PS:PI) +4.7 +29 +2.6 +4.5 +7.8 +1.2
PC:(PS:PI) 40.3 42.5 459 - 45.1 26.0
+4.7 +3.0 +6.5 +1.7 +1.2
(Chol:PC): 40.3 - 44.5 7.8 43.6 29.4
(PS:PI) +4.7 +7.0 +1.3 +1.3 +0.9
PS 41.8
+25
PT 36.6
+3.9
(Chol:PC:SM): 41.8
(PS:PI)* +3.7
(PE:PC:SM): 54.9
(PS:PI)¢ +1.9
(Chol:PE:PC:SM): 42.3
(PS:PI)?* +1.4

* normal composition without PE (79:21)
# normal composition without cholesterol (73:27)

! normal composition (85:15)
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for the lipid mixtures of PC, PS, and PI, albeit not to the same extent. The effect of
PC on the nonlinear behaviour of Am(7iy) is significantly higher than of PE and choles-
terol. This trend already delineates at a composition of PC to the charged lipids of 20:80
and is clearly visible at the ratio of 50:50. An equal amount of uncharged and charged
lipids results, in the case of PC as an uncharged phospholipid, in a nearly linear A7 (7in;)
function. The higher impact of PC on the quadratic behaviour of An(my,;) compared
to PE results partly from a small amount of protonated PE molecules. At pH 7.4, only
99 % of PE molecules are deprotonated, whereas PC is deprotonated completely. But
this small fraction of protonated PE shifts the uncharged to charged ratios only slightly
to higher contents of charged lipids. A bigger impact could result from the fact that
PC’s headgroup is larger than the headgroup of PE, leading to a greater overall area of
uncharged lipids at the air—water interface in the case of PC.

(Chol:PC):(PS:PI) The effect of cholesterol on the curve behaviour of the change in sur-
face pressure is consistent for lipid mixtures with PC and for lipid mixtures with PE. The
addition of cholesterol lowers the ‘anti-nonlinear’ effect of PC, especially if uncharged and
charged lipids are in balance. At a ratio of 50:50, the change in surface pressure is still a
quadratic function of the initial surface pressure. Nevertheless, if the content of PS and
PI only amounts to 20 %, cholesterol does not prevent the linear behaviour of A (7ip;).

Combining these results with the findings of the individual lipids and the normal com-
position without the respective lipid gives deeper insights into the specific roles of the
brain lipids that constitute myelin. The normal composition without cholesterol with a
ratio of uncharged to charged lipids of 73:27, shows a linear A7 (7i,;) curve. This obser-
vation is in accordance with the results of the adsorption measurements with PC:(PS:PI)
and PE:(PS:PI), for which quadratic regression of An(m,;) yielded quadratic terms e
near 0m/mN. It becomes apparent that SM, if cholesterol is lacking, does not influence
the shielding impact of PE and PC on the lipid condensation process resulting from elec-
trostatic interaction between the spread lipids and the adsorbed protein. The quadratic
behaviour of the change in surface pressure after injecting bMBP below the normal lipid
composition without PE results from the small content of PC in contrast to a compar-
atively high cholesterol content. The ratio of uncharged to charged lipids in the normal
mix without PE is 79:21, the quadratic factor of which is 0.0085m/mN, a value slightly
higher than that of the 80:20 mixture of Chol:(PS:PI). Probably, the high affinity of SM
to cholesterol, thereby building more condensed lipid domains, leads here to a lowered
shielding of the electrostatic interactions by uncharged lipids and a concomitant higher
deviation of a linear relationship between the change in surface pressure and initial surface
pressure during adsorption of bMBP to a monolayer of the normal myelin composition
without PE.

The linear Am(mipi) curve of the adsorption of bMBP to the normal lipid composition fits
well into these considerations. The content of PS and PI of 15 % is insufficient to cause a
quadratic dependency between Am and 7in;. The shielding effect of PE and PC is strong
enough to be not abolished by the domains built by cholesterol. As shown above, PC has
a stronger impact than PE on suppressing the lipid condensation resulting from electro-
static interaction with the protein. But this effect is compensated by a higher amount of
PE in the myelin monolayer. So the anti-nonlinear effect is a collaboration of PE and PC.
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4.2 Interaction of bovine myelin basic protein with lipid monolayers

Taking a look at the maximum insertion pressures of the examined lipid compositions

with and without charged lipids (Table 4.4), it becomes apparent that even small amounts
of PS and PI result in an increased incorporation of bMBP into the monolayer indicated
by higher MIPs. In the case of PE, the MIP increases from 36.5mN/m to 44.2mN/m if
20 % PS and PT are added. This increase in protein incorporation is exceeded by adding
the same content of charged lipids to PC. Due to weak interactions between bMBP and
the headgroup of PC, the adsorption measurements revealed an MIP of 26.0 mN/m. But
even a small amount of PS and PI (20 %) raised the MIP to 45.1mN/m. Hence, the
negatively charged lipids foster the hydrophobic interaction of MBP and the acyl chains
of the uncharged lipids PC and PE, with which MBP interacts only barely or just via
polar interaction with the lipid headgroup (schematically depicted in Figure 4.5b).
It is not possible to assess a trend of the MIP over the course of increasing content of
charged lipids since the real MIP could not be calculated for the change in surface pressure
being a nonlinear function of the initial surface pressure. Nonetheless, the apparent
maximum insertion pressures convey an impression of values in the region of the MIP of
the normal composition and possibly higher. The myelin basic protein shows a strong
selectivity of interaction with PI and PS, which is the major anionic lipid component
of the myelin sheath. A visual electron microscopic demonstration of MBP forming
higher-order assemblies on monolayers comprising PS or PI was previously published by
Ishiyama et al.!62

The area related distances in subphase (TARDIS)

The results of different compositions of PC and PE with the charged myelin lipids PS
and PI led to the supposition that the bigger headgroup of PC results in a higher an-
tiquadratic effect than the smaller headgroup of PE, which should be verifiable by the
area—surface pressure isotherms of these lipid compositions.

The area—surface pressure graph reveals the mean area that every molecule occupies at
the air—water interface at a certain pressure. Assuming that the phospholipids of the
PE:(PS:PI) and PC:(PS:PI) mixtures are homogeneously distributed and that a lipid
molecule occupies a square area, it is possible to calculate the mean distance between
charged lipids depending on the surface pressure as the square root of the area per
molecule. The area—surface pressure isotherms of all PE:(PS:PI) and PC:(PS:PI) compo-
sitions were measured, as well as of PS:PI and PE, PC, PS, and PI alone. The distances
derived from the measured isotherms of the lipid mixes are compared to the calculated
distances of the isotherms of the specific mixture by the weighted average of the several
lipids. The distances of charges s (m) in the PE:(PS:PI) mixes are calculated in three
ways:

(m) = SPE:(PS:PI) ()

Sppy(ps:p)(T) = nps + npl (4.1)
_ npg spr(m) + (nps + np1) sps:pr(m)

Spe-(ps:p1) (™) = P + Ny (4.2)
_ npg Spe(m) + nps sps(m) + npr spi(m)

SpE4ps4pr(T) = ) (4.3)

nps + npg

where s, represents the distance between two lipids in the lipid film = and n, is the mole
fraction of the respective lipid in the mixture. Equation 4.1 calculates the charge distance
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from the measured area—surface pressure isotherm of the lipid mixtures PE:(PS:PI) (in
Figure B.7 referred to as ‘measured’, symbol: +). With Equation 4.2, the charge dis-
tance is calculated by the weighted addition of the surface pressure-dependent area of
a PE monolayer and a monolayer of the (PS:PI) mixture (in Figure B.7 referred to as
‘PE+PSPI’, symbol: 7). By weighing the area of a PE, a PS, and a PI monolayer
with the respective mole ratios, the charge distance is calculated by Equation 4.3 (in
Figure B.7 referred to as ‘PE+PS+PI’, symbol: o). The same equations apply for the
PC:(PS:PI) compositions. The small deviations of the s~ (m) graphs from each other
indicate a homogeneous distribution of the lipids, and a similar behaviour of the lipids
alone and in a mixture of different phospholipids. The graphs of s~ (m) derived with
Equations (4.1)—(4.3) are compared in Figure B.7. Since they show no big differences
(except slightly bigger differences in the case of a ratio of 80:20), Figure 4.6 shows only
the graphs of Equation 4.1 for the sake of clarity.

As can be seen in Figure 4.6, a higher amount of uncharged lipids in the PE:(PS:PI) and
PC:(PS:PI) mixes lead to bigger distances between charged lipids. These bigger distances
are reflected in the bigger quadratic terms e of the nonlinear Am(miy;) graphs. Analogous
to Equations (4.1)-(4.3), the distances between charged lipids in the (Chol:PE):(PS:PI)
mixtures were calculated with:

5(Chol:PE):(PS:PT) ()

- — 4.4
8 (Chol:PE):(ps:P1) () nps + np1 (4.4)
_ (nchol + MPE) Schol:PE(T) + (nps + np1) sps:p1(m)
_ 45
(Chol:PE)+(PS:PI) () nps + np1 (4.5)
o (r) = NChol SChol (T) + npE spr(T) + nps sps(m) + npr spr(m)
Chol { PE}PS{ PI nps + 1p1
(4.6)

and similarly for (Chol:PC):(PS:PI).

In these compositions, the distance of the charged lipids outside the cholesterol-rich do-
mains is pivotal for the nonlinear A7 (m,;) behaviour. But the calculation of the distance
between charges from the area—surface pressure isotherms is error-prone due to the do-
main building caused by cholesterol. Equations (4.4)-(4.6) require that the cholesterol-
rich domains include no phospholipids. However, the cholesterol-rich phase also includes,
for example, PS8! and saturated lipids.!®? It is not known how many phospholipid
molecules are located in the cholesterol-rich phase and how many cholesterol molecules
the phospholipid-rich phase contains. This uncertainty is reflected in the large deviations
of the s~ (m) graphs (Figure B.9) calculated with Equations (4.4)-(4.6). But a trend can
be read from the charge distances of (Chol:PE):(PS:PI) compared to those of PE:(PS:PI)
(Figure B.10) and (Chol:PC):(PS:PI) compared to those of PC:(PS:PI) (Figure B.11).
As already assumed, the charged lipid molecules experience a reduced accessible area
since parts of the water surface are occupied by the cholesterol-rich domains. This leads
to higher values of the quadratic term e for compositions with cholesterol, compared to
compositions without cholesterol with the same ratio of uncharged to charged lipids.

Since PC has the larger headgroup, its quadratic terms are closer to zero than for the
same amount of PE and thus greater distances between charged lipids were expected for
the mixtures containing PC. This effect is reflected in the mean distance between the
lipids in monolayers of PE and PC (Figure B.6). There is a larger distance between
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Figure 4.6: Distances between two charged lipids in all compositions of PE:(PS:PI) (left)
and PC:(PS:PI) (right) derived from their area-surface pressure isotherms
applying Equation 4.1. Error bars are not visible since they are identical to

the marker size.
Subphase: 20°C, 20mM HEPES and 10 mM NaCl at pH7.4.
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PC molecules than between PE molecules, as stated. But if the monolayers also contain
charged lipids, significantly higher distances are only apparent if there is no cholesterol
and if the proportion of uncharged lipids is at least 50 % (Figures 4.6 and B.8). In the
case of the 20:80 ratio of uncharged to charged lipids, the surface pressure-dependent
charge distances are in a nearly identical interval. The only slightly smaller distances in
the 50:50 mixtures of PE:(PS:PI) and PC:(PS:PI), despite the different quadratic term
of the Am(mn;) graphs of these mixtures make it clear that the bigger headgroup leading
to a bigger charge distance is not the only reason for the higher antiquadratic effect of
PC. Consequently, the shielding of the electrostatic interaction of the positively charged
MBP and the negatively charged lipids of the myelin may be also influenced by the smaller
number of double bonds of brain PC tails compared to brain PE (Figure B.13) and the
higher attraction between the MBP and PE monolayers than for PC monolayers.

4.2.3 Conclusions

In this section, the role of major lipids of the cytoplasmic leaflet of the oligodendro-
cyte for the binding and incorporation of bovine MBP, as modelled by myelin-like lipid
monolayers, was investigated by measuring parameters such as maximum insertion pres-
sure. bMBP adsorbed to a lipid monolayer that is similar to the lipid composition of
the cytoplasmic leaflet shows values of high incorporation into the myelin-like monolayer
(MIP =42.3mN/m). A strategy of scrutinising each major lipid in turn systematically for
a comparative analysis distinguishes this study from most previous ones in which a par-
ticular lipid composition has been selected. In this thesis it has been confirmed that the
headgroups of PC and SM appear to have minor attraction for bMBP, even though SM
is associated with the domain-building properties of cholesterol, with bMBP seemingly
attracted to domain boundaries. The anionic phospholipids PS and PI have the strongest
influence on cationic bMBP’s association with the membrane, as evidenced by the high
maximum insertion pressures, showing the overriding importance of electrostatic interac-
tions. Importantly, though, monolayers of PE alone or the normal composition without
the charged lipids PS and PI, also show large maximum insertion pressures (between 30
and 35mN/m), indicating a well-incorporated protein. Thus, electrostatic associations
are not the only driving force for bMBP association with the membrane. The lowering ef-
fect of cholesterol and PE on the MIP of bMBP to myelin monolayers results mostly from
higher amounts of charged lipids if the normal lipid composition without the indicated
uncharged lipid is measured, maintaining the same ratios of all other lipids.The cationic
protein association with anionic lipids is associated presumably with lipid condensation,
which lowers the fluidity of the lipid layer. Since the lipid condensation partly depends
on the distance between charged lipids, the uncharged lipids PE and PC attenuate it
without preventing the electrostatic protein-lipid attractions. Taking all observations
into consideration, it is clear that each of the major myelin lipids act synergistically,
and their balanced composition is essential for the normal condensation of myelin leaflets
(molecular events, as discussed in former studies®>!41). Moreover, a disruption of this
fine balance may exacerbate demyelination as observed in MS. Here, lipid compositions
putatively associated with model EAE myelin are also studied, viz., higher amounts of
PS and lower amounts of PC, resulting in increased electrostatic interactions but lowered
shielding by uncharged lipids. More lipid-condensed regions occur, making the diseased
myelin less stable.
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Addressing the protein preparation, it has to be noted that bMBP differs from protein
derived from human brain.'® Especially, the balance of post-translational modifications
of MBP is altered in MS, possibly as one of the earlier molecular events, resulting in a pre-
ponderance of hyper-deiminated MBP of reduced net positive charge.'92! The pattern
of modifications results in different modes of protein association with myelin-like mem-

20,161,202 pyre recombinant forms representing the unmodified and deiminated
35,121,147,161-164

branes.
forms of MBP have been used for many previous biophysical studies.
Their analysis represents the next step for exploitation of the experimental system estab-
lished here.

4.3 Interaction of myelin basic protein charge variants with
lipid monolayers

4.3.1 MBP C1 and MBP C8

The charge isomer MBP C1 with a net positive charge of +19 (at pH7) is the predomi-
nant form of MBP in the healthy adult brain. A post-translational modification by the
enzyme peptidylarginine deiminase of six arginine to citrulline!?%293 (for chemical struc-
tures, see Figure 4.7) results in the charge-reduced variant MBP C8 (+13 at pH7). The
deimination of MBP results in the loss of one positive charge for each citrullinated argi-
nine affecting the interaction with lipids and diminishing the compaction of the myelin
sheath.3 The less cationic form of MBP is less able to aggregate lipid vesicles.?04-206
The amphipatic «-helix of the immunodominant epitope (mentioned in Section 4.1) of
MBP C8 is shorter and more surface exposed than the one of MBP C1'7 although no
citrulline is located in the region of this epitope.2” Furthermore, MBP C8 adopts a more
opened structure than MBP C1.29%:209 Dye to that and the higher surface exposure, the
deiminated form of MBP is more susceptible to degradation by proteases.'??210 A well-
studied example is the digestion by cathepsin D, which digested MBP C8 significantly
faster than the higher charged MBP (C1.147:211

It is suggested that the deimination of MBP is a mechanism related to MS.?!2 In the
healthy adult brain the ratio of MBP C8 to MBP C1 amounts to 0.82.'*4 The adult
MS brain as well as the normal developing brain shows higher amounts of this highly
deiminated C8 form of MBP as compared to MBP C1 with a ratio of 2.45.14% In the
Marburg type, a rare form of MS, an MBP C19 with 18 of the 19 arginine deiminated
was found in a ratio of MBP C19/MBP C1 of 6.7.2!2 Patients suffering from this acute
type of MS survive only a few month after the disease outbreak.?!3

MBP extracted from a natural source contains post-translational modifications in addi-
tion to deimination as for example methylation®"* and phosphorylation.?!® This hampers
the study of the influence of deimination on the interaction of MBP and the lipids of the
myelin sheath. Thus, recombinant produced proteins have been used in the following
investigations. It has already been shown that the recombinant murine 18.5kDa form
of MBP (rmMBP, for amino acid sequences, see Table 4.1) is comparable to protein ex-
tracted from bovine brain.?'® Since citrulline cannot be synthesised recombinantly by
translation from a specific codon, recombinant MBP C8, used in this work, contains
glutamine instead, which is uncharged and its structure is similar to the structure of
citrulline!?217 (Figure 4.7). Another difference is the change of five arginines and one
lysin to the uncharged glutamine. The lysin—glutamine mutation of K119 corresponds to
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Figure 4.7: Chemical structures of the amino acids arginine, citrulline and glutamine.
The enzyme peptidylarginine deiminase 2 (PAD2) leads to deimination of
arginine to citrulline. In recombinant produced proteins the similar, codon-
specified amino acid glutamine is inserted instead of citrulline.

the arginine—citrulline mutation of R122 in the human form of MBP.

Based on the results of the previous section systematically quantifying the effect of
each of the major single brain lipids of the cytoplasmic side of the oligodendrocyte mem-
brane on bovine (mixed charge state) MBP-lipid interaction, here the behaviour of the
single charge variants MBP C1 and MBP C8 injected below monolayers of several lipid
combinations is compared. The analysis of the phase-separating behaviour of the myelin-
like lipid composition is visualised by epifluorescence microscopy and quantified by the
maximum insertion pressures (MIPs) of the proteins adsorbed to monolayers of different
lipid composition.

4.3.2 Results and discussion
4.3.2.1 Monolayers of the normal myelin composition

To compare the interaction of rmMBP C1 and rmMBP C8 with myelin-like lipid mono-
layers, chloroform solutions of cholesterol, PE, PS, PC, SM and PI were used in a molar
ratio of 44:27:13:11:3:2 (further referred to as ‘normal’ composition), corresponding to
the lipid composition of the cytoplasmic leaflet of the myelin sheath.!76:177

The lipid solution was spread onto the buffer surface, adjusting different initial surface
pressures mip; by different amounts of solution. The incorporation of the protein, which
is injected into the buffer subphase below the lipid monolayer, leads to an increase of the
surface pressure (Figure B.14). This incorporation is characterised by the insertion of
parts of the protein into the lipid layer, where they interact with the acyl chain region, or
the interaction of the protein with the lipid headgroups, occupying space at the air-water
interface. Both processes cause an increase in surface pressure at a constant total area.
Higher initial surface pressures imply a more condensed liquid-expanded (LE) state of the
monolayer. Thus, at higher my;, the increase in surface pressure resulting from protein
incorporation is smaller than in the case of smaller mip;.
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Figure 4.8: Difference of surface pressure Am(mipyi) after maximal 5h of adsorption of
myelin basic protein charge variants C1 and C8 (¢ =100nM) to lipid mono-
layers a) of the normal composition and b) of PS as a function of the initial
surface pressure mini. Regression curves are included.

Subphase: 20°C, 20mM HEPES and 10 mM NaCl at pH7.4.

In the case of injecting MBP below lipid monolayers of the normal composition, the
change in surface pressure A7 (7ini) = Tend(Tini) — Tini Shows a linear behaviour (Fig-
ure 4.8). The MIPs of the two tested charge variants of MBP are nearly equal with
48.3mN/m for C1 and 48.9mN/m for C8 adsorbed to the normal lipid composition.
These values indicate a strong incorporation of both MBP types into the myelin-like
monolayer. (Proteins with MIPs above 30 to 35 mN/m are usually considered to be well-
incorporated.!”™) MBP C1 and MBP C8 show almost identical interactions with the
native/normal myelin lipid monolayer. Thus, the reduced net positive charge of MBP C8
alone seems not to be enough to weaken this interaction with the monolayer, necessary
for a compact myelin sheath.

Epifluorescence microscopy of a lipid monolayer with normal composition shows de-
fined, well-separated domains of cholesterol-rich (dark regions) and phospholipid-rich
(bright regions) phases (Figure 4.9a). Small grey regions (blue arrows in Figures 4.9 b,
¢, B.16 and B.17) occur after protein is injected below the lipid monolayer. They rep-
resent clusters of MBP incorporated into the lipid film, since these regions are not vis-
ible in the fluorescent images of the monolayer without adsorbed protein as already
discussed in Section 4.2. Such clustering of both MBP charge variants in myelin-like
membrane vesicles has also been found using nanoscale distance measurements with the
electron paramagnetic resonance (EPR) spectroscopic method double electron-electron
resonance (DEER).!21:164 MBP C1 as well as MBP C8 thus adsorb to phospholipid-
rich domains in close vicinity to cholesterol-rich domains. A possible incorporation of
MBP into cholesterol-rich phases is not considered to be likely'®? and cannot be de-
tected with the approach used here, because the fluorescent dye (0.05mol % Rh-DHPE)
is preferentially located in liquid expanded (LE) phases leading to the dark appearance
of cholesterol-rich phases, which are of the higher-ordered liquid condensed (LC) phase.
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Figure 4.9: a)—c) Fluorescence microscopy images of a monolayer composed of the normal
composition and MBP C1 and MBP C8 adsorbed to a monolayer composed
of the normal composition at a pressure of ca. 5mN/m. The blue arrows
and squares highlight exemplary small regions arising from the adsorption of
MBP to the myelin-like monolayer. d), e) Regions of interest magnified 3
times.

Lipid dye: 0.05mol-% Rh-DHPE, subphase: 20°C, 20mM HEPES and
10mM NaCl at pH 7.4.

4.3.2.2 Various combinations of brain lipids of the myelin-like monolayers

To investigate if the individual types of lipids of the normal composition have different
influences on the interaction between the monolayer and MBP C1 and C8, respectively,
the adsorption behaviours of MBP C1 and MBP C8 to monolayers of the respective lipids
are compared. Table 4.5 summarises the MIPs of both MBP charge variants adsorbed
to a monolayer of the specific lipid. For area—surface pressure diagrams, see Figure B.1
(right).

Injecting the proteins below monolayers of cholesterol, PE, PC, or SM, respectively,
leads to a linear behaviour of the Am(mpni) graph (Figure B.18; for m(t) diagrams, see
Figure B.19). In these cases the increase in surface pressure after injecting the protein
results from the interaction of MBP with the lipid, driven by hydrophobic interactions.
Regarding the lipids PC and SM, whose headgroups are identical, it becomes obvious
that neither MBP C1 nor MBP C8 show strong affinities to incorporate into PC or SM
monolayers indicated by MIPs of 25 mN/m (PC) and 20 mN/m (SM), respectively. Since
the MIPs of C1 and C8 are small and show no significant differences, the MBP variants do
not seem to interact significantly to full PC and SM monolayers at the air—water interface.
The MIPs for MBP C1 and C8 after injection below monolayers of uncharged cholesterol

70



4.3 Interaction of myelin basic protein charge variants with lipid monolayers

Table 4.5: Maximum insertion pressures for binding of rmMBP C1 and rmMBP C8 to
the different brain lipids of myelin and the normal composition. In the case of
PS and PI the given value is the apparent maximum insertion pressure MIP,,,
as the A7 (mini) behaviour is not linear.

Protein MIP in mN/m
Chol PE PS PC SM PI normal
40.1  36.2 37.7% 251 199 356f  48.3

rmMBP C1

+15 +£13 +£38 £13 £11 =£5.7 +1.7

37.5 38.2  40.0" 25.3 20.2  36.8¢ 48.9
rmMBP C8

+13 +£14 +£37 £14 £11 =£5.7 +1.7
f MIP,p,p

2

Table 4.6: Quadratic terms e of the quadratic regression Am(mini) = ¢+ d - Tini — € - T5;

of MBP C1 and MBP C8 adsorbed to myelin-like lipid monolayers.

Protein e in m/mN
PS PI without PE
.0294 0312 .
‘mMBP C1 0.029 0.03 0.0095

+£0.0022 +£0.0053 +0.0042
0.0202 0.0212 0.0120
+0.0022  +£0.0057 +0.0062

rmMBP C8

or PE are much higher than for PC and SM and are in the range and even above values
of well-incorporated proteins (see Table 4.5, MIPs between 36 and 40 mN/m). Also for
these two lipids, there is no significant difference in the MIPs between MBP C1 and C8.

The negatively charged lipids PS and PI caused a quadratic dependence of A7 (mini)
(Figures 4.8, B.18 and B.20), which arises from the superposition of two processes: a)
increase of surface pressure m due to protein incorporation driven by hydrophobic inter-
action and b) decrease of surface pressure m due to lipid condensation as a consequence
of electrostatic interactions between positively charged MBP and negatively charged PS
and PI. The influence of the electrostatic interactions on the protein-lipid association has
already been investigated in detail in Section 4.2.2.3. The definition of the MIP as the
initial surface pressure above which no incorporation into the monolayer occurs cannot
be applied in the case of nonlinear A7 (7). The zero of the quadratic Az (i) of MBP
adsorbed to negatively charged monolayers either marks the maximum insertion pressure
or the superposition pressure, at which the contribution of protein incorporation and
lipid condensation are equal. As a consequence, 7ini(Am = 0) is an apparent maximum
insertion pressure MIP,,,. The two counteracting processes leading to the quadratic be-
haviour of A7 (7yi) cannot be separated since they proceed with similar time constants
in the time-dependent surface pressure graphs (Figure B.19). Thus, the MIP,p, cannot
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Table 4.7: Maximum insertion pressures for binding of rmMBP C1 and rmMBP C8 to
the the normal composition and the normal composition without the respective
lipid. In the case of the mixture without PE the given value is the apparent
maximum insertion pressure MIP,,, as the Am(mpi) behaviour is not linear.

Protein MIP in mN/m
Normal composition without
Chol PE PS> PC SM PI*
59.4  40.7F  32.7  49.0 574 327 483
+21 4+47 4+14 +16 +1.7 +14 +1.7
50.6 38.8% 339 484 49.7 339 48.9
+21 4+48 4+15 +15 +1.7 +£15 +1.7

normal

rmMBP C1

rmMBP C8

* without PS and PI
1 MIP,,p

be employed for comparing MBP C1 and C8. Fitting the nonlinear Am(mini) graphs of
MBP adsorbed to negatively charged lipid monolayers with a quadratic regression curve
is a helpful and well-suited tool to characterise the nonlinear behaviour. The quadratic

term e of the downward opened function Am(7in;) = ¢ + d - min; — e - ©2,; can be used for

m1
comparing the strength of electrostatic interaction between positively charged proteins
and negatively charged lipids. Higher e indicate a stronger deviation from the linear
behaviour and stronger electrostatic interaction between protein and monolayer. Due to
the higher net positive charge of MBP C1 (+19 at pH7) compared to MBP C8 (+13 at
pH 7), a stronger electrostatic interaction is expected for MBP C1 injected below mono-
layers of negatively charged lipids. This assumption is confirmed by the quadratic terms
e (Table 4.6), which show significant differences for MBP C1 and MBP C8. Injected
below monolayers of PS as well as of PI, MBP C1 induces higher quadratic terms than
MBP C8 indicating a stronger electrostatic interaction between the negative lipids and
the more highly charged MBP variant.

To get further information about possibly different influences of the specific lipid on
the interaction of the MBP charge variants and myelin-like monolayers, adsorption ex-
periments of MBP and monolayers composed of the normal composition without the
respective lipid were performed by keeping the ratio of all other lipids constant. This
strategy was introduced in Section 4.2. The Am(mipi) diagrams are shown in Figure B.20.
For 7(t) diagrams, see Figure B.21. The MIPs of MBP C1 and MBP C8 adsorbed to
these monolayers are summarised in Table 4.7. For area—surface pressure diagrams, see
Figure B.1 (right).

Examining the normal composition without PE leads to a quadratic A (7jy,i) behaviour,
which was discussed in detail for the charge variant mixtures of bovine MBP (Sec-
tion 4.2.2.2). Here, with a specific look at pure charge variants it becomes apparent
that the charge of MBP seems to have no significant influence on the interaction with
this monolayer, since there is no significant difference in the quadratic term e of the re-
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gression curve of Am(mipi) (Table 4.6). Again, the real MIP is not determinable due to the
nonlinear behaviour. The MIPs of MBP C1 and C8 adsorbed to monolayers of the normal
composition without the negatively charged lipids PS and PI are 32.7mN/m for MBP C1
and 33.9mN/m for MBP C8 and nearly equal and in the range of a well-incorporated pro-
tein but well below the values of the normal composition. Thus, electrostatic interactions
are not essential for the binding of MBP to the myelin-like monolayers but strengthen
this binding.

A huge difference between MBP C1 and MBP C8 becomes visible if these proteins are
injected below monolayers of the normal composition without cholesterol. The MIP of
MBP C1 (59.4mN/m) is much higher than of MBP C8 (50.6 mN/m) adsorbed to the
myelin lipids without cholesterol. Compared to the normal composition, where the ratio
of uncharged to charged lipids is 85:15, the normal myelin-like monolayer without choles-
terol has a smaller ratio of 73:27. Hence, a possible explanation of the higher MIP in
the case of MBP C1 could be the enhanced electrostatic interaction due to the increased
proportion of negatively charged lipid molecules in the monolayer. It was already shown
for bovine MBP that even a small increase in the overall negative charge of the lipid
monolayer raises the MIP significantly (see Table 4.4 in the previous section).
Surprisingly, the MIPs of MBP C1 and C8 adsorbed to the normal mix without SM show
differences of a similar large extent. If MBP C8 is injected below a monolayer of this
composition, the reached maximum insertion pressure is 49.7mN/m, which is very high
and still in the range observed for MBP C8 or C1, respectively, adsorbed to the monolayer
of normal composition. However, the interaction of MBP C1 and the monolayer without
SM leads to a MIP of 57.4 mN/m, which is well above the value of MBP C1 or C8 and the
normal composition, and the value of MBP C8 and the mixture without SM. These results
are surprising, since the normal composition contains only 3 % SM. Thus, the amount of
negatively charged lipids is not significantly increased if SM is left out. At first glance, a
difference in the electrostatic interaction between the MBP charge variants and the nor-
mal myelin-like composition without SM seems unlikely. SM, together with cholesterol,
is thought to be involved in the building of cholesterol-rich microdomains.!8% 190,218,219
Hence, epifluorescence microscopy is used to visualise changes in the microstructure in-
duced by the 3% SM, or lack thereof, in the myelin-like monolayers.

Regarding the normal composition without SM investigated by epifluorescence mi-
croscopy, a phase separation into phospholipid-rich and cholesterol-rich regions similar to
that of the normal lipid monolayer is visible (Figure 4.10a and d). As described above,
in the normal composition, both charged variants are found (in larger aggregates) in the
bright phospholipid-rich regions at the interface to the cholesterol-rich microdomains.
On the contrary, in the lipid composition lacking SM, a difference in the adsorption
behaviours could be detected for MBP C1 and C8. As can be seen in Figures 4.10¢
and B.23, highlighted by the blue rectangles, MBP C1 is not incorporated into the lipid
monolayer near to cholesterol-rich domains like it does if it is injected below a monolayer
of the normal composition. Instead, MBP C1 is found in the phospholipid-rich phase
clearly remote from the cholesterol-rich domains, which are also visible in the monolayer
without SM. It is probable that the distance between negatively charged lipids in these
regions is smaller (and hence the negative charge density is higher) than in regions close to
the cholesterol-rich phase. As a consequence, the electrostatic interaction with the highly
positively charged MBP C1 is increased. This interpretation is substantiated through the
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Figure 4.10: Fluorescence microscopy images of a monolayer composed of the normal
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composition without SM and MBP adsorbed to a monolayer composed of
the normal composition without SM at a pressure of ca. 5mN/m. The blue
arrow and the blue squares highlight exemplary small regions arising from
the adsorption of MBP to the myelin-like monolayer. a)—c): regions with a
high density of cholesterol-rich domains, d)-f): regions with a low density
of cholesterol-rich domains, g), h) regions of interest magnified 3 times.

Lipid dye: 0.05mol-% Rh-DHPE, subphase: 20°C, 20mM HEPES and
10mM NaCl at pH 7.4.



4.3 Interaction of myelin basic protein charge variants with lipid monolayers

higher MIP of C1 adsorbed to the lipid composition without SM compared to the value
for the normal composition (Table 4.7), since stronger electrostatic interactions increase
the MIP. If MBP C8 is injected below the lipid monolayer without SM, the protein is
still visible close to cholesterol-rich domains (Figures 4.10 ¢ and B.24) like in the case of
the normal monolayer.

4.3.2.3 Line tension vs. electrostatic attraction

The lipid domains of either cholesterol-rich or phospholipid-rich regions tend to exhibit a
circular shape to minimize the length of the boundary and concomitantly the line tension
between the two phases. This line tension at the domain interface comes at an energetic
cost, partly arising from the height mismatch between the more ordered cholesterol-rich
and the less ordered phospholipid-rich domain.??®?2! Other parameters influencing the
line tension are e.g. the lipid composition or proteins interacting with the lipid layer.??!
In the case of the positively charged MBP interacting with microphase-separated mono-
layers, which contain negatively charged phospholipids, the line tension, with the free
energy

Eline = V/dc (4.7)

with line tension + and the contour [ dC around the domain, competes with the elec-
trostatic interaction with Coulomb energy

Eelee = /pp(r - -T)Qoext(ﬂf)dx (48)

with the distance between protein and monolayer r, the charge density of the protein pp
and the external electrostatic potential pext (see Chapter 2.2.4).

The prospective gain in energy determines the preferential interaction leading to the in-
corporation of the protein into the monolayer since higher energy is less favourable. It
can be supposed that the incorporation of MBP into the lipid monolayer near domain
boundaries decreases the line tension leading to a gain in energy. A decreasing effect
on the line tension has already been reported for several proteins.???:??2 The energy
difference AF of the protein adsorbing to the monolayer either near a domain boundary,
or in regions enriched in negatively charged phospholipids, determines the preferential
adsorption mechanism. Injecting MBP C1 below the normal myelin-like lipid monolayer
without SM, the (additional) electrostatic attraction between the negative lipids and the
highly positive MBP C1 when the protein is attached within the charged domains is
larger than the gain in energy when attaching close to the domain boundary and reduc-
ing the line tension of the domains (Figure 4.11b). It should be noted that all MBP
variants, even when inserting at the domain boundaries, are in electrostatic contact with
the phospholipid-rich regions. For MBP C1 in the monolayers of the normal composition
without SM, the additional gain in electrostatic energy by attaching remotely to the do-
main boundaries is now larger than the reduction in line tension at the boundaries. The
situation is different in the case of MBP C8: the lower charge of MBP C8 only leads to
an energy gain through ‘pure’ electrostatic interactions in the phospholipid-rich domains
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Figure 4.11: Schematic depiction of the competing adsorption mechanisms. The domi-
nating mechanism is a gain in energy due to a) a decrease in line tension and
b) electrostatic interaction between negatively charged lipids and positively
charged MBP.
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Table 4.8: Energy relations characterising the different incorporation mechanisms of MBP
C1 and MBP C8 injected below myelin-like lipid monolayers.

Protein Energetic relation

. normal mix
normal mix

without SM
MBP C1 ’AEline| > ‘AEelec‘ ‘AEline‘ < ’AEelec’
MBP C8 |AEline| > |AEelec| ‘AEline‘ > |AEelec’

remote from the microdomain boundaries that does not outweigh the reduction in line
tension. In this case, the decrease of the line tension is stronger than the additional elec-
trostatic interaction (Figure 4.11a). SM seems to increase the line tension between the
cholesterol-rich and the phospholipid-rich regions, since even the incorporation of MBP
C1 into regions near the cholesterol-rich phase leads to a higher gain in energy than the
electrostatic interaction with regions enriched in negatively charged lipids, when it is
adsorbed to the normal composition containing 3 % SM. For a summary of the energetic
relations, see Table 4.8.

These experimental findings and simple energetic interpretations may certainly not
be transferred to the situation in actual myelin, yet it may help to shed light on some
of the fundamental physical-chemical reasons for large scale changes of lipid and protein
compositions in diseased or in developing myelin. To this end, one may speculate what the
physiological consequences of the difference in interaction between the two different charge
variants and the monolayers with and without SM may be. When looking at processes
leading to less compact myelin, different chronological orders of events are possible: i) The
SM metabolism may get altered in response to the deimination of MBP C1 to charge-
reduced variants even down to MBP C8. ii) Deimination to charge-reduced variants
could be an adjustment to a lowered SM content. The in vitro experiments in myelin-
like monolayers discussed here are certainly strongly simplified models of myelin, yet the
data would be in good agreement with the second physiological case. If deimination is
assumed as the first event, this were reflected in adsorption experiments with the normal
composition. However, both MBP types incorporate near the cholesterol-rich domains
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leading to a nearly equal MIP. Thus, if the lipid layer is ‘healthy’, for both protein variants
nearly identical situations are found. In fact, very similar distributions and interactions of
MBP C1 and MBP C8 with myelin-like large unilamellar vesicles (LUVs) were found using
DEER spectroscopy.'?!:1%* In the second case, if SM is lacking, too strong electrostatic
attraction between the lipids and an MBP isomer of high charge could lead to lipid
condensation, which lowers the fluidity of the myelin-like monolayer. Then, reducing the
net positive charge of the protein, leading to MBP C8, may be an appropriate choice
to ensure that lipid condensation is impeded to maintain the fluidity of the lipid layer.
This ‘emergency turn’ then may have the consequence that the immunodominant epitope
of MBP C8 is less deeply penetrating the membrane and more exposed to the cytosolic
space making it more susceptible to proteolysis.'*7:2%0 This may then result in a loss
of compaction of myelin and autoimmune responses against myelin components, both
related to the demyelinating disease MS.147

These findings may also aid in understanding the rather enigmatic protein composition
in the developing brain.!**201 Unlike in healthy adult myelin, in the developing brain
myelin larger amounts of charge-reduced MBP variants are found. This may also lead to
situations, in which relative composition of brain lipids is such that it lacks SM and/or
cholesterol.??*  To ensure initial compaction during myelination, more charge-reduced
variants may be needed, which in the course of development are replaced by high-charge
variants like MBP C1 once the final adult composition is reached.44-201

4.3.3 Conclusions

The interaction of different charge variants of MBP with myelin-like lipid monolayers at
the air—-water interface has been investigated with monolayer adsorption experiments and
epifluorescence microscopy. As was expected due to the lower net positive charge of MBP
C8 compared to MBP C1, differences in the electrostatic interaction between protein and
lipid monolayer have been observed. These become obvious during the interaction of
MBP with pure PS or PI monolayers and with monolayers of sufficient high contents of
the negatively charged lipids PS and PI, here observed in the case of the normal mono-
layer without cholesterol (27 % negatively charged lipids).

Due to the relatively low amount of sphingomyelin (SM) in the cytoplasmic side of the
oligodendrocyte membrane (3 %),'7 little attention has so far been paid to the role of
SM, despite that its important role for myelination is known.??> A hyperactivation of
the SM metabolism was found in MS?26:227 and is already targeted by the therapy with
Fingolimod (FTY720).22%:229 Surprisingly, a difference in the adsorption behaviour of the
proteins of different net charge to a lipid monolayer composed of the normal myelin-like
composition without SM was visible in the maximum adsorption pressure as well as in the
epifluorescence microscopy images. This is related to the electrostatic interaction, too,
although a content of only 3% of SM in the normal mix does not lead to significantly
higher amounts of negatively charged lipids in the lipid composition without SM. These
results can be understood as reflecting two energetic effects competing during the adsorp-
tion of MBP to myelin-like lipid monolayers: i) reducing the line tension at the phase
boundaries of cholesterol-rich and phospholipid-rich domains and ii) electrostatic attrac-
tion. The relative energetic gain of these effects decides on the predominant incorporation
mechanism. If a decrease of the line tension outweighs the additional electrostatic attrac-
tion, MBP incorporates into the monolayer near cholesterol-rich domains and vice versa
into regions of higher contents of negatively charged lipids in phospholipid-rich regions.
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The latter is the case if the monolayer contains no SM and the protein has a sufficiently
high positive charge, e.g. in form of MBP C1, then the electrostatic attraction prevails
over the attraction to cholesterol-rich regions.

The differences observed here between MBP C1 and C8 interacting with a monolayer of
the normal composition without SM may be related to higher amounts of MBP C8 in the
infant brain and in the MS brain. The ratio of MBP C8 to MBP C1 in an adult normal
brain amounts to 0.82. This ratio is increased to 2.45 in brains of MS patients. In the
brain of healthy children a similar ratio is received.'** Higher amounts of the deiminated
form of MBP may be correlated with lower amounts of SM. In the infant brain?24-230,231
and in the brain of MS patients??6:232:233 the SM content is reduced over the healthy
adult brain. This may indicate that deimination of MBP C1 to the less charged MBP
(C8 is an adjustment to lacking SM.

4.4 Outlook

Another monolayer-related technique to study lipid—protein interactions is infrared re-
flection—absorption spectroscopy (IRRAS) on monolayers. Information on the molecular
conformation, orientation and thickness of the monolayer at the air—-water interface can
be obtained. Furthermore, changes in the secondary structure of the proteins that occur
upon binding to a lipid monolayer can be determined using IRRAS.?3%:235 To calculate
a reflectance absorbance spectrum RA according to

RA = —log <IIO> (4.9)

with single beam reflectivity of pure water or pure buffer surface (Iy), respectively, and
of the water or buffer surface covered by a lipid monolayer (I) is recorded using a shuttle
technique with a reference trough and a sample trough. This approach minimises the
influence of rotational-vibrational bands of water vapour in the light beam on the IRRA
spectra.?3® Recording IRRA spectra at different angles of incidence with parallel (p) and
perpendicular (s) polarised light may enable the determination of the orientation of sec-
ondary structure elements.?3” The analysis of the spectra focusses on band intensities and
wavenumbers of the different vibrational modes of the sample at the air—water interface.
Spectra recorded at different angles of incidence can be simulated and fitted as described
by Schwieger et al.23” If the adsorption of proteins to monolayers is investigated, the
amide I and amide IT bands are of particular interest.

For this thesis, IRRA spectra were measured to compare the adsorption of MBP C1 and
MBP C8 to a monolayer of the normal myelin-like lipid composition (Figure 4.12), to a
monolayer of PS:PI=13:2 (Figure B.25) and to a monolayer of the normal composition
without SM (Figure B.26). The respective protein solution was injected below a mono-
layer at a surface pressure of 30 mN/m due to similar physical characteristics to a bilayer
at this surface pressure.?® Figure 4.12 shows the reflectance absorption spectrum of a
lipid monolayer of the normal composition (green curve), as well as of MBP C1 (black
curve) and MBP C8 (red curve) adsorbed to this lipid layer. The amide I and amide II
bands of the adsorbed protein are overlapped by the lipid spectrum. Subtracting the lipid
IRRA spectrum from the spectrum of the protein adsorbed to the monolayer visualises the
amide bands of MBP C1 (blue curve) and MBP C8 (purple curve). The wavenumbers
of these bands (amide I: 1662cm™!, amide II: 1541 cm™!) are identical for both MBP
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Figure 4.12: IRRAS spectrum of (A) a monolayer of normal composition at 30 mN/m
(green curve), (B) MBP C1 adsorbed to a monolayer of normal composition
at 30mN/m (black curve), (C) MBP C8 adsorbed to a monolayer of normal
composition at 30mN/m (red curve), (D) differential spectrum of (B) and
(A) (blue curve) and (E) differential spectrum of (C) and (A) (purple curve).
Spectra were recorded with p-polarised IR radiation at an angle of incidence
of 40°.

Subphase: 20°C, 20 mM HEPES and 10 mM NaCl at pH7.4.

variants and indicate a a-helical structure (amide I: 1648-1657 cm~!, amide II: 1545
1550 cm~1)?%% and the absence of B-sheets (amide I: 1623-1641 cm ™!, 1674-1695cm ™!,
amide T1: 1525-1532cm=1).23% The fact that the wavenumbers of the amide bands are
slightly out of the typical intervals speak for contributions of disordered protein parts.
The same applies for MBP adsorbed to a monolayer of PS:PI=13:2 and to a monolayer
of the normal composition without SM. In the case of MBP adsorbed to the negatively
charged lipids PS and PI (Figure B.25), the amide bands are more prominent than in
the case of monolayers of a lower surface charge density due to the stronger interaction
between MBP and monolayer resulting from electrostatic interactions.

Angle-dependent measurements of MBP C1 and MBP C8 adsorbed to the respective
monolayers have been recorded for angles of incidence ¢ = {26°,30°, 34°,38°,42°,46°, 62°,
66°,70°}.* Despite all efforts, simulation and fitting of the angle-dependent spectra to
extract the tilt angle of the o-helix of MBP inside the monolayer are not likely to lead
to success since MBP adsorbed to lipids forms three o-helices. The extracted tilt angle
would be an error-prone average of the tilt angle of all helices. IRRAS measurement and

*Angles near the Brewster angle o = 53,1° (air—water interface) have not been taken into account
due to a minimum of the reflectivity of p-polarised light at g leading to a low signal-to-noise ratio.
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Table 4.9: Maximum insertion pressures for adsorption of bMBP to monolayers of the
normal composition after incubation with FeCls and HsOs.

Incubation MIP in mN/m

time in h

bMBP

bMBP  bMBP +FeCl3

bMBP +FeCls +Hz02 +Hy09
42.3 42.0 42.5 49.9
+1.4 +0.9 +1.2 +1.7
44.9 43.7 424 49.1
+14 +2.3 +1.9 +1.5

25

analysis would be more reasonable if only the central segment of MBP comprising one
«-helix (so-called immunodominant epitope!*>7) is investigated as it has already been
done with NMR spectroscopy?*%24" and molecular dynamics simulation.?*"242 A com-
parison of rmMBP C1 and rmMBP C8 is still not possible with this approach since none
of the arginine to glutamine deiminations are located near the central segment. However,
the tilt angle of this a-helix could be determined for monolayers of the several lipids of
the cytoplasmic leaflet of the myelin sheath using IRRAS to investigate the influence
of every lipid on the tilt angle. Prior to this, one has to make certain with monolayer
adsorption measurements that these lipids affect the interaction between monolayers and
the MBP segment in a similar manner as in case of the whole protein since a segment of
a protein may behave completely different than the whole protein.

A potential role in the pathogenesis of MS is attributed to haemoglobin in combination
with other factors, such as oxidative stress,'®® due to abnormal accumulations of iron in
brains of MS patients, e.g. near demyelinated plaques.'®8 159243244 Bamm et al. have
performed oxidation experiments with MBP, haemoglobin and H2O5 in the presence of
cytoplasmic large unilamellar vesicles dependent on various times of incubation.'”” In
accordance to this study, preliminary experiments have been carried out to investigate
the role of iron for the interaction of MBP and myelin-like lipid monolayers. Bovine MBP
has been incubated with FeCls (74 nM), with HoO9 (18.5nM) and with FeCls and HoOg,
respectively, for incubation times of Oh and 25h at 37°. H2Os was added to simulate
oxidative stress. The MIPs of all bMBP-mixtures adsorbed to monolayers of the normal
composition have been determined with monolayer adsorption experiments (Table 4.9)
at 20°C on 20 mM HEPES and 10mM NaCl at pH 7.4 (for Am(mipi) and 7(¢) diagrams,
see Figures B.33 and B.34). The incubation time, as well as the addition of FeCls or
H304 has no significant effect on the MIP of bMBP adsorbing to a monolayer of the
normal composition. However, the addition of both substances, FeClg and HoO5, leads
to a significant increase of the MIP of 7.6 mN/m (0h incubation) and 4.2mN/m (25h
incubation time). These preliminary experiments already show an influence of iron on
the MBP-lipid interaction in the presence of HyOs. It remains to examine the reason
for the increase of the MIP. A possible increase of electrostatic interactions could be con-
sidered with monolayer adsorption experiments with monolayers of negatively charged

80



4.4 Outlook

lipids. Furthermore, the mixtures of bMBP, FeCls and HoO5 should be injected below
monolayers of the normal composition without SM due to the important role of SM re-
vealed in Chapter 4.3. Fluorescence microscopy may yield further insights.

The potential role of iron for the pathogenesis of MS may be related to three pathways: i)
the reactivity of free iron, ii) the activity of haeme and iii) the activity of haemoglobin.!"
As a consequence the above suggested experiments have to be compared to measurements
using haemin chloride and haemoglobin, respectively, instead of FeCls. In addition to
that, measurements with protoporphyrin IX may help with the separation of effects on
the MBP-lipid interaction arising on one hand from the iron and on the other hand from
the porphyrin part of the haemoglobin. Since haemoglobin is surface active,?*® too, all
experiments have to be repeated without bMBP.

To compare the influence of iron and iron-containing substances on different charge vari-
ants of MBP, recombinant produced proteins used in this thesis are not suitable since
they contain a His-tag. This His-tag facilitates the purification of the protein after its
expression in E. coli. However, its metal-affinity would distort the investigation of the
iron—-MBP interaction. For these measurement, untagged rmMBP should be produced.
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CHAPTER D

Experimental

5.1 Thermoresponsive peptide polymers

5.1.1 Materials

All diblock ELPs are composed of a hydrophobic block (VPGVG),, at the N-terminal
end of the polypeptide and a hydrophilic block (VPGXG),, located at the C-terminal
end. The so-called leader sequence MGCGWPG (for 22 = 60) or GCGWPG (for zo =
30), respectively, was encoded at the N-terminus and the respective trailer sequence
PGGS at the C-terminus (see Figure 5.1a). In case of the hydrophilic block with guest
residue X=A, G (1:1) and 2o = 60, the hydrophobic block lengths were varied within
x1 € {40,80,120,200}. Two additional diblocks were investigated with a hydrophobic
block length of z; = 200 and a hydrophilic block length of x5 = 30: one with the previous
guest residue X = A, G (1:1) and the second one with X =S. In summary, the investigated
diblock ELP are composed of the following amino acid sequences:

i) ELP 40-60: MGCGWPG—(VGVPG)4-(AGVPGGGVPG)30-PGGS
ELP 80-60: MGCGWPG—(VGVPG)go—(AGVPGGGVPG)30-PGGS
iii) ELP 120-60: MGCGWPG—(VGVPG)120-(AGVPGGGVPG)30-PGGS

)
)
)
iv) ELP 200-60: MGCGWPG—(VGVPG)200- (AGVPGGGVPG)30-PGGS
)
)

11

ELP 200-30: GCGWPG-(VGVPG)200 (AGVPGGGVPG)15-PGGS
ELP 200-S30: GCGWPG—(VGVPG)200-(SGVPG)30-PGGS.

v

Vi

These diblock compositions lead to hydrophilic mass fractions between 0.12 and 0.56
(Table 3.3 in Section 3.2). Following the established nomenclature, it will be referred
to the diblock ELPs as 'ELP z;—x5’ with the hydrophobic block length z; and the
hydrophilic block length xo. In case of serine as the guest residue of the hydrophilic
block the polymer is called "ELP 200-S30’.

The diblock ELPs were cloned and produced in Escherichia coli by Sarah MacEwan
(Chilkoti Lab, Duke University). They were received from Elisabeth Garanger (Université
de Bordeaux), who already described their synthesis, expression and purification.®3

The hysteretic peptide polymers were cloned and produced in Escherichia coli by Felipe
Garcia Quiroz (Chilkoti Lab, Duke University), who already investigated their hysteretic
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Figure 5.1: a) Schematic depiction of the sequence of the diblock ELPs (VPGVG),1-
(VPGXG),o with X =A G (1:1) U X =S, b) structural formula of 16-DOXYL
stearic acid (16-DSA).
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Figure 5.2: a) Schematic depiction of the sequence of the hysteretic polymers (VAPVG),,
and (TPVAVG),, b) structural formula of 4-Hydroxy-TEMPO benzoate
(TB).

behaviour with the use of turbidimetry measurements (unpublished data). Synthesis, ex-
pression and purification of these peptide polymers has been reported in detail by Quiroz
and Chilkoti.?*

Two different polymer sequences were investigated (see Figure 5.2a): i) composed of the
amino acid sequence (VAPVG),, with n € {30,40,80} and ii) composed of the amino
acid sequence (TPVAVG),, with n € {40,80}. The so-called leader sequence SKGPG is
encoded at the N-terminus and the respective trailer sequence WP at the C-terminus.

5.1.2 Methods

For the measurement with CW EPR the diblock ELPs were dissolved in PBS (pH 7.4)
cooled by ice to avoid an early phase transition. The amphiphilic spin probe 16-DSA
(16-DOXYL stearic acid, purchased from Sigma-Aldrich Co. LLC., St. Louis, USA, Fig-
ure 5.1b), dissolved in ethanol, was added. Different concentrations of polymer and spin
probe were tested to find the most suitable approach. The final samples contained 300 uM
polymer and 1 mM 16-DSA. Micropipettes (BLAUBRAND intraMARK, Wertheim, Ger-
many) were filled with about 15 pl of the solution and sealed with CRITOSEAL (Le-
ica Microsystems, Wetzlar, Germany) for subsequent EPR measurements. Temperatures
were adjusted with the Temperature Controller HO3 (Magnettech, Berlin, Germany) with
an accuracy of £0.2°C and a heating rate of 1°C/min. To distinguish the effects of the
temperature on the probe from the effects of the polymer aggregates on the probe, refer-
ence spectra of 1mM 16-DSA in pure buffer were measured.

For the measurement with CW EPR the hysteretic polymers were dissolved in PBS

84



5.2 Myelin basic protein

(pH7.4) and cooled by ice to avoid an early phase transition. The nitroxide spin probe TB
(4-Hydroxy-TEMPO benzoate, purchased from Sigma-Aldrich Co. LLC., St. Louis, USA,
Figure 5.2b), dissolved in ethanol, was added. Different concentrations of polymer and
spin probe were tested to find the most suitable molar ratio. The final samples contained
300 uM polymer and 1 mM TB. Micropipettes (BLAUBRAND intraMARK, Wertheim,
Germany) were filled with about 15 pul of the solution and sealed with CRITOSEAL (Leica
Microsystems, Wetzlar, Germany) for subsequent EPR measurements. Using the Tem-
perature Controller HO3 (Magnettech, Berlin, Germany) with an accuracy of £0.2°C
and a heating/cooling rate of 1°C/min, the samples were first heated from 10 to 75°C.
After an equilibration time of 10min, the samples were cooled to 10°C. To distinguish
the effects of the temperature on the probe from the effects of the polymer aggregates on
the probe, reference spectra of 1 mM TB in pure buffer were measured.

CW EPR spectra were detected using a MiniScope MS400 (Magnettech, Berlin, Ger-
many) spectrometer with a frequency of approximately v = 9.4 GHz and a magnetic field
sweep of 15mT centred around 336 mT. The exact frequency was recorded using a fre-
quency counter (Racal Dana 2101, Neu-Isenburg, Germany).

EPR spectra were analysed by spectral simulation with MATLAB R2014a using the
program package EasySpin for EPR spectroscopy. The simulation parameters diffusion
tensor D (rotational correlation time 7 = %(DmDnyzz)_l/g) and hyperfine splitting
tensor A (hyperfine splitting constant a = %(Am + Ayy + A.2)) of the spin probe as well
as the weighted fractions of 2 to 4 components of the nitroxide spectra were extracted in
an iterative manual procedure. Parameters were obtained partly from literature and by
adjusting them reasonable little by little until the difference between the measured and
the simulated spectra was minimised. Starting parameters for the values of the gtensor
and for the hyperfine splitting tensor A were chosen considering Ge et al.246 for 16-DSA
spectra and Cramer et al.?*” for TB. In the latter case literature values of the spin probe
TEMPO were adjusted for TB.

In case of spectra of 16-DSA, g values of the hydrophilic spectral component were chosen
as g = [gaz Gyy 922 = [2.0086 2.0063 2.0025]. Taking into account that the differ-
ence of g, between polar and apolar regions is not higher than 0.0004,*%248 for the
hydrophobic spectral component of 16-DSA ¢ values were chosen as g = [gea Gyy 922 =
[2.0089 2.0063 2.0025].

TB spectra were simulated with g = [gz2 gyy g--] = [2.0103 2.0069 2.0030] for the hy-
drophilic component, g = [gzz Gyy 922 = [2.0107 2.0071 2.0032] for the hydrophobic
component and g = [¢zx Gyy 922 = [2.0107 2.0071 2.0032] for the immobile component.
It has to be noted that these g values are only of a qualitative character and can only be
measured by a W-Band spectrometer for higher accuracy.

5.2 Myelin basic protein

5.2.1 Materials

Lyophilised bovine myelin basic protein (18.5kDa isoform predominating) was purchased
from Sigma-Aldrich Co. LLC. (St. Louis, MO, U.S.A.). Expression constructs containing
18.5kDa recombinant murine MBP (rmMBP) C1 and C8 sequence (with a C-terminal
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LEHg tag; for amino acid sequences, see Figure 4.1) in the vector pET-22b(-+) were re-
ceived from George Harauz (University of Guelph). With these constructs, rmMBP was
expressed and purified following instructions based on Bates et al.:?'® The constructs
were transformed into Escherichia coli Rosetta®™(DE3). Cultures were grown in LB
(lysogeny broth) medium containing ampicillin and chloramphenicol. Protein expression
was induced by IPTG (isopropyl p-D-1-thiogalactopyranoside). For protein purification
expression culture was centrifugated and redissolved in a lysis buffer containing 8 M urea,
100 mM NaHsPOy4, 5mM Tris-HCI, 500 mM NaCl, 100 mM imidazole and 1% Tween-
20, pH8. By applying the material to a Ni-NTA agarose resin column (Qiagen, Venlo,
Netherlands) non-specifically bound proteins were removed by washing with lysis buffer.
rmMBP was eluted with lysis buffer (without Tween-20) of pH 4.5 and afterwards dialysed
with buffer containing 6 M urea, 80 mM glycine at pH 10. The rmMBP containing frac-
tions were loaded on a HiTrap CM FF column (VWR, PA, Radnor, U.S.A.) and eluted
with dialyse buffer in a linear gradient of 0-0.2mM NaCl. Salt and the denaturant urea
were removed stepwise by slow dialysis in buffer containing 50 mM TRIS and 250 mM
NaCl at ph 7.4 (2 steps), afterwards in buffer containing 100 mM NaCl at ph 7.4 (2 steps)
and finally in distilled water (4 steps). The protein solution was then lyophilised.

The lyophilised protein was dissolved in a buffer solution of 20mM HEPES (N-(2-
hydroxyethyl)-piperazine-N-ethanesulfonic acid) and 10mM NaCl, which was adjusted
with NaOH to pH7.4. Buffer was prepared with ultrapure water from Milli-Q Advan-
tage A10 (Millipore S.A.S., Molsheim Cédex, France) with a conductivity lower than
0.055 uS/cm and a TOC (total organic carbon) below 4 ppb. L-a-phosphatidylethanol-
amine (brain, porcine) (PE), L-o-phosphatidylserine (brain, porcine) (PS), L-a-phos-
phatidylcholine (brain, porcine) (PC), sphingomyelin (brain, porcine) (SM), and L-«-
phosphatidylinositol (liver, bovine) (PI) dissolved in chloroform were purchased from
Avanti Polar Lipids Inc. (Alabaster, AL, USA) as well as cholesterol (ovine wool). The
brain lipids PE and PC contain plasmalogens in an amount similar to that in brain
myelin. For the chemical structures of all used lipids, see Figure 5.3. The lipids were
diluted with chloroform (Carl Roth GmbH & Co. KG, Karlsruhe, Germany). All given
ratios of lipid compositions (Tables 5.1 and 5.2) represent the mole ratio.

The fluorescent dye 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (Rh-DHPE) was purchased from Life Technologies GmbH (Darm-
stadt, Germany).

All chemicals were used as received without further purification.

5.2.2 Methods

Monolayer adsorption measurements

All adsorption experiments were performed in home-built circular PTFE troughs, covered
by a plastic hood to prevent contamination and to keep the temperature and humidity
around the troughs constant. By keeping the temperature at 20°C +0.1°C with a cir-
culating water bath (Thermostat F6, Haake, Karlsruhe, Germany) and small water-filled
bowls, which ensured a high humidity around the troughs, the evaporation of subphase-
water was minimised and thus ensured constant concentration of protein in the subphase.
Surface pressure was recorded using a microbalance (Riegler und Kirstein GmbH, Berlin,
Germany) equipped with a Wilhelmy plate. Prior to every experiment, the troughs were
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Figure 5.3: Chemical structures of the used brain lipids. The depicted structure is only
one of many possible structures. See Figure B.13 for the fatty acid distribu-
tions.
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Table 5.1: Compositions of the measured lipid mixtures of the normal composition and
the normal composition without the respective lipid.

Lipid mixture Chol PE PS PC SM PI

normal 44 27 13 11 3 2
without Chol 0 482 232 196 54 3.6
without PE 60.3 0 178 151 41 2.7
without PS, PI  51.8 318 0 129 35 0
without PC 495 303 146 0 34 22
without SM 454 278 134 113 0 21

Table 5.2: Compositions of different mole ratios of the lipid mixtures (x):(y) tested for
electrostatic investigations, with x referring to uncharged lipids and y to
charged lipids, p € {Chol, PE, PC}, ¢ € {PE, PC}.

(x):(y) p:(PS:PI) (Chol:q):(PS:PI)
0:100  0:(86.7:13.3) ( 0: 0):(86.7:13.3

—
~—

20: 80 20:(69.3:10.7) (12.4: 7.6):(69.3:10.7)
50: 50 50:(43.3: 6.7) (31.0:19.0):(43.3: 6.7)
65: 35  65:(30.3: 4.7) (40.3:24.7):(30.3: 4.7)
80: 20 80:(17.3: 2.7)  (49.6:30.4):(17.3: 2.7)
100: 0 100:( 0: 0) (62.0:38.0):( 0: 0)

cleaned with the cleaning concentrate Hellmanex™™ (Hellma Analytics, Miillheim, Ger-
many) and ultrapure water, and a fresh Wilhelmy plate was mounted. The pressure
sensor was calibrated using the surface pressure of ultrapure water (72.8 mN/m)%:62 and
that of air (0mN/m) as reference points.

For adsorption measurements, the troughs were filled with HEPES-NaCl buffer (20 mM
HEPES, 10 mM NaCl) of pH 7.4. After the lipids were spread, a waiting period of 30 min
was abided for complete solvent evaporation and lipid equilibration. The MBP buffer so-
lution was injected below the monolayer using a feed-through from the edge of the trough,
reaching a final protein concentration of ¢=100nM. During the adsorption experiment,
the subphase was stirred by a small stirring magnet to accelerate diffusion of the added
solutes.

Primarily, monolayer adsorption measurements were here used to determine the max-
imum insertion pressure (MIP). For calculating the MIP of a protein that is incorpo-
rated into a lipid monolayer at the air—water interface, the change in surface pressure
AT = Tend — T 18 plotted as a function of the initial surface pressure min;. The final
pressure Tepq is the constant value the surface pressure reached. To ensure, that evapora-
tion of water of the subphase has no influence on this value, menq is taken not later than
5hours after injection of the protein solution. If Am(miy;) follows the linear relationship
Am(Tini) = a + b - mini, the MIP can be calculated with MIP = —a/b resulting from the
definition of the MIP: A7 (7ipi) = 0mN/m.
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Area—surface pressure isotherms

The area-dependent surface pressure was measured with a film balance equipped with
moveable computer-controlled Teflon barriers for the variation of the area per molecule
and a Wilhelmy plate for measuring the surface pressure. Prior to every experiment, the
troughs were cleaned with Hellmanex™ and ultrapure water and a fresh Wilhelmy plate
was mounted. The pressure sensor was calibrated using the surface pressure of ultrapure
water (72.8mN/m)®62 and that of air (0mN/m) as reference points.

The trough was filled with HEPES-NaCl buffer (20 mM HEPES, 10mM NaCl) of pH 7 4.
Temperature was kept constant at 20°C +0.1°C by a circulating water bath (Thermo-
stat F6, Haake, Karlsruhe, Germany). A certain volume of lipid solution in chloroform
was spread onto the surface forming the myelin-like monolayer. After a waiting period
of 30min for complete solvent evaporation, the monolayer was compressed at a rate of
v = 2 A% /(molecule-min).

Epifluorescence Microscopy of Lipid Monolayers

Fluorescence microscopy images of monolayers at the air-water interface were taken us-
ing an Axio Scope A1l Vario epifluorescence microscope (Carl Zeiss Microlmaging, Jena,
Germany). A home-built Langmuir Teflon trough with moveable computer-controlled
Teflon barriers was located underneath the microscope on a x-y stage (Méarzhauser, Wet-
zlar, Germany) for moving the film surface to any desired position below the objec-
tive lens. The stage was controlled by a MAC5000 system (Ludl Electronic Products,
Hawthorne, NY, USA). Surface pressure was recorded using a microbalance (Riegler und
Kirstein GmbH, Berlin, Germany) equipped with a Wilhelmy plate. Prior to every ex-
periment, the troughs were cleaned with the cleaning concentrate Hellmanex™ (Hellma
Analytics, Miillheim, Germany) and ultrapure water, and a fresh Wilhelmy plate was
mounted. The pressure sensor was calibrated using the surface pressure of ultrapure wa-
ter (72.8 mN/m)%1:%2 and that of air (0 mN/m) as reference points. The trough was filled
with HEPES-NaCl buffer (20 mM HEPES, 10 mM NaCl) of pH 7.4. Temperature was kept
constant at 20 °C £ 0.1 °C by a circulating water bath (Thermostat F6, Haake, Karlsruhe,
Germany). The air-water surface was illuminated by a 100 W mercury arc lamp (HXP
120 C) combined with a long working distance objective (LD EC Epiplan-NEOFLUAR
50x) and a filter /beam splitter combination to select appropriate wavelengths for the ex-
citation and detection of the used fluorescent dye Rh-DHPE. Image data were recorded
by an EMCCD camera (ImageEM C9100-13, Hamamatsu, Herrsching, Germany) and
acquired by the software AxioVision (Carl Zeiss Microlmaging, Jena, Germany).

The fluorescent dye Rh-DHPE was added to the lipid-chloroform solution gaining a mole
ratio of 0.05mol-% by reducing the amount of brain PE by 0.05mol-%. The monolayers
were spread and the protein was injected as described above.
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Summary

Intrinsically disordered proteins (IDPs) do not adopt a well-defined tertiary protein struc-
ture in solution. They undergo a disorder-to-order transition depending on environmental
conditions such as temperature or the presence of binding partners. Two types of IDPs
were investigated in this thesis to scrutinise their aggregation behaviour: i) thermore-
sponsive peptide polymers exhibiting an inverse phase transition and ii) myelin basic
protein (MBP) adopting a tertiary structure during the interaction with lipids.

Amino acid-derived thermoresponsive polymers are promising prototypes representing
model systems of IDPs. The temperature-driven behaviour of these peptide polymers in
aqueous solution was studied as a function of the amino acid sequence with spin probing
continuous wave (CW) electron paramagnetic resonance (EPR) spectroscopy. The incor-
poration of EPR-active molecules into the systems of interest allowed the examination
of the local structure of the peptide polymers from the perspective of the hosted guest
molecules, which is of high interest due to a possible application as e.g. drug delivery
systems.

To understand the complex nanoscale dehydration process during the aggregation of the
polymers undergoing an inverse phase transition, two classes of thermoresponsive biopoly-
mers were examined in this thesis. First, the temperature-dependent phase transition of
diblock elastin-like polypetide (ELP) copolymers composed of a hydrophobic block and
a hydrophilic block was studied. Analysing the spectral parameters obtained with spec-
tral simulation revealed different mechanisms of a temperature-driven phase transition.
It was shown that the phase transition temperature is a function of the hydrophobic
mass fraction of the diblock ELPs, whereas the hydrophilic block length determines the
molecular structure of the polymer aggregates formed above the transition temperature.
Diblock ELPs with weight ratios of hydrophilic block length to hydrophobic block length
above a particular value form aggregates consisting of a core of aggregated hydrophobic
blocks and a corona of hydrophilic blocks. Ratios below this value result in aggregates
of the hydrophobic parts that enclose the hydrated hydrophilic blocks.

Second, thermoresponsive peptide polymers with differing dehydration and rehydration
mechanisms during heating and subsequent cooling of the polymers were investigated.
The thermal hysteresis of these polymers is characterised by the rehydration of the amino
acid during decreasing temperature that proceeds different for the side and the main
chains of the amino acid sequence. The continual rehydrated side chains shield the main
chains form penetrating water maintaining their dehydration over a broad temperature
interval. If the repeat unit of the hysteretic polymer contains additionally the hydrophilic
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amino acid threonine, the shielding of the main chain from hydration is strengthened.
The larger extend of the hysteresis of the threonine-containing polymers indicates an
additional hydration shell forming a water-impermeable water layer around threonine’s
OH group.

Analysing the phase transition of the different peptide polymers monitored by the hydra-
tion of the amino acid chains revealed that the aggregation behaviour strongly depends
on the amino acid sequence. Extending the findings of this thesis with further investiga-
tions will help to precisely tune the biophysical properties of thermoresponsive peptide
polymers for the desired applications in biotechnology and medicine.

An IDP that is involved in physiological and pathological processes is myelin basic
protein (MBP), whose interaction with the cytoplasmic leaflets of the oligodendrocye
membrane is essential for the formation of a compact myelin sheath. MBP is implicated
in the pathogenesis of neurodegenerative diseases like multiple sclerosis (MS). To gain
more-detailed insights into the interaction of MBP and the lipids of the myelin sheath, the
adsorption of MBP to model lipid monolayers of similar composition to the myelin of the
central nervous system was studied at the air—water interface with monolayer adsorption
experiments. In a first step, the maximum insertion pressures of bovine MBP adsorbed to
different myelin-like lipid monolayers provided detailed information about the specific role
of each of the single lipids in the myelin. It became apparent that electrostatic interactions
between the negatively charged lipids phosphatidylserine (PS) and phosphatidylinositol
(PI) and the positively charged MBP are of particular importance for the protein-lipid
interaction. Depending on the ratio of negatively charged lipids to uncharged lipids
and the distance between charges, the adsorption process was found to be determined
by two counteracting effects: i) protein incorporation, and ii) lipid condensation due to
electrostatic interaction between the positively charged protein and negatively charged
lipids. The presence of the uncharged phospholipids phosphatidylethanolamine (PE) and
phosphatidylcholine (PC) in the lipid layer results in an increase of the distance between
negatively charged lipids and may prevent lipid condensation, which is related to a lower
fluidity of the lipid monolayer. Cholesterol, the most abundant lipid in the cytoplasmic
side of the myelin sheath, induces the building of cholesterol-rich and phospholipid-rich
domains in the lipid film. MBP seems to be attracted to the boundaries of these domains.
Based on these results, in the next step, the interaction of the charge variants MBP
Cl (charge: +19) and MBP C8 (charge: +13) with lipid monolayers similar to the
composition of the cytoplasmic leaflet of the oligodendrocye membrane was compared to
reveal differences arising from the charge of MBP that may be related to the pathogenesis
of MS. Concerning the role of the single lipids for the protein—lipid interaction, monolayer
adsorption experiments yielded comparable results to the investigations with bovine MBP
of mixed charge. In addition to these results, it was found with the help of epifluorescence
microscopy that the electrostatic attraction between the positively charged proteins and
negatively charged lipids in the myelin-like monolayers competes with the incorporation
of MBP into regions near cholesterol-rich domains. The incorporation of MBP into
regions of high contents of negatively charged lipids is not favoured due to additional
lipid condensation, which would lead to a lower fluidity of the lipid layer. In this regard,
a major role of sphingomyelin (SM) was found, which was unexpected due to the low
content of SM (3%) in the lipid composition similar to the myelin. If SM is absent, the
highly charged MBP C1 variant does not incorporate near the cholesterol-rich domains
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into the monolayer as opposed to MBP C8, which is still incorporated into these regions.
It is concluded, that MBP C1 requires a specific interaction with SM that outweighs the
electrostatic interaction. The incorporation of MBP C8 near cholesterol-rich domains is
ensured due to its reduced net positive charge. This connection may be relevant for the
correlation of higher amounts of MBP C8 and reduced amounts of SM in brains of adult
MS patients and healthy children compared to healthy adults. The charge reduction of
MBP C1 to MBP C8 seems to be a reaction to a lack of SM.

The systematic investigation of the interaction of MBP with the single lipids of the
cytoplasmic side of the myelin revealed the importance of the synergy of the lipids to
ensure MBP’s physiologic role for the compaction of the myelin sheath and may further
the understanding of pathological processes related to neurodegenerative diseases.
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Zusammenfassung

Intrinsisch unstrukturierte Proteine (engl. intrinsically disordered proteins, IDP) haben
in Losung keine bestimmte Tertidrstruktur inne. Es kann eine Aggregation von unge-
ordneter zu geordneter Struktur erfolgen, die abhingig von Umgebungsbedingungen wie
beispielsweise Temperatur oder die Anwesenheit von Bindungspartnern ist. In dieser Ar-
beit wird das Aggregationsverhalten zweier verschiedener IDP-Systeme untersucht:

i) thermoresponsive Polypeptide, die einen inversen Phaseniibergang aufweisen und ii)
basisches Myelinprotein (engl. myelin basic protein, MBP), das durch die Wechselwirkung
mit Lipiden eine Tertidrstruktur einnimmt.

Aminosiduren-basierte thermoresponsive Polymere stellen vielversprechende Modellsys-
teme fiir IDPs dar. Das biophysikalische Verhalten dieser Peptidpolymere wurde in Ab-
héngigkeit von ihrer Aminosdurensequenz mit continuous wave (CW) Elektronenspin-
resonanz-(engl. electron paramagnetic resonance, EPR) Spektroskopie untersucht. Das
Einbringen eines EPR-aktiven Molekiils in das zu untersuchende System ermoglicht die
Untersuchung der Lokalstruktur der Peptidpolymere aus Sicht des aufgenommenen Son-
denmolekiils. Dies ist von besonderem Interesse, da thermoresponsive Polymere unter
anderem Anwendung als Wirkstofftransportsysteme finden.

Um den im Nanobereich stattfindenden Dehydratisierungsprozess, der die Aggregation
der Polymere wiahrend des inversen Phaseniibergangs bestimmt, zu verstehen, wurden
in dieser Arbeit zwei Arten thermoresponsiver Peptidpolymere untersucht. Zum einen
wurde der temperaturabhéngige Phaseniibergang von Diblock-Copolymeren untersucht,
die den elastin-artigen Polypeptiden (engl. elastin-like polypeptides, ELP) zugeordnet
sind. Diese Copolymere setzen sich aus einem hydrophoben und einem hydrophilen Block
zusammen. Die Analyse der spektralen Parameter, die mithilfe der Simulation der EPR-
Spektren erhalten wurden, ergab verschiedene Mechanismen des Temperatur-abhangigen
Ubergangs, bedingt durch die Primérstruktur der Diblock-ELPs. Es wurde gezeigt, dass
die Ubergangstemperatur abhingig vom hydrophoben Massenanteil des Diblock-ELPs
ist, wohingegen die Linge des hydrophilen Blocks die molekulare Struktur der Aggregate
bestimmt, die oberhalb der Ubergangstemperatur ausgebildet werden. Diblock-ELPs,
deren Verhéltnis von hydrophiler Blocklédnge zu hydrophober Blockldnge {iber einem bes-
timmten Wert liegt, bilden Aggregate, die aus einem Kern aus aggregierten hydrophoben
Blécken und einer den Kern umgebenden Korona aus hydrophilen Blécken bestehen. Ist
das Verhéltnis kleiner als dieser Wert, schliefen die Aggregate der hydrophoben Blocke
die hydratisierten hydrophilen Blocke ein.

Zum anderen wurden thermoresponsive Peptidpolymere untersucht, deren Dehydrati-
sierungs- und Rehydratisierungsmechanismen wihrend des Heizens bzw. wahrend des
anschliefsenden Abkiihlens der Polymere sich voneinander unterscheiden. Die thermische
Hysterese dieser Polymere ist durch die Rehydratation der Aminosiuren wihrend des
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6 Summary

Abkiihlens charakterisiert. Diese erfolgt flir die Seitenketten und die Hauptketten der
Aminosiuresequenzen nicht gleichzeitig. Die kontinuierlich rehydratisierten Seitenket-
ten schirmen die Hauptketten vor dem FEindringen von Wassermolekiilen ab, sodass die
Dehydratation der Hauptketten iiber ein breites Temperaturintervall aufrecht erhalten
bleibt. Die Abschirmung der Hauptketten vor Hydratisierung wird verstirkt, wenn die
Repetiereinheit des hysteretischen Polymers die hydrophile Aminoséure Threonin enthélt.
Eine stirker ausgepréigte Hysterese der Threonin-beinhaltenden Polymere weist auf eine
zusétzliche Hydratisierungshiille hin, die eine wasserundurchléssige Wasserschicht um die
OH-Gruppe von Threonin bildet.

Aus der Auswertung des Phaseniibergangs verschiedener Peptidpolymere anhand der
Hydratisierung der Aminosiureketten ldsst sich schlussfolgern, dass das jeweilige Ag-
gregationsverhalten stark von der Aminosiuresequenz abhingig ist. Das Vertiefen der
Erkenntnisse dieser Arbeit mit weiteren Untersuchungen wird die prizise Einstellung
gewiinschter Eigenschaften fiir vorgesehene Anwendungen in Biotechnologie und Medizin
unterstiitzen.

Ein IDP, das in physiologische und pathologische Prozesse involviert, ist MBP, dessen
Wechselwirkung mit dem zytoplastischen Teil der Oligodendrozytmembran fiir die Bil-
dung einer kompakten Myelinscheide erforderlich ist. Es besteht ein enger Zusammen-
hang zwischen MBP und der Entstehung neurodegenerativer Krankheiten wie Multipler
Sklerose (MS). Um né#here Information iiber die Wechselwirkung zwischen MBP und
den Lipiden der Myelinscheide zu erhalten, wurde die Adsorption von MBP an Mo-
delllipidmonoschichten mit Monoschicht-Adsorptions-Experimenten an der Luft-Wasser-
Grenzfliche untersucht. Die Lipidzusammensetzung der Monoschichten orientierte sich
hierbei an derjenigen des Myelins des zentralen Nervensystems. Der erste Schritt be-
stand darin, anhand des maximalen Einbaudruckes von Rinder-MBP in verschiedene
Myelin-dhnliche Lipidmonoschichten Informationen iiber die spezifische Rolle jedes der
im Myelin vorhandenen Lipids zu erhalten. Dabei wurde deutlich, dass elektrostatische
Wechselwirkungen zwischen den negativ geladenen Lipiden Phosphatidylserin (PS) und
Phosphatidylinositol (PI) und dem positiv geladenen MBP von besonderer Bedeutung
fiir die Protein-Lipid-Wechselwirkung sind. Abhéngig vom Verhiltnis zwischen negativ
geladenen Lipiden zu ungeladenen Lipiden und des Abstandes zwischen den geladenen
Lipiden, wird der Adsorptionsprozess von zwei entgegengesetzt wirkenden Effekten bes-
timmt:

i) Proteineinbau und ii) Lipidkondensation infolge elektrostatischer Wechselwirkung zwis-
chen negativ geladenen Lipiden und dem positiv geladenen Protein. Das Vorhandensein
der ungeladenen Phospholipide Phosphatidylethanolamin (PE) and Phosphatidylcholin
(PC) in der Lipidschicht bewirkt einen Vergréferung des Abstands zwischen geladenen
Lipiden und kann Lipidkondensation, welche die Fluiditdt der Lipidmonoschicht senkt,
verhindern. Das am héufigsten in der Myelinscheide vorkommende Lipid Cholesterol
sorgt fiir das Ausbilden Cholesterol-reicher und Phospholipid-reicher Doménen im Lipid-
film. MBP scheint sich bevorzugt an der Grenze dieser Doménen in die Lipidschicht
einzubauen.

Basierend auf diesen Erkenntnissen wurde im n#chsten Schritt die Wechselwirkung der
geladenen MBP-Varianten MBP C1 (Ladung: +19) und MBP C8 (Ladung: +13) mit
Lipidmonoschichten Myelin-&hnlicher Zusammensetzung verglichen, um Unterschiede zu
finden, die auf die unterschiedliche Ladung der Proteine zuriickzufithren sind und im
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Zusammenhang mit der Entstehung von MS stehen kénnten. Die Rolle eines jeden Lipids
betreffend wurden mit Monoschicht-Adsorptions-Experimenten vergleichbare Ergebnisse
wie zuvor mit Rinder-MBP, welches eine Mischung der MBP-Ladungsvarianten enthélt,
erhalten. Zusétzlich hierzu wurde mit Fluoreszenzmikroskopie herausgefunden, dass die
elektrostatische Anziehung zwischen dem positiv geladenen Protein und negativ gelade-
nen Lipiden in den Monoschichten mit dem Einbau des MBPs in Regionen nahe Choleste-
rol-reichen Doménen konkurriert. Der Einbau des MBPs in Bereiche mit hohen Anteilen
an geladenen Lipiden wird nicht bevorzugt, da die daraus resultierende Lipidkondensation
die Fluiditat der Lipidschicht herabsetzt. In diesem Zusammenhang stellte sich heraus,
dass Sphingomyelin (SM) eine wichtige Rolle bei der Protein-Lipid-Wechselwirkung spielt,
was nicht zu erwarten war, da SM nur zu 3% in der Myelin-dhnlichen Schicht vorkommt.
Fehlt SM in der Lipidmonoschicht, wird die stark geladene Variante MBP-C1 nicht in der
Néhe von Cholesterol-reichen Doménen eingebaut. Demgegeniiber wird MBP-C8 auch
bei fehlendem SM in dieser Regionen eingebaut. Daraus kann geschlussfolgert werden,
dass fiir MBP-C1 eine bestimmte Wechselwirkung mit SM erforderlich ist, die gegeniiber
der elektrostatischen Wechselwirkung iiberwiegt. Der Einbau von MBP-C8 nahe Domé-
nengrenzen wird durch die geringere Nettoladung sichergestellt. Diese Eigenschaft kdnnte
einen Zusammenhang zwischen den héheren Mengen an MBP-C8 und geringeren Men-
gen an SM in Gehirnen von erwachsenen MS-Patienten sowie von gesunden Kindern
verglichen mit den Mengen in Gehirnen gesunder Erwachsener herstellen. Die Ladungs-
minderung von MBP-C1 zu MBP-CS8 scheint somit eine Reaktion auf das Fehlen von SM
Zu sein.

Die systematische Untersuchung der Wechselwirkung des MBPs mit den einzelnen Lipiden
der zytoplastischen Lipidschicht des Myelins zeigte die Bedeutung des Zusammenwirkens
der Lipide fiir die physiologische Rolle des MBPs, die Kompaktheit der Myelinscheide
sicherzustellen. Dies erlaubt Riickschliisse fiir die Aufkldrung pathologischer Prozesse im
Zusammenhang mit neurodegenerativen Erkrankungen.
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APPENDIX A

Thermoresponsive peptide polymers

A.1 Diblock ELP
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Figure A.1: CW EPR spectra of the polymers with spin probe 16-DSA and of 16-DSA in
pure buffer (reference measurement).

115



A Thermoresponsive peptide polymers
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Figure A.2: Superposition of EPR spectra of ELP 200-60 (300 uM) with 16-DSA (1 mM)
during heating (black) and during subsequent cooling (blue) at temperatures
between 10 and 60 °.
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Figure A.3: Superposition of EPR spectra of 16-DSA in pure buffer (blue) and of ELP
200-30 (300 uM) with 16-DSA (1 mM) (black) at temperatures between 10
and 70°.

117



A Thermoresponsive peptide polymers
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Figure A.4: All EPR spectral simulations of ELP 200-S30 (300 uM) with 16-DSA (1 mM)
at temperatures between 10 and 70 °C. Experimental data is shown in black,
simulated data in magenta.
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Figure A.5: All EPR spectral simulations of ELP 200-30 (300 uM) with 16-DSA (1 mM)
at temperatures between 10 and 70 °C. Experimental data is shown in black,
simulated data in magenta.
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A Thermoresponsive peptide polymers
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Figure A.6: All EPR spectral simulations of ELP 200-60 (300 uM) with 16-DSA (1 mM)
at temperatures between 10 and 60 °C. Experimental data is shown in black,
simulated data in magenta.
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Figure A.7: All EPR spectral simulations of ELP 120-60 (300 uM) with 16-DSA (1 mM)
at temperatures between 10 and 60 °C. Experimental data is shown in black,
simulated data in magenta.
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Figure A.8: All EPR spectral simulations of ELP 80-60 (300 uM) with 16-DSA (1 mM)
at temperatures between 10 and 60 °C. Experimental data is shown in black,
simulated data in magenta.
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Figure A.9: All EPR spectral simulations of ELP 40-60 (300 uM) with 16-DSA (1 mM)
at temperatures between 10 and 60 °C. Experimental data is shown in black,
simulated data in magenta.
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A Thermoresponsive peptide polymers

Table A.1: Characteristics of diblock ELPs 200-30 and 200-530. Values of T} jyvy._vis were
received from Elisabeth Garanger.

ELP MW fhydrophilic Ti juv-vis in °C
in kDa (c=25uM)

200-30 94.0 0.12 24

200-S30 94.7 0.13 25

Equations of the exponential regression of the transition temperatures in Figure 3.2 (Sec-
tion 3.2):

Tt(f) =19.71K+ 144K - exp(4.53 . f) (A.l)
Tt(f) =2290K +0.90K - exp(5.44 . f). (A.2)
ELP 120-60 (300uM) + TEMPO (1mM) PBS + TEMPO (1mM)
‘ ‘ - —10°C ‘ ‘ ‘ - —10°C
1 —18°C | —18°C
26°C —26°C
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. 05} 42°C | _ 42°C |
3 50°C 3 50°C
; —58°C ; —58°C
-0.5-
-1t ‘ ‘ ‘ ‘ ‘ - ‘ ‘ ‘ ‘ ‘
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B/mT B/mT

Figure A.10: Test measurements with spin probe TEMPO (for chemical structure, see
Figure A.11): ELP 120-60 with TEMPO and reference measurement in

PBS without polymer.

Figure A.11: Structural formula of 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO).
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A.1 Diblock ELP
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Figure A.12: Results of simulation of 16-DSA in buffer solution of diblock ELPs: rota-
tional correlation times (a) and c)) and hyperfine splitting constant (b) and
d)) of the hydrophilic spectral component for different hydrophobic block
lengths (a) and b)) and different hydrophilic blocks (¢) and d)). Hyperfine
splitting constants give half of the difference in B field of the high-field
and of the low-field peak of the simulated EPR spectra of the respective
component.
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Figure A.13: CW EPR spectra of different polymer concentrations with different concen-
trations of the spin probe 16-DSA.
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Figure A.14: All EPR spectral simulations of ELP 200—60 (100 uM) with 16-DSA (1 mM)
at temperatures between 10 and 54 °C. Experimental data is shown in black,
simulated data in magenta.
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Figure A.15: Al EPR spectral simulations of ELP 200-60 (100 uM) with 16-DSA
(600 uM) at temperatures between 15 and 59°C. Experimental data is
shown in black, simulated data in magenta.
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A.1 Diblock ELP

Signal / a.u.

332 333 334 335 336 337
B/mT

338

20°C

40°C

Figure A.16: All EPR spectral simulations of ELP 200-60 (300 uM) with 16-DSA
(600 uM) at temperatures between 10 and 60°C. Experimental data is

shown in black, simulated data in magenta.
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Figure A.17: Al EPR spectral simulations of ELP 200-60 (300 uM) with 16-DSA
(400 uM) at temperatures between 10 and 58°C. Experimental data is
shown in black, simulated data in magenta.
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Figure A.18: All EPR spectral simulations of ELP 200—60 (500 uM) with 16-DSA (1 mM)
at temperatures between 10 and 60 °C. Experimental data is shown in black,
simulated data in magenta.
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Figure A.19: All EPR spectral simulations of ELP 40-60 (500 uM) with 16-DSA (1 mM)
at temperatures between 20 and 72 °C. Experimental data is shown in black,
simulated data in magenta.
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Figure A.20: Results of simulation of diblock ELP 200-60 (various concentrations) with
16-DSA (various concentrations): rotational correlation times a) and hyper-
fine splitting constant b) of the hydrophobic spectral component. Hyperfine
splitting constants give half of the difference in B field of the high-field and
of the low-field peak of the simulated EPR spectra of the respective com-

ponent.
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Figure A.21: Results of simulation of diblock ELP 40-60 (various concentrations) with 16-
DSA (various concentrations): rotational correlation times a) and hyperfine
splitting constant b) of the hydrophobic spectral component. Hyperfine
splitting constants give half of the difference in B field of the high-field
and of the low-field peak of the simulated EPR spectra of the respective
component.
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