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1. Introduction

1. Introduction

1.1. Amyloidosis

Proteins are macromolecules, composed of the 20 naturally occurring L-amino acids,
which are involved in almost all biological processes. In order to function, proteins
fold from a random coil state to their three-dimensional native conformation.
Considering the prominent role of proteins and the complexity of their folding
process, it is not surprising that protein misfolding might result in diseases (/).
Several human protein misfolding diseases have been reported, of which the
amyloidoses represent the largest group, including Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease and type II diabetes (2). Amyloidoses are characterized
by the deposits of amyloid fibrils, which are composed of a single peptide or protein.
In general, these deposits are extracellular, although also intracellular deposits of
amyloid fibrils have been observed (3). Although the precursor peptides/proteins of
amyloid firbrils differ substantially with respect to size, sequence and structure, the
corresponding amyloid fibrils show high similarity in both external morphology and
internal structure (4). Amyloid fibrils are long, unbranched filaments with diameters
of 60-120A and composed of 2-6 subunits, named protofilaments, which are often
twisted around one another (5, 6). In these protofilaments, the peptides/proteins
exhibit the characteristic cross-p structure, in which the individual B-strands run
perpendicular to the fibril axis (7). Interestingly, it has been observed that also non-
amyloidogenic proteins can form amyloid fibrils under specific conditions (&). These

observations support the idea that the formation of amyloid fibrils is a basic property
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of the polypeptide chains. Although amyloid fibrils are strongly linked to diseases,

there are also examples of nonpathological, functional amyloid fibrils (2)

1.2. Alzheimer’s disease (AD)

In 1906, the German psychiatrist Alois Alzheimer (1864-1915) gave a talk at the 37"
Conference of South-West German Psychiatrists in Tiibingen, reporting on a new
form of dementia. In his talk, he described the psychiatric symptoms and the changes
in brain histology of an earlier patient Auguste Deter, who died at the age of 56 (9).
Although Alzheimer’s talk attracted very little attention from the audience, Emile
Kraepelin, a famous German professor of psychiatry and Alzheimer’s superior,
introduced only four years later this newly discovered form of dementia in his
textbook of psychiatry for students and practitioners and named it Alzheimer’s

disease (AD) (10).

Today, AD is the major form of dementia, responsible for nearly 60 to 80% of all
dementia case (/7). In 2005, the worldwide prevalence of dementia was estimated to
be 24.3 million, with the highest predicted increase rates in China, India and Latin
America (/2). Two forms of AD are distinguished: the familial form (FAD), which
accounts only for less than 5% of all cases, and the more prevalent sporadic form
(/3). FAD is caused by mutations in genes of amyloid precursor protein (APP) (/4),
presenilin 1 (/5) and presenilin 2 (/6) , and is characterized by the early onset of the
disease (<60 years), whereas the sporadic form of AD (henceforth called AD) is
rarely observed under the age of 65 years (/7). Several risk factors have been

reported for AD, including age (/8), genetic factors (/9), including apolipoprotein E
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(20), type 2 diabetes mellitus (21, 22), depression (23, 24), body weight (25, 26),

midlife hypertension (27, 28) and smoking (29, 30).

However, the major risk factor of the disease is age, as indicated by the increase of
the age-specific incidence rate of AD from 0.1% at the age 60-65 to 12.1% for
individuals aged over 95 years (37). Due to the expected increase in life expectancy,
the impact of the disease will even increase in the future. For the year 2050, a
worldwide prevalence of 106.2 million is predicted, meaning that 1 in 85 persons
living with AD (32). Therefore, AD represents a major future challenge for the
society, including the enormous financial burden of the disease. In 2008, the total cost
of dementia in the European Union has been estimated to be € 160 billion, of which

56% were costs of informal care (33).

The core clinical features of AD is the gradual and progressive decline in cognitive
functions, including memory (particular the short-term memory), orientation,
language and executive function, and noncognitive and behavioral symptoms, such as
unawareness of deficits, apathy, psychosis and agitation (34). The patients lose their
ability to cope with daily activities and become dependent on caregivers. Although
symptoms and rate of the disease vary considerable among different individuals, the
end stage is associated with the almost complete loss of all cognitive functions, and
death occurs usually by complications of aspiration, infection and inanition (35). The
two major pathological hallmarks of AD are intracellular neurofibrillary tangles
(NFTs), composed of the hyperphosphorylated tau protein (36), and extracellular
senile plaques, which are mainly formed by the amyloid-f peptide (APB) (37). Further
neuropathological changes include the loss of neurons and white matter, congophilic

(amyloid) angiophaty and oxidative damage (38).

-3



1. Introduction

Despite enormous research effort, the exact pathological processes responsible for
AD are still not completely understood. Although currently under debate (39, 40), the
amyloid-beta hypothesis is the most accepted hypothesis for AD. The hypothesis
states that the formation, aggregation and deposition of AP is the primary
pathological event in AD (41, 42). Alternative hypothesis are the presenilin (43, 44)
and the dual pathway hypothesis (45). Unfortunatly, there is currently still no drug
available, which would prevent, stop or reverse the disease. Drugs approved by the
FDA for the treatment of AD are cholinesterase inhibitors and N-methyl D-aspartate
(NMDA), which regulates acetylcholine and glutamate in the brain (46). However,
the benefits of these drugs are considered as only modest and transient (47, 48). The
lack of an effective medication for AD emphasizes the importance of the prevention.
Several of the above described risk factors of AD are partly or fully modifiable, such
as body weight, hypertension and smoking. Several other factors have been reported
to have preventive effect, such as physical activity (49), mediterranean diet (50) and
extracts from turmeric, grapes and green tea (5/). However, a national institute of
health conference statement of 2010 concluded that there is not sufficient scientific
evidence for the existence of modifiable factors (i.e. dietary factors, social or
economic factors, or environmental exposures), which are associated with a reduced

risk for AD (52)

AD is a slow, progressive disorder, which lacks a defined event which can be
considered as the onset of the disease. The disease is divided into three stages with
defined diagnosis guidelines: the preclinical statge (53), mild cognitive impairement
(MCI) (54) and dementia (55). A growing body of evidence indicates that the

pathological processes of AD begin years before the clinical symptoms emerge (56).
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Therefore, the reliable diagnosis of the so-called preclinical stage of the disease is a
prerequisite for the better understanding of AD and the development and testing of

effective drugs.

1.3. Amyloid-p peptide (AP)
The 39 to 42 amino acids long amyloid-B peptide (AB) has an amphiphilic character
with a hydrophilic N-terminus (residues 1-28) and a hydrophobic C-terminal domain
(residues 29-40/42). As displayed in figure X, the hydrophilic part contains 6 acidic
amino acids (Dl, E3, D’ EH, E* and D23) with pKa values of 4.3-4.5, 3 basic amino
acids (R°, K' and K'*) with pKa values of 10.2 and 3 histidine residues (H®, H" and
H'") with a pKa value of 6.5 (57). Therefore, the isoelectric point is 5.6, and the

peptide has a net charge of -3.05 at pH 7.4.

S 10 15 20 25 30 35 40

(HE® 000 0 O 00660 0660 ‘6000606060000

Figure 1. Amino acid sequence of A} peptides in one letter code. Blue and red symbolize negatively
and positively charged residues, whereas amino acids in grey correspond to the former membrane
domain of the precursor protein of A, the amyloid precursor protein (APP).

AP is formed by proteolytical processing of its precursor protein, the amyloid
precursor protein (APP). APP is a type 1 transmembrane glycoprotein with a single
membrane-spanning domain. Alternative splicing of the APP gene located on
chromosome 21 leads to several isoforms, of which APP-695 is the most abundant in
neurons (58). Although APP is present in many human tissues, its physiological role
is poorly understood. In vitro and knockout studies (APP-deficient mice) suggested
that APP may play a role in cell-cell adhesion (59), neurite outgrowth (60) and copper

homeostasis (67). However, the further study of the physiological functions of APP is
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considered as one of the major topic in future AD research (62). APP processing
involves three types of proteases, termed a-, B-, and y-secretases. Two principal
processing pathways for APP are described: the amyloidogenic pathway and the non-
amyloidogenic pathway. In the amyloidogenic pathway, the consecutive action of the
B-, and y-secretase leads to the formation of AP. B-secretase cleaves APP at the N-
terminus of AP, generating a large N-terminal ectodomain APPsf and the membrane-
bound fragment C99. This cleavage process is considered as the initial and rate-
limiting process (63). BACE 1, a membrane-bound aspartyl protease, was identified
as B-secretase (64-66), and knockout studies demonstrated that it is the sole B-
secretase (67, 68). This exclusivity makes the B-secretase to a promising target of
drug development. As BACE 1 has an activity optimum at pH 4.5, this cleavage step
occurs in the endosomes. The fragment C99 is intramembranously cleaved by the y-
secretase generating AP and APP intracellular domain (AICD). y-secretase is a multi-
subunit protease complex composed of minimal four membrane proteins: presenilin,
nicastrin (Nct), APH-1 and PEN-2 (69). As the site of y-cleavage is not precise,
several isoforms of AP are generated, of which AB(1-40) and AB(1-42) are the most
abundant (70). The subcellular site of y-cleavage is the plasma membrane and the

endosomal/lysosomal system (70).

Alternatively, in the non-amyloidogenic pathway the initial proteolysis step is
processed by the a-secretase, which cleaves APP between Lys16 and Leu 17 in the
AP domain (717). The a-cleavage occurs mainly at the cell surface, generating a large
amino (N)-terminal ectodomain (sAPPa), which is released into the extracellular

space, and a membrane-bound C-terminal fragment (C83). The fragment C83 is
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further processed by y-secretase, producing a truncated AP peptide named p3 and

AICD (72), and therefore precluding the formation of Ap.

AP show polymorphic structures in solution, depending on the peptide concentration
(73) and the environmental conditions, such as pH (74), salt (75), temperature (76)
and solvent (77). In aqueous solution, monomeric AP exhibits a predominant random
coil structure (73), whereas in organic solvent and membrane-mimicking systems A
favors an a-helical structure (78, 79). AP is prone to aggregate, forming oligomers,
protofibrils and amyloid fibrils. In vitro, the aggregation process occurs in a
nucleation-dependent reaction, similar to crystallization (80). A close link between
the aggregation state and the neurotoxicity of AP has been established, although the
exact molecular mechanisms of the AP toxicity are still unknown. In the beginning,
the amyloid fibrils of AP were considered as the main source of AP toxicity (87, §2).
However, recent studies indicated that non-fibrillar structure of AP, such as
oligomers, amyloid-derived diffusible ligands (ADDLs) and protofibrils are more

toxic (83-835). On the other hand, the monomeric AP has a very low toxic activity

(86).

AP has termed as “peptide from hell” not only because its putative toxic effect on
neurons, but particular because the biophysical and biochemical handling is full of
difficulties (87). A major problem is the low reproducibility in studies, investigating
the kinetics of AP fibrillization and its neurotoxicity activity (88). Differences arise
not only between AP purchased from different suppliers, but also between batches
from the same manufacturer. In this respect, starting conformation and the
aggregational state of the lyophilized peptide is seen as the major source of

irreproducibility (87). Pre-existing aggregates can act as seeds in the AP fibrillization,

-7 -
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and therefore affect both the kinetic of fibrillization process and the neurotoxic
activity (80, 89). To remove any pre-existing aggregates, AP are usually treated with
strong acids and organic solvents, such as hexafluoroisopropanol (HFIP),
trifluoroacetic acid (TFA) and dimethylsulfoxide (DMSO). Furthermore, stock
solutions of AP in aqueous buffer systems (higher than the corresponding critical
concentration) should be avoided due to time-dependence of the AP aggregation
process. Quantitative research with AP is moreover complicated by the lack of a
tryptophan in the peptide sequence. UV absorbance is therefore precluded as a
method to determine the peptide concentration. However, amino acid analysis is an

accurate technique to determine the AP concentration.

1.4. Biological membranes

An important step in the origin of the first cellular life was the formation of a
boundary structure, which separates the inside from the outside (90). In addition to
their (selective) permeability barrier function, early membranes were assigned for
further functions, including the capture of energy and its conversion into a suitable
energy currency (97). These early membranes were composed of simple amphiphiles,
such as fatty acids, fatty alcohols or monoglycerides (92). These molecules were
formed under the prebiotic conditions on earth (93), and/or could be brought to earth
via meteorites (94). However, it is still an unsolved mystery in the origins of cells,
how the complex cytoplasm, containing ribosomes, nucleotides, RNA and even DNA
got enclosed by the membrane. In the first scenario, the cellular system have evolved
within the membrane boundary (95). Cellular precursor molecules would have

crossed the early membrane, which, mainly composed of simple amphiphiles, have a

-8-
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lower permeability compared to phospholipid bilayers (96). Alternatively, the second
scenario suggests that the cytoplasm evolved to a large extent outside from a

membrane shell, before it was engulfed by a lipid layer (97).

Membranes of contemporary cells are involved in even more cellular processes,
which is reflected in an more complex composition. These membranes are mainly
composed of lipids and proteins, with a minor fraction of carbohydrates, which are
covalently attached to either lipids (glycolipids) or proteins (glycoproteins) (98). In
membrane, lipids are arranged in a bilayer structure, in which the hydrophobic
domains constitute the hydrophobic core, whereas their hydrophilic domains interact
with water (99). Mammalian membrane lipids can be divided into phospholipids,
sphingolipids and the sterols (/00). While cholesterol is almost the sole sterol in
mammalian membranes, there exists a large diversity of phospho-and sphingolipids,
by variations of the headgroup, chain length and extent of cis-unsaturations. As the
lipid composition is tightly regulated in the different parts of the human body, it is not
surprising that several diseases are associated with an aberrant lipid metabolism

(101).
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2. Thermodynamics of the random-coil-to-f-sheet

transition of AB(1-40) in a membrane environment

Summary

Alzheimer’s disease (AD) is the most common form of dementia with a worldwide
prevalence of 20 to 30 million. The amyloid-8 peptide (A) is the main component of
the amyloid plaques, which are considered as the major pathological hallmark of the
disease. AB(1-40) reveals a random-coil-to-B-structure transition in the presence of
anionic small unilamellar vesicles (SUVs). An additional structural transition of
AB(1-40) to an a-helical structure can be observed at high lipid-to-peptide molar
ratios. Here, we present a method to quantitatively determine the thermodynamic
parameters of the random-coil-to-B-structure transition in the membrane environment.
We have used AB(1-40) and four double-d isomers, in which two adjacent amino
acids are replaced by their d-enantiomers. Double-d substitution has shown to result
in a local disturbance of secondary structure without modifying other characteristics
such as hydrophobicity and side-chain functionality. Circular dichroism (CD)
spectroscopy provides the content of B-structure in solution and upon binding to
anionic lipid membranes. By the use of anionic lipid vesicles containing 5mol% PEG-
PE, the transition to a-helix is inhibited and a conformational endpoint is observed.
Thermodynamic parameters of membrane binding were determined with isothermal
titration calorimetry. Linear regression analysis yields a linear correlation between the
thermodynamic binding parameters and the extent of [-structure. B-structure

formation of AB(1-40) at the membrane surface is thermodynamically characterized
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by enthalpy change of AH,=-1.0lkcal/mol per residue, an entropy change of
AS, =-3.62cal / molK residue and a free energy change of AG, =-0.04kcal/ mol

residue.

Manuscript: Thermodynamics of the random-coil-to-f-sheet

transition of AB(1-40) in a membrane environment

Introduction

Alzheimer’s disease (AD) is the major form of dementia, affecting estimated 25
million people worldwide in 2005 (/). Predictions for the future indicate an dramatic
increase of the worldwide prevalence of AD (106.2 million in 2050) (2). Despite
enormous efforts, there is still no effective cure available for the disease. Besides the
personal suffering of patients and their families, AD caused indirect and direct cost of
$422 billion (3). Therefore, AD must be considered as a major future challenge for

the society.

Major pathological hallmarks of AD are extracellular neuritic plaques and
intracellular neurofibrillary tangles. The core of neuritic plaques consists of amyloid
fibrils, which are composed of the 39-43 amino acids long amyloid-B peptide (AB). In
amyloid fibrils, AP exhibit a characteristic cross B-structure, in which the individual
B-strands run perpendicular to the fibril axis (4). AP is formed by proteolytical
cleavage of the amyloid precursor protein (APP), a type 1 transmembrane
glycoprotein, by the consecutive action of -, and y-secretase (for review (5)). AP is
in its solube, monomeric form a normal component of the cerebro spinal fluid (CSF)
and the blood plasma (6-8). In vitro studies demonstrated that AP fibrilization is a

nucleation-dependent process, comparable with crystallization (9, /0). Many factors
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have been reported to influence the AP fibrillization, including pH (11, 12), salt (13),
temperature (/4) and seeds, such as preformed fibrils (15, 16) or glycosaminoglycans
(/7). However, the exact mechanism by which AP fibrillization occurs in vivo is still

largely unknown.

Originally, the AP fibrils were considered as the source of the putative neurotoxicity
of AP (I8, 19). More recent studies indicated that non-fibrillar structure of AP,
including oligomers and protofibrils, are more neurotoxic (20). On the other hand,
monomeric AP have a very low toxic activity (27). In aqueous solution, monomeric
AP exhibits a predominant random-coil structure (22). However, AP exhibits [3-
structure in in the fibrillar oligomers (23) and amyloid fibrils (4). Therefore, the
structural conversion of AP from random-coil-to-B-structure is considered as crucial

event in the pathology of the disease.

Emerging evidences indicate that the lipid membrane plays a particular role in the
course of AD. Several models for the membrane-mediated toxicity of AP were
proposed, including the formation of ion-channel and pores in membranes, which
leads to membrane depolarization and disruption of ionic homeostasis (24).
Therefore, it is of particular interest to investigate the random-coil to B-structure
transition in a membrane environment. Thermodynamic studies investigating the
membrane-induced fB-structure formation are relatively rare. Recent studies on the
model peptide (KIGAKI); yielded in the thermodynamic characterization of the (-
structure formation in a membrane environment (25), which has been demonstrated to

be dependent on the peptide chain length (26).
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In this study, we aimed to characterize the thermodynamics of the membrane-induced
B-structure formation of AP(1-40). For this purpose, we have used four double d-
isomers of AB(1-40) (dS, 6; d13, 14; d19, 20 and d35, 36 AB(1-40) ), in which two
adjacent amino acids are substituted by the corresponding d-enantiomers. Double-d
substitution has shown to result in a local disturbance of secondary structure without
modifying other characteristics such as hydrophobicity and side-chain functionality
(27, 28). Circular dichroism (CD) spectroscopy was used to quantify the content of -
structure upon binding to anionic lipid membrane. Isothermal titration calorimetry
(ITC) was applied to study the thermodynamic parameters of the binding process.
The obtained thermodynamic parameters entail contributions of two different
processes: (i) the adsorption of the peptide to the lipid membrane surface and (i)
conformational changes of the peptide from random-coil-to-B-structure. By
correlating the thermodynamic binding parameters with the extent of membrane-
induced B-structure of the studied peptides, it was possible to separate these two
different processes, deducing the thermodynamics of the B-structure formation of

AP(1-40) in a membrane environment

Material and Methods

All lipids such as I-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-rac-glycerol (POPG), and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N[methoxy(polyethylene  glycol)-2000] (mPEG
2000 PE) were purchased from Avanti Polar Lipds (Alabaster, AL). AB(1-40) was
obtained from rPeptide (Bogart, GA, USA). The double-d-isomers were kindly

provided by Dr. M. Beyermann of the Leibniz-Institute fliir Molekulare
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Pharmakologie, 13125 Berlin, Germany. All other chemical were purchased from

commercial sources at the highest purity.

Preparation of Lipid Vesicles

Small unilamellar vesicles (SUVs) composed of ternary lipid mixture were prepared
as follows. A defined amount of the first lipid was dried from a chloroform stock
solution with a soft stream of nitrogen and then overnight in high vacuum. The
amount of the first lipid was weighed and a defined amount of the second lipid was
added. The mixture was treated as before and the same procedure was applied for the
third lipid. Typically, a buffer volume of 2-3 ml was added to the dried lipid film and
the dispersion was extensively vortexed. Then, the lipid dispersion was sonicated
with a G112SP1 Special Ultrasonic Cleaner (Laboratory Supplies CO., Inc) for 25
min. Metal debris from the titanium tip was removed by centrifugation at 14,000 rpm
for 4 min using an Eppendorf 5415 C benchtop centrifuge (Vaudaux-Eppendorf AG,
Schonenbuch, Switzerland). The size and (-potential of the SUVs were measured by

dynamic light scattering (DLS).

Preparation of AB(1-40) solution

AP(1-40) has been repeatedly reported to differ in fibrillogenic properties within
different lots and suppliers, possibly caused by pre-existing aggregates. Therefore, it
was crucial to establish a chemical starting point of the peptide. Treatment of AP(1-
40) with hexafluoroisopropanol (HFIP) dissolves pre-existing aggregates. AP(1-40)
samples were prepared as follows. First, the peptides were dissolved in HFIP (at a
concentration of 0.5 mg peptide/ ml HFIP) and equilibrated for one hour at room
temperature. Then, an appropriate amount of the AP(1-40)-HFIP solution was

aliquoted in 4ml glass tubes, and the solvent was removed by soft stream of nitrogen
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and subsequent high vacuum overnight. The peptide samples were then stored at -20
°C. Immediately prior to use, the peptide was dissolved in appropriate buffer (Imin
sonication). In general, a AB(1-40) concentration below 30 uM were used due to the
confirmed structural stability within the time range of experiments. The peptide

concentration was obtained by amino acid analysis (University of Bern).

Circular Dichroism (CD) Spectroscopy

All measurements were performed on a Chirascan CD spectrometer (Applied
Photophysics Ltd., Leatherhead, UK). CD spectra were recorded from 190 nm to 250
nm at 25 °C, with resolution of 1 nm, a bandwidth of 2 nm and a response time of 25
s. A quartz cuvette with a path length of 1 mm was used for all measurements. The
percentage of peptide secondary structure was estimated from a computer simulation

based on the reference spectra obtained by Reed and Reed (29).

Isothermal Titration Calorimetry (ITC)

Isothermal Titration Calorimetry (ITC) measurements were performed on a VP ITC
calorimeter (MicroCal, Northampton, MA). All measurements were made at 25 °C in
5 mM Hepes (pH 7.0, 7.4 and 8.0). For the lipid-into-peptide titrations, the
calorimeter cell contained the peptide solution at a concentration of below 25 uM .
Lipid vesicles were suspended in the same buffer as the peptide (~15mM lipid) and
10zl aliquots were injected every 300s via a 300/ syringe. As a control, every
lipid vesicle suspension was injected into pure buffer. Raw data were processed using

a Origin software provided with the instrument.
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Results

Thermodynamics of peptide binding

The thermodynamic characterization of a peptide-lipid binding reaction can be
determined by high-sensitivity isothermal calorimetry (ITC). The general term
“binding” is used in the following to describe the peptide adsorption from the bulk
solution to the lipid membrane. Figure 1 show a representative example of an ITC
experiment. The calorimetric cell contained a 25 uM AP(1-40) solution, which was
titrated every 300 s with 10 pl aliquots of a 15 mM SUV suspension composed of 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol (POPG), and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N[methoxy(polyethylene glycol)-2000] (mPEG 2000 PE)

(50/45/5 mol%) at 25 °C. Each injection caused an exothermic reaction as illustrated

by the calorimetric trace. The heat of reaction /; corresponds to the integral of the

titration peak and decreased with increasing number of injections as less peptide was
available for binding (figure 1B). After about 27 injections all peptide was bound to
the lipid membrane and further injections of lipid vesicles entailed only heats of

dilution 4 As a control, lipid-into-buffer injections were conducted (data not

dilute *
shown). No significant heats were observed providing good evidence for a proper
experimental set-up. The molar binding enthalpy, AH°, can be calculated according

to:

n

AHO :Z(hj _hdilute)/ngep (1)

J=1
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where ngep is the total molar amount of peptide in the calorimetric cell and 4, is the

ilute
heat of dilution. The molar binding enthalpies for AB(1-40) and its double d-isomers
are listed in table 1. They were dependent on the position of the double-d substitution
and varied between —17.5kcal / mol for d13, 14 AB(1-40) and —1.1kcal / mol for d35,
36 AB(1-40). Binding isotherm of the peptide-lipid interaction can be derived from
the lipid-into-peptide calorimetric experiment as described elsewhere (30). Figure 2
displays the binding isotherm for the ITC data of figure 1. The binding isotherm

describes the dependence of the degree of binding, X,, on the equilibrium
concentration of free peptide, ¢, . X, is defined as the molar ratio of bound peptide,

n to lipid n, . Since AB(1-40) does not penetrate the lipid membrane, only the

p,bound >

outer lipid layer is available for binding and n, corresponds to 60% of the total lipid,
n, (31). The molar amount of bound peptide, nim ., after 1 injections is linked to

the calorimetric data according to

n;ep,bound = Zh/ /(AHO ’ I/cell ’ CO,pep) (2)

j=1

where V_, is the volume of the calorimetric cell and ¢, ,, is the total peptide

concentration in the cell. The molar amount of lipid available for binding is given by

n,=i-V, -c,,, where V, is the injection volume (10 /) and ¢, , is the concentration

inj
of the lipid suspension in the syringe. While the binding isotherm can be derived in a
model-independent manner from the calorimetric data, the thermodynamic analysis of
the binding isotherm requires the assumption of a specific binding model. The model

used in the following is a surface partition model which states that peptide binding is
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linearly correlated with the peptide concentration,c,, , found immediately above the

plane of binding (32):
X,=K,-c, A3)

The binding constant K, corresponds to the transfer of the peptide from the plane of

binding into the membrane. The model takes into account that an anionic lipid
membrane attract molecule bearing cationic groups such as AB(1-40). The peptide

surface concentration c¢,, is therefore increased and an expression is given by the

Boltzmann relation according to:

ey =epe (4)

where z, is the effective peptide charge (charge which is exposed to the lipid

membrane), F, is the Faraday constant, ¢ is the membrane surface potential and

RT the thermal energy. The application of the Gouy-Chapman theory allows the

calculation of the surface potential ¥ and the surface concentration c¢,, for each data
point of the binding isotherm, leading to surface partition constant K. The solid line

in figure 2 is the best theoretical fit to the experimental data. For all peptides a good

agreement between the model and the experimental data could be established. The

binding constant K, and the effective charge z, for all peptides are summarized in

table 1. The free energy of binding, AG", is then given by

AG’=—RT-In55.5-K (5)
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where the factor 55.5 is the molar concentration of water. Next, the entropy of

binding, AS® , is given by AG® =AH° —TAS’. The thermodynamic parameters of all

peptides are summarized in table 1.

Isothermal titration calorimetry was also used to study the pH dependence of AB(1-
40)-lipid interaction. Experiments were performed at three different pH values (7.0,
7.4 and 8.0) in SmM Hepes at 25 °C. Lipid-into-peptide titrations and theirs analysis
were conducted as described above, and the binding parameters are summarized in

table 2. At pH 8.0, no heats of reaction could be detected, and no binding constant K

, and therefore no AG®, could be derived (n.d. in table 2). The molar binding enthalpy
AH' increased with increasing pH values from -18.9kcal/mol at 7.0 to

—13.5kcal / mol at 7.4 and reached Okcal/mol at 8.0. Further, the increases of pH
form 7.0 to 7.4 lead to an small increase of the binding constant K, from 0.04M ' to

0.06M ', whereas the effective charge z, is decreased from 1.1 to 0.2

Structural transition of AP(1-40) peptides upon lipid binding

Circular dichroism (CD) spectroscopy was performed to monitor structural changes
of AB(1-40) and the double-d isomers upon binding to anionic lipid membrane. CD
spectra of the peptides in buffer are shown in figure 3. All spectra revealed a
predominantly random coil conformation. To obtain the fraction of secondary
structure, the spectra are analyzed as described in the material and method section.
Analysis revealed a nearly identical random coil content of 65.5 to 69.1% for all
peptides. The contribution of B-structure varied from 21.7 to 33.4% and the content of
a-helix was in the range of 0 to 11.4%. The detailed analysis is given in table 3. Upon

addition of anionic lipid vesicles, the peptides were bound to the membrane surface
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and experienced a conformational transition to B-structure as demonstrated in figure
3B. As an example, figure 4 displays the CD spectra of AP(1-40) in presence of
various concentration of lipid SUV composed of POPG/POPC/mPEG 2000 PE
(45/50/5 mol%). The lipid-to-peptide ratio was gradually increased from 0 to 344. CD
spectra recorded at high lipid-to-peptide ratio ensure complete peptide binding. An
isosbestic point could be observed at A=213nm indicating a simple two-state
equilibrium. The CD spectra were analyzed and the corresponding fractions of
secondary structure are plotted versus the molar lipid-to-peptide ratio in figure 4B.
The content of a-helix remained nearly constant and is not shown. The increase of the
lipid-to-peptide ratios by 150 resulted in an increase of B-structure by 37%, while the
random coil content decreased by the same magnitude. However, above a lipid-to-
peptide ratio of 150 the fractions of secondary structure elements remained constant
which suggests a conformational endpoint. The existence of a conformational

endpoint allows us to quantify the lipid-induced transition from random coil to B-

structure of AB(1-40). For this purpose, the change of B-structure, Af, (%), is defined
as Af, = fy(lipid) — f4(buffer) , where f,(lipid) is the fraction of B-structure at the
conformational endpoint and f,(buffer) in buffer. Next, the number of amino acids,
Ap(aa) , which transfer from random coil to B-structure, can be calculated according
to Ap(aa)=Af,-n, , where n, is the number of amino acids (40). The

corresponding values for all peptides are summarized in table 3. The values of
ApP(aa) varied from 1.4 to 15.8 , depending on the position of the double-d-

substitution.
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Correlation of thermodynamics and structural changes of Ap(1-40) peptides

The binding of AB(1-40) and its double-d isomers to lipid membranes comprises two
processes: (i) the adsorption to the membrane surface and (ii) conformational changes
of the peptides. Similar adsorption energies can be assumed for all peptides as they
possess nearly identical structure in solution. (~70% random coil, ~30% B-structure).
Differences in the thermodynamic parameters are then caused by the conformational

change upon binding to the membrane surface. A correlation between the
thermodynamic parameters AG’,AH", and AS’ of the peptide binding reaction and

the change in B-structure can be established as displayed in figure 5. Regression
analysis yields a linear dependence of the thermodynamics on the change in B-

structure with the following expressions:

AH" =-1.01-An, +1.18 (kcal / mol) (6)
AG’ =-0.04- An, —0.06(kcal / mol) (7)
TAS® =—1.08-An, +2.92(kcal / mol) (8)

where Anj is the number of amino acid residues that change from random coil to -

structure. The contribution of the B-structure formation to the binding process

corresponds to the slopes of the regression lines:

AH ; =—=1.01(£0.1) kcal / mol per residue

AG, =-0.04(£0.002) kcal / mol per residue

AS; =-3.62(20.5)cal / molK per residue
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From the intercept with the ordinate (0% B-structure) the thermodynamic binding
parameters of a hypothetical AB(1-40) peptide with no conformational change can be

estimated as:

AH® =1.18kcal | mol

AG® =—-0.06kcal | mol

AS°® =9.8cal / mol K

Discussion

Structural aspect of membrane-peptide interactions

AB(1-40) and four double-d isomers were used to derive information on the
thermodynamics of the lipid-induced random coil-to-B-structure transition of AP(1-
40). For all peptides, CD spectroscopy provides evidence for a simple random coil-to-
B-structure transition induced by anionic PEGylated lipid vesicles. The incorporation
of PEG into lipid vesicles avoids close contact between the vesicles and therefore
prevents vesicle aggregation. Along with the prevention of vesicle aggregation, the
addition of PEG-lipid in the lipid mixture inhibits the B-structure-a-helix transition
observed at high lipid-to-peptide ratios in the case of nonPEGylated lipid vesicles
(31). Therefore, it can be speculated that the B-structure-a-helix transition is due to
dilution effect of a single AP(1-40) peptide induced by close contact of the lipid
vesicles. Similar observations were made in the studies of the interaction of the cell-
penetrating peptide penetratin with lipid membranes (33). The interaction of
penetratin with LUVs composed of either pure DOPG or DOPC/DOPG (60/40mol%)

lead above a specific lipid-to-peptide ratio to vesicles aggregation followed by
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spontaneous disaggregation (34). Both processes are strongly linked to a
conformational transition of penetration: an a-helix-to-f-sheet transition during
aggregation and then back to a-helix during the disaggregation process. The use of

PEGylated lipid vesicles inhibits these conformational transitions.

In a B-sheet structure, the side chains of involved amino acids are either above or
below the plane of the PB-sheet. The incorporation of a d-amino acid would then
change the orientation of the side chain from perpendicular to the plane of backbone-
backbone hydrogen bonds into a parallel alignment. The presence of an adjacent pair
of d-amino acids causes local disturbance in structure and flexibility (27). The degree
of structural disturbance has been shown to be correlated with the magnitude of the
secondary structure of the replaced region in the all-L-amino acid peptide (35). Table
3 summarizes the lipid-induced change in B-structure for all peptides. The largest
decrease in the magnitude of B-structure formation are observed for the double d-
isomers d19, 20 AB(1-40) and d35, 36 AB(1-40). Only a minor decrease can be
observed for d5, 6 AB(1-40), which indicates that these amino acids are probably not
involved in B-structure formation. However, d13, 14 AB(1-40) is an exception,
revealing a slightly increased magnitude of B-structure formation. Our results can
now compared with structural studies on AB(1-40) fibrils. Amyloid fibrils of AB(1-
40) are characterized by a specific intermolecular polypeptide assemblies, named
cross-fB structural motif (36). Cross-p structures are defined as extended B-sheet in
which the plane of B-sheet and the backbone-backbone hydrogen bonds are in linear
orientation to the fibril axis, while the individual B-strands run perpendicular to the
fibril axis. The secondary structure of AB(1-40) fibrils have been studied by several

biophysical techniques such as solid-state NMR, hydrogen/deuterium (H/D) exchange

-30 -



Chapter 2

and proline-scanning mutagenesis (37-39). In general, the N-terminal residues (1-
10/14) are commonly seen as unordered and are not involved in the fibrils. Another
common feature of the AP(1-40) are 2 B-sheet structure around residues 17-20 and
30-35. A domain which is different in various models of AB(1-40) fibrils is the C-
terminus. While solid-state NMR data suggests that the C-terminus is involved in the
B-sheet structure (38), proline-scanning mutagenesis analysis and H/D exchange

indicate a more flexible structure (37, 39).

Thermodynamic of the AB(1-40)-lipid interaction
All peptides employed have the same sequence with respect to side-chain
functionality and, in turn similar intrinsic hydrophobicities. In buffer, they adopt a

predominant random-coil conformation (70%) with minor content of B-structure
(30%) . The electrostatic attraction between the peptides and the anionic lipid
membrane increases the peptide surface concentration, c, , probably leading to

peptide aggregates on the membrane surface as indicated by the increase of [3-
structure upon membrane binding. This was previously observed for the AP(1-40)
interaction with nonPEGylated anionic lipid vesicles (22). The incorporation of
5mol% PEG-lipid in the lipid mixture leads to a polymer brush on the lipid
membrane surface, which diminishes protein adsorption (40). However, the present
calorimetric data provide evidence that the peptides penetrate the PEG polymer layer
and adsorb to the underlying anionic lipid membrane. A useful parameter to evaluate

the electrostatic effect on the membrane binding is the apparent binding constant,

K,,, comprising both electrostatic attraction to the lipid membrane and the

hydrophobic binding into the lipid membrane. K, is defined according to

app
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Kupp - Xb /ceq (9)

where X, is the molar ratio of bound peptide to total available lipid and ¢, is the

free equilibrium peptide concentration. K, 1is dependent on the peptide

concentration, and in turn not constant. Furthermore K|

»» can now compared with the

surface partition constant K,, which correspond to the transfer of the peptide from
the water-membrane interface into the lipid membrane. For the AB(1-40)-membrane

interaction, K, varies between 3-10°—1.2-10"M "', whereas K, is in the range of

pp

2.7-6.2:10°M ™", The large difference between K, and K, indicates that the

app
main factor of membrane binding is the electrostatic attraction of the peptide to the

negatively charged membrane.

The hydrophobic peptide binding is purely driven by enthalpy (AH°<0) and is
almost fully opposed by entropy (AS® <0). This phenomenon is denoted as non-
classical hydrophobic effect which has been also observed for other peptides and
amphiphilic molecules (41, 42). The large negative entropy contribution is
remarkable and can be explained by the formation of B-structure associated with
aggregation on the membrane surface, leading to a higher order of the system. A
distinct binding thermodynamics was observed for the membrane binding of the B-

structure forming (KIGAKI), peptide, which revealed an endothermic binding

enthalpy (AH° >0) and a positive entropic contribution (25).

The intercepts of the regression analysis (figure 5) provide the thermodynamic

binding parameters of a hypothetical AB(1-40) peptide that binds to the membrane
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without conformational change and is given by AH°=1.18kcal/mol

AG’ =-0.06kcal / mol and AS° =9.8cal / molK . The enthalpy AH® is endothermic,
and the adsorption to the membrane is therefore exclusively driven by entropy.

Similar results were observed for membrane binding of the (random coil) (KIGAKI),

peptide (25). The positive entropy term can be explained by the release of hydration

water

The ITC experiments further demonstrated pH-dependence of the thermodynamics of
the AB(1-40)-lipid interactions. pH affects the charge of both binding partners. Thus,
lower bulk pH leads to a lower membrane surface potential ¥, and in turn to a lower
electrostatic attraction of cationic molecules. On the other hand, the net charge of
AB(1-40) decreases from —2.47 at pH 7.0 to —3.6 at pH 8.0 as calculated by the

pK, values of the charged residues. However, the cluster of basic residues of AB(1-
40) (H,H,,and K ) 1is supposed to be mainly responsible for the electrostatic

attraction to the anionic lipid membrane. The charge of the cluster decreases from
1.47 at pH 7.0, 1.21 at pH 7.4 to 1.05 at pH 8.0, indicating a higher electrostatic
interaction with the anionic lipid membrane at lower bulk pH. As outlined above, pH
has a conflictive effect on the oppositely charged binding partners. However, pH
dependence of the electrostatic interaction can be studied by the contribution of the

electrostatic free energy to peptide binding which can be calculated according to

AG,=-RTIn(K,, /K,) (10)

AtpH 7.0, AG,, varies between 10.8—11.3kcal / mol , whereas at pH 7.4 AG,, varies

between 10.8—14.4kcal/mol. This demonstrates that pH dependence of peptide
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(cluster) charge has a greater effect on the electrostatic interaction compared to the
changes in the membrane surface potential. Further, pH affects the aggregation
behavior of AB(1-40) with a reported maximum in the pH range of 4 to 7. However,
CD experiments have demonstrated a nearly identical conformation of AB(1-40) in
the pH range of 7.0 to 8.0 (data not shown). Changes in the thermodynamic must
therefore not be ascribed to conformational changes prior the membrane binding.
Table 2 summarizes the thermodynamic binding parameters of the AP(1-40)-lipid
interaction measured at the three pH values. The molar binding enthalpy AH® is
highly pH-dependent. Regression analysis yielded a significant linear correlation in

the studied pH range with the following equation:

AH (pH)=1.8*%(pH —7.0)—18.5kcal / mol . A pH deviation of £0.1 leads therefore

to a theoretical change in AH® of +1.8kcal / mol , which is significantly higher than
the standard deviations at each point. Next, we observed a slightly higher binding

constant K, at pH 7.4 than pH 7.0, whereas the effective charge of the peptide is

decreased. This can be explained by the fact that less charged molecule bind more

easily into the hydrophobic lipid membrane.

Thermodynamics of the p-sheet formation in a membrane environment

The method of double-d substitution combined with isothermal titration calorimetry
and CD spectroscopy allows to determine the thermodynamics of [-structure
formation of AB(1-40). Analogous studies were conducted for the membrane-induced
a-helix formation of magainin and the membrane-induced B-structure formation of
the KIGAKI peptide (25, 43). The thermodynamics of B-structure formation of AB(1-
40) could now be compared with the results obtained for the KIGAKI peptide.

However, it has been shown that the thermodynamics of the -structure formation of
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the KIGAKI peptide is dependent of length of the peptide (26). Therefore, it is more
revealing to compare the obtained results for AB(1-40) with those of a hypothetical
KIGAKI peptide composed of 40 amino acids. In this case, the thermodynamic
parameters of the [B-structure formation are obtained by extrapolation, revealing

AH ; =—1.02kcal / mol residue , AS, =-0.86cal / molK residue and

AG, =—0.14kcal / mol residue . The slope of the regression lines in figure 5
corresponds to the incremental thermodynamic parameters for B-structure formation
of APB(1-40), and is given by AH ; =—-1.01kcal / mol residue ,
AS; =-3.62cal / molK residue and AG, =-0.04kcal / mol residue . A comparison

with the values of the 40 amino acids long KIGAKI peptide reveals almost identical
AH ; values, whereas small deviations can be observed for AS,; and AG, . However,
the good numerical agreement between AP(1-40) and the (hypothetical)
corresponding long KIGAKI peptide is a strong indication that primarily the peptide

length than its sequence determine the thermodynamics of the random-coil-to-p-

structure transition in a membrane environment.
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Figure Captions

Figure 1. Isothermal titration calorimetry of AP(1-40) with SUVs composed of
POPC/POPG/mPEG 2000 PE (45/50/5mol%). (A) Calorimetric trace obtained by
titration of 15 mM lipid SUV suspension into 12 uM AB(1-40) solution (SmM Hepes
(pH 7.4)) at 25 °C. Each peak corresponds to the injection of 10 pul SUV suspension.
(B) Heats of reaction /; are plotted versus the injection number 7, . The solid line
correspond to calculations using the surface partition model combined with

electrostatic interactions as discussed above

(K, = O.OSSM_I,ZP =0.18 and AH® = —-14.6kcal | mol) .

Figure 2. Binding isotherm of the binding reaction of AP(1-40) to lipid SUVs

composed of POPC/POPG/mPEG 2000 PE (45/50/5mol%) derived from ITC
experiments. The degree of binding X, , i.e. molar ratio of bound peptide to lipid
available for binding, is plotted against the peptide equilibrium concentration ¢, . The

solid line corresponds to the theoretical binding calculated by combining the Gouy-

Chapman theory with a surface partition model using the binding constant

K,=0.055M" and the effective charge z, =0.18

Figure 3. (A) CD spectra of AB(1-40) and the double d-isomers dissolved in SmM
Hepes (pH 7.4). The spectra were recorded at peptide concentrations between

16.0-25.0uM . (B) CD spectra of AB(1-40) and the double d-isomers recorded in

excess of lipid SUVs composed of POPC/POPG/mPEG 2000 (45/50/5mol%).

Figure 4. (A) Lipid-induced random coil-to-fB-structure transition of AP(1-40)

monitored by circular dichroism (CD) spectroscopy. CD spectra were recorded at
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lipid-to-peptide molar ratios from 0 to 340. (B) Plot of secondary structure of AB(1-
40) versus the lipid-to-peptide molar ratio: B-structure (m) and random coil (e). A
conformational endpoint of the AP(1-40)-lipid interaction could be observed at a

lipid-to-peptide ratio of 150.
Figure 5. The thermodynamic parameters of the peptide-lipid interactions are plotted
against the magnitude of B-structure formation expressed by AfB(aa) . (A) The molar

binding enthalpy AH°(m). (B) Free energy of binding AG’(m) and TAS°(e). The
solid lines (in (A) and (B)) correspond to the regression line. All data were recorded

at 25 C° in SmM Hepes (pH 7.4).
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Appendix
In this appendix, we show a representative example of a calorimetric and CD
spectroscopy measurements of the interaction of the four studied double d-isomers of

APB(1-40) with anionic PEGylated lipid vesicles.

Appendix figure captions

Appendix figure 1. Structural transition of d5, 6 AB(1-40) upon binding to SUVs
composed of POPC/POPG/PEG (50/45/5 mol%) as monitored by CD spectroscopy.
CD spectra were recorded in 5 mM Hepes (pH 7.4) at 25 °C. (A) CD spectra with
varying lipid-to-peptide molar ratios between 0 and 396. (B) Fraction of secondary
structure was plotted vs. the corresponding lipid-to-peptide molar ratios: (m) B-

structure and (@) random coil and (A ) a-helix.

Appendix figure 2. (A) Experimental heat flow obtained by the injection of anionic
SUVs (POPC/POPG/ mPEG 2000 PE (50/45/5 mol%) into a 6.2 uM d5, 6 AB(1-40)
solution at 25 °C. (B) Binding isotherm derived from the ITC experiment displayed in

(A). The solid line corresponds to the best fit of the surface partition model.

Appendix figure 3. Conformational change of d13, 14 AB(1-40) upon binding to
SUVs composed of POPC/POPG/ mPEG 2000 PE (50/45/5 mol%) as measured by
CD spectroscopy. CD spectra were recorded in 5 mM Hepes (pH 7.4) at 25 °C. (A)
CD spectra with varying lipid-to-peptide molar ratios between 0 and 543. (B)
Fraction of secondary structure was plotted vs. the corresponding lipid-to-peptide

molar ratios: (m) B-structure and (®) random coil and (A ) a-helix.

Appendix figure 4. (A) Heat flow obtained by the injection of anionic SUVs

(POPC/POPG/ mPEG 2000 PE (50/45/5 mol%)) into a 10.1 uM d13, 14 AB(1-40)
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solution at 25 °C. (B) Binding isotherm derived from the ITC experiment displayed in

(A). The solid line corresponds to the best fit of the surface partition model.

Appendix figure 5. Conformational change of d19, 20 AB(1-40) upon binding to
SUVs composed of POPC/POPG/ mPEG 2000 PE (50/45/5 mol%) as observed by
CD spectroscopy. CD spectra were recorded in 5 mM Hepes (pH 7.4) at 25 °C. (A)
CD spectra with varying lipid-to-peptide molar ratios between 0 and 495. (B)
Fraction of secondary structure was plotted vs. the corresponding lipid-to-peptide

molar ratios: (m) B-structure and (®) random coil and (A ) a-helix.

Appendix figure 6. (A) Heat flow obtained by the injection of anionic SUVs
(POPC/POPG/ mPEG 2000 PE (50/45/5 mol%) into a 12.5 uM d19, 20 AB(1-40)
solution at 25 °C. (B) Binding isotherm derived from the ITC experiment displayed in

(A). The solid line corresponds to the best fit of the surface partition model.

Appendix figure 7. Conformational change of d35, 36 AB(1-40) upon binding to
SUVs composed of POPC/POPG/ mPEG 2000 PE (50/45/5 mol%) as observed by
CD spectroscopy. CD spectra were recorded in 5 mM Hepes (pH 7.4) at 25 °C. (A)
CD spectra with varying lipid-to-peptide molar ratios between 0 and 325. (B)
Fraction of secondary structure was plotted vs. the corresponding lipid-to-peptide

molar ratios: (m) B-structure and (®) random coil and (A ) a-helix.

Appendix figure 8. (A) Heat flow obtained by the injection of anionic SUVs

(POPC/POPG/ mPEG 2000 PE (50/45/5 mol%)) into a 10.9 pM d19, 20 AB(1-40)

solution at 25 °C. (B) Heats of reaction /, derived from the ITC experiment displayed

in (A) were plotted vs. the injection number #; .
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3. Amyloid-p peptide interaction with
glycosaminoglycans
Summary

Alzheimer’s disease (AD) is a progressive, neurodegenerative disorder affecting
around 25 million people worldwide. A major pathological hallmark of the disease
are extracellular amyloid plaques, mainly composed of aggregated amyloid-f peptide
(AP). Several other components are colocalized with the amyloid plaques, including
glycosaminoglycans (GAGs) and proteoglycans (PG). GAGs are long, unbranched
polysaccharides composed of a repeating disaccharide unit, which are covalently
attached to the core protein of PGs. In vitro, GAGs and PGs have the ability to
accelerate AP aggregation, suggesting the involvement of the AB-GAG/PG
interaction in the AP aggregation process in vivo. Here, we have studied the binding
equilibrium between AP(1-40) and heparin with isothermal titration calorimetry.

Calorimetric data reveals a high affinity of AB(1-40) to heparin with a microscopic
dissociation constant K, =12.1nM , a reaction enthalpy AH y s =—6.3kcal /mol and a
peptide-to-heparin stoichiometry 7=16.1 under the present experimental conditions
(5 mM sodium acetate (pH 3.7)) at 25 °C. The obtained binding stoichiometry equals

charge neutralization, which emphasize the electrostatics of the APB(1-40)-heparin

interaction. However, temperature dependence studies reveals a negative heat

capacity change of Acg =—-167cal / molK , indicating that also hydrophobic and other

interactions are involved in the binding equilibrium. Circular dichroism (CD)

spectroscopy reveals a conformational change of AB(1-40) from random-coil to B-
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structure in the presence of heparin at pH 3.7. Studies with double d-isomers of AB(1-
40) demonstrates that cluster of basic amino acids in the N-terminal domain, Hiss-
His4-Glnjs-Lysie, plays an important role in the AB(1-40)-heparin interaction. At
physiological pH, CD measurements reveal no heparin-induced structural change of

AP(1-40), suggesting that interaction is abolished at this pH.

Manuscript: Amyloid-p peptide interaction with glycosaminoglycans

Introduction

Alzheimer’s disease (AD) is the major form of dementia with an estimated worldwide
prevalence of 24 million people in 2005 (/). The increase of the life expectancy and
the fact that a major risk factor for AD is age will even increase the impacts of the
disease. In 2040, 81 million affected people are predicted with the highest increase
rates in India, China, and their south Asian and western Pacific neighbours (7).
Clinically, AD is characterized by the progressive loss of cognitive abilities and
behavioral changes. One pathological hallmark of AD are extracellular amyloid
plaques in the brain, mainly composed of amyloid fibrils formed by the amyloid-f
peptide (henceforth called AB). AP is a 39-42 amino acid long peptide, derived from
proteolytic cleavage of the membrane-bound amyloid precursor protein (APP) (2). In
fibrils, AP exhibit a characteristic cross B-structure, in which the individual B-strands
run perpendicular to the fibril axis (3). Soluble, monomeric AP has been
demonstrated to be a normal component of the cerebro spinal fluid (CSF) and the
blood plasma (4-6). In vitro, AP tends to aggregate into a polymorphic solution,
including monomers, oligomers and fibrils. The aggregation process occurs in a
nucleation-dependent manner (7), such as crystallization, and is highly dependent on

pH (8), salt concentration (9) and nature of buffer (/0). A nucleation-dependent
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process is characterized by a nucleation phase, in which the peptide undergoes a
series of thermodynamically unfavorable association steps to form a nucleus. After
the nucleus is formed, further association steps become thermodynamically favorable,
resulting in a rapid growth phase. Typically, oligomers are not observed until the
monomer concentration exceeds the so-called critical concentration. In literature,
different values of the critical concentration of AP are reported, probably due to
differences in the chemical treatment of the peptide, physicochemical conditions such
as pH and salt concentrations and the applied measurement techniques. At pH 7.4,

critical concentration values of 6—-9uM (11) and 40uM (12) were reported.

However, the concentration of AP in vivo has found to be in the low subnanomolar
range both in the healthy and diseased brain (4-6). Thus, the discrepancy between the
in vivo concentration of AP and its critical concentration in vitro is at least four orders
of magnitude. Several mechanisms are proposed to overcome this concentration
discrepancy, including the interaction of AP to proteoglycans (PG) and
glycosaminoglycans (GAGs). GAGs are long, unbranched polysaccharide composed
of a repeating disaccharide unit, which are covalently attached to the core protein of
PGs. The involvement of PG and GAGs in AD is mainly based on the findings that
both components are found in amyloid plaques (/3). In vitro experiments
demonstrated that AP binds with high affinity to GAG (/4) and that this interaction is
dependent on both the pH and the fibrillar state of the AP (15, 16). To what extent AP
interacts with GAGs or PG at physiological pH is still controversial. While some
investigators report that AP interacts with GAG at physiological relevant (7.0) or
even higher pH (17, 18), others claim that AP interacts with GAG only in its fibrillar

state at physiological pH (/5). Therefore, the question remains open whether AB-
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GAG interaction is an putative nucleation mechanism or that if follows only after AP
fibrillization. However, the interaction of PG with AP inhibits the proteolytic
breakdown of amyloid fibrils, contributing to the accumulation and persistence of
amyloid plaques (/5). Further, it was demonstrated that the AP fibrillization is
accelerated by the presence of PG, and that this acceleration is mainly mediated by

the sulphate groups of the GAG (19)

In this study, we investigated the AB(1-40)-GAG interaction, using heparin as GAG
molecule. Using isothermal titration calorimetry (ITC), we investigated the
thermodynamic details of the binding reaction, and report here the microscopic
binding constant K , the stoichiometry 7 and the reaction enthalpy AH°. CD
spectroscopy was applied to give insights into the structural aspects of the binding
interaction. Finally, double d-isomers of AP(1-40) were used to study the existence of

a molecular recognition site for the AB(1-40)-GAG interaction.

Material and Methods

AB(1-40) was purchased from rPeptide (Bogart, GA, USA). The double d-isomers
were kindly provided by Dr. M. Beyermann from the Leibniz-Institute of Molecular
Pharmacology, 13125 Berlin, Germany. Unfractionated heparin (sodium salt, from

porcine intestinal mucosa, average M,k ~13000) was purchased from Celsus

Laboratories (Cincinnati, OH). All other chemicals were purchased from commercial

sources at the highest purity.

Peptide solution preparation
AP(1-40) has been observed to exhibit significant experimental differences,

depending on the manufacturer and even between different batches of the same
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supplier. To decrease the variation between different batches, AB(1-40) and its double
d-isomers were dissolved in hexafluoroisopropanol (HFIP) at 0.5 mg/ml and the stock
solution was equilibrated for 1 h. The treatment with HFIP removes any pre-existing
aggregates and defines a common chemical starting point. Aliquots of the stock
solution were stored in glass tubes. HFIP is first removed by the means of gentle
stream of nitrogen and by subsequent overnight vacuum. The samples were stored at
a temperature of -20°C. For measurements, the appropriate volume of buffer was
added. To accelerate the peptide solubilization, the peptide solution was sonicated for

a short period of time.

Circular dichroism (CD) spectroscopy

CD measurements were performed on a Chirascan CD spectrometer (Applied
Photophysics Ltd., Leatherhead, UK). Spectra were recorded from 250 nm to 190 nm,
with a resolution of 1 nm, a response time of 20 s and a bandwidth of 1 nm. Unless
noted otherwise, a quartz cuvette with a path length of 0.1 cm was used. Results are
reported as mean molar residue ellipticities in units of deg cm” dmol’. The
percentage of peptide secondary structure was estimated from a computer simulation

based on the reference spectra obtained by Reed and Reed (20).

Isothermal titration calorimetry (ITC)
ITC was performed on a VP ITC calorimeter (MicroCal, Northampton, MA). To

avoid air bubbles, all solutions were degassed in vacuum for ~10min immediately

prior use. Raw data were processed using the Origin software provided with the

instrument.
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Evaluation of calorimetric data

Calorimetric data were analyzed by a three-parameter nonlinear least-squares fitting
(NLSF) in which the sum of squared residuals (SSR) is minimized. The fitting
procedure was conducted in a Microsoft Excel worksheet using the Solver add-in.
The confidence of the fitted parameters were determined with the help of SSR plots
as described elsewhere (217). The parameters AH® and n exhibit SSR plots with a clear
minimum and steep slopes on both sides and can therefore be determined with high

confidence. However, the SSR plot of the parameter K generally reveal a minimum

with a smooth slope to higher K values (maximal calculated K of 10°M "), which
preclude the determination of the parameter K with high confidence. For the best fit

values of K we quote the minimum of the SSR plot.

Peptide concentration determination

APB(1-40) and its double-d-isomers do not contain a Trp residue, therefore the peptide
concentration cannot be calculated using UV absorbance at 280 nm. Alternatively, the
peptide concentration was determined by amino acid analysis. The amino acid
analysis was conducted by the Protein Analytical Service facility of the University of
Bern. The tubes for the analysis contain 50ul of the peptide-HFIP solution

(0.5mg/ml). The tubes were first dried at RT and then overnight in vacuum.
Results

Conformation of AP(1-40) in aqueous solution
The aggregation of AB(1-40) is dependent on the peptide concentration itself and the
physical-chemical environment such as pH, temperature, pressure, buffer and salt.

Using Circular dichroism (CD) spectroscopy, we tested the effect of physical-
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chemical parameters on the conformation of freshly dissolved AP(1-40). First, the
effect of low pH values was studied. Figure 1 displays CD spectra of AB(1-40)
dissolved in 5 mM sodium acetate with varying pH values from 3.7 to 4.2. At pH 3.7,
CD spectrum exhibits a minimum at 198 nm indicating a mainly random coil
conformation. As shown in figure 1A, the ellipicity at 198 nm is decreased with
increasing pH values. An isobestic point could be observed at 211 nm indicating a
two state transition. CD spectra were analyzed as described in the method section and
the resulting fractions of secondary structure are displayed in Figure 1B. The content
of a-helix remained constant at around 3% (not shown). The increase of pH from 3.7
to 4.2 resulted in an increase of B-structure by 13.2%, while the random coil content

decreased by the same magnitude.

Figure 2 shows the salt influence of increasing NaCl concentrations on the CD
spectra of AB(1-40) in 5 mM sodium acetate (pH 3.7) . The NaCl concentration was
gradually increased from 0 to 20 mM and finally up to 100 mM. With the addition of
NaCl, the elliptictiy at 198 nm decreased and became positive. A new minimum at
220 nm was observed, which is a characteristic of B-structure. The isosbestic point
observed at 212 nm indicates again a two-state random coil-to-f-structure transition.
Figure 2B shows a plot of secondary structure against the NaCl concentration. The
addition of 20 mM NacCl increased B-structure content by 22%, while additional 80
mM NaCl only led to a further increase of 8%. Compared to NaCl, even stronger
effects were observed with NaSO4 whereas KCl induced a less pronounced effect (at

identical ionic strength, data not shown).

Finally, the effect of both temperature and increasing concentration of sodium acetate

(pH 3.7) on the secondary structure of AB(1-40) were studied. CD spectra revealed no
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significant structural changes within the measured range of buffer (5 mM to 25 mM)
(figure 3) and temperature (18-32°C) (data not shown). Further, the CD spectrum of

APB(1-40) in 25 mM sodium acetate (pH 3.7) remains constant within 12 hours.

Heparin-induced conformational change of Ap(1-40)

We performed CD measurements to monitor the structural changes of AB(1-40) upon
binding to heparin. CD spectra were recorded in 5 mM sodium acetate (pH 3.7) at a
peptide concentration of 15 M and were titrated with a 28 pM heparin solution. The
corresponding spectra are displayed in figure 4. An isosbestic point could not be
observed for all spectra, indicating the involvement of more than two structural

species.

CD spectra were divided depending on their heparin-to-AB(1-40) ratio (r) in into a
low, intermediate and high heparin region. In absence of heparin, CD spectra of
AP(1-40) shows a predominant random-coil conformation (66%) with some [-
structure (33%). The addition of low amount of heparin (r=0-0.05) induced a random-
coil-to-B-structure transition with an observed isosbestic point at 211 nm as shown in
figure 4A. At a heparin-to-AP(1-40) ratio of 0.05, the CD spectra of AB(1-40) reveals
a high content of B-structure (70%), while the content of random coil is 29%. This
corresponds to an increase of B-structure by 37%. For heparin-to-AB(1-40) ratios of
1=0.06-0.12, the spectral minimum is increased from —3855 to —1258 degcm’dmol™
and shifted from 222 nm to 225 nm as displayed in figure 4B. In this intermediate
region, the CD spectra could not be used to calculate the secondary structure. A
possible explanation for this phenomena could be the interfering scattering by the
presence of aggregates formed by the cross-linking of heparin molecules via AB(1-

40), which was previously observed for the interaction of the peptide TAT-PTD with
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heparan sulfate (22). Further addition of heparin brings the aggregates again in
solution, as indicated by the CD spectra exhibiting a minimum at 220 nm and with
ellipticities of —4700 to —5870degcm’dmol™" . This corresponds to an increase of -

structure from 80% to 85% within this region.

Binding of AB(1-40) to heparin

Isothermal titration calorimetry (ITC) is an established method for the
thermodynamic characterization of a binding reaction. Here ITC was applied to study
the binding of AB(1-40) to heparin. A typical ITC experiment is shown in figure SA.
The ITC cell contained a 15 uM AP(1-40) solution which was titrated with 4 pl
aliquots of a 28 uM heparin solution. AB(1-40) and heparin were both dissolved in 5
mM sodium acetate (pH 3.7). The heat flow of the injection peaks was integrated

yielding the heat of reaction 4, for the i injection. As illustrated in figure 5A, A, are

initially exothermic, with an abrupt change to zero, before becoming endothermic. In
the end of the calorimetric experiment, 4, approaches slowly zero. We assume that
the all AB(1-40) were bound to heparin, as the heats of reaction become first zero.
The endothermic heats in the end of the ITC experiment are assigned to lateral
aggregation of small fibrils and/or crosslinking of heparin molecules. As a control
experiment, heparin solution was titrated in buffer solution obtaining small heat peaks
(not shown), which were included in the evaluation. For a better analysis of the
calorimetric data, the maximal endothermic heat of reaction was subtracted from all

h, . The corrected heats of reaction are denoted as J4, and can be plotted against the

heparin-to-Ap(1-40) molar ratio as displayed in figure 5B. The molar binding
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enthalpy of AB(1-40), AH /Om , can be directly derived from the ITC experiment and is

calculated according to,

AHS, = Sh/n,, (M
i=1

where n,,is the molar amount of AB(1-40) in the calorimetric cell and Z&hl. is the

cumulative heat of reaction (the final endothermic heats of reaction were not

considered). For the ITC measurement in figure 5, a molar binding enthalpy of

AHj, = =5 9kcal / mol was determined.

As shown in figure 5B, the first few injections of heparin lead to rather constant heats
of reaction with 64 =—11ucal . In the beginning of the ITC measurement AB(1-40)
is in excess over heparin and complete binding of the injected heparin to AB(1-40)
can be assumed. The molar heat of reaction of heparin can be calculated as
AHggp =M I My, iieerea = —98.2kcal | mol heparin , where n,, ;... (112 pmol) is the
molar amount of injected heparin. The number of bound AP(1-40) per heparin
molecule can be derived by the ratio Angp / AHS s » yielding a binding stoichiometry
n of 16.6. To obtain the binding constant K and therefore complete the
thermodynamic characterization of the AP(1-40)-heparin interaction, the binding
isotherm was analyzed using the multisite binding model. In the multisite binding
model, a macromolecule such heparin has n binding sites of identical affinity to a

ligand and binding occurs in a noncooperative way. The characteristic equation of the

model is (23):
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(48, "K[45],.,
[H] 1+ K[ 48]

2)

total free

where n is the average number of AB(1-40) bound to a heparin molecule, K is the
microscopic binding constant to each binding site of heparin. In the following, the

indices t, f and b stand for the total, free and bound concentration of the compound in

parentheses. In equation , the concentration of free AP(1-40), [Aﬁ ] /> can be replaced

by the term [AB] =[4B] ~[A4B], using the mass conservation. Simple

mathematical rearrangements lead to a quadratic equation,
K[4B), -(1+K[AB],+nK[H])[4B], +nK[H] [4B] =0 3)

, which gives us the following expression of the concentration of bound AB(1-40),

[47], -

(1= KLap) +nk 1] )- (1 K 4p), k1] ] ~40k2[11] (4]
2K

(48], = )

The total concentration of AP(1-40), [A,B]t, is adjusted after each injection. The

concentration of bound AP(1-40), [Aﬁ]b, is linked to the experimental ITC data

according the following equation,

5hi = AHSﬂ .§[Aﬂ]b,,‘ ’ I/cal (5)
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where AH »1s the molar binding enthalpy of AB(1-40) , 5[Aﬂ]biis the change of

concentration of bound AB(1-40) in the ith injection and ¥V, is the volume of the

calorimetric cell.

The data in figure 5 can now be fit using a three-parameter nonlinear least-square
fitting (NLSF), obtaining the following parameters for the best fit:

K=99-10'M"n= 16.1;AH2ﬂ =—6.3kcal / mol . The fit values of n and AHﬁﬁ are in

good agreement to those determined by simple calculations from the calorimetric data

(n=16.6;AH, s =—5.9kcal / mol . see above). The knowledge of the binding constant

K allows the calculation of the free energy of binding (AG’ =—10.9 kcal / mol ) and

the change in entropy (TAS° = 4.6 kcal / mol ).

A sulfur content of 12.4% was determined for a different batch of heparin obtained
from the same manufacturer (24). Based on this sulfur content, the average

disaccharide unit of the used heparin has a molecular weight of M, =481.8 and bears
a charge of +3.13. Therefore, an average heparin molecule has an estimated charge

of +84.3 . On the other hand, AB(1-40) has a net charge of +5.14 at pH 3.7. Charge
neutralization is fulfilled at a binding stoichiometry 7 of 16.4. The binding
stoichiometry obtained from the calorimetric data therefore equals charge

neutralization.

ITC measurements were also performed at 18 °C and 32 °C. Within this temperature
range conformation of AB(1-40) is nearly constant as shown previously. Differences
in the thermodynamics are thus not caused by structural differences of AB(1-40). All

thermodynamic parameters measured at the three temperatures are summarized in
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table 1. The binding stoichiometry of the AP(1-40)-heparin varied between 14.1 to
18.2 with increasing values at higher temperature. Moreover, the reaction enthalpy
became more negative at higher temperature. The decrease was linearly dependent on
temperature as displayed in figure 6. The molar heat capacity change is

ACp ,, =—16Tcalmol™ K™ (slope of the regression line) and indicates a

hydrophobic contribution to the binding process. The temperature dependence of the

binding constant can be calculated with vant’t Hoff’s law, dIn K

=AH, / RT? , using

the experimentally determined temperature dependence of the molar reaction
enthalpy as AH,,(T)=AH,(298.13K)+Acp(T—T,). In figure 7, the dots

correspond to the experimentally determined constants whereas the solid line shows
the predicted temperature-dependence of the binding constant (using the
experimentally determined binding constant at 25 °C). At 32 °C, the experimental
binding constant is in good agreement with the predictions. However, a large
discrepancy is found at 18 °C, which must be ascribed to particular difficulty in

determine the binding constant from the calorimetric data at this temperature.

Comparision of Ap(1-40) with double-d isomers

We have used a set of four double d-isomers of AB(1-40) to study the structural
aspect of the AP(1-40)-heparin interaction. In the sequence of the double d-isomers
two adjacent amino acids are substituted by their corresponding d-enantiomers. The
double-d-amino acid substitution has been shown to lead to local disturbance of their
secondary structure without altering other physical characteristics such as
hydrophobicity or side-chain functionality (25). Figure 8 displays the CD spectra of

the peptides in buffer (SmM sodium acetate (pH 3.7)) and upon binding to heparin.
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While all peptides adopt a mainly random coil structure in aqueous solution, they fold
to B-structure upon binding to heparin. Further, ITC measurements were performed
for AB(1-40) and its double d-isomers in 5SmM sodium acetate (pH 3.7) at 25°C and
the thermodynamic binding parameters are summarized in table 2. All double d-
isomers of AP(1-40) bind with high affinity to heparin as indicated by high binding
constants (the corresponding dissociation constants are in the nanomolar range).

Three double d-isomers, namely d5, 6, d19, 20 and d35, 36 AP(1-40), have

dissociation constants which are slightly lower than the measured K, =5.6+0.8nM
for AB(1-40). In contrast, d13, 14 AP(1-40) has a less high affinity to heparin
indicated by a higher K, -value of 14.0 £ 7.4 nM. All double d-isomers reveal a

smaller stoichiometry n in comparison to AP(1-40), with n varying between

7.0 to 13.9. The binding of all double d-isomers to heparin is an exothermic reaction
as indicated by negative binding enthalpies AH°. Compared to AB(1-40), the double

d-isomer d5, 6 exhibits identical AH jﬂ -values, while the d13, 14 has smaller, and

d19, 20 and d35, 36 larger negative AH, -values.

Electrostatic of AP(1-40) —heparin interaction

Protein-polyelectrolyte interactions, such as the interaction of AB(1-40) with heparin,
are strongly dependent on the salt concentration of the solution (26). A popular model
to describe the salt dependence of the binding constant of protein to polyelectrolyte is
the oligolysine model (27). The basis of this model is the counterion condensation
which predicts that the charge of a polyelectrolyte such as heparin is partly
neutralized by counterion condensation (28). The oligolysine model states that when

ligand binding to a polyelectrolyte is accompanied by the penetration of z-charged
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residues into the condensed counterion layer, in turn, z condensed counterions are
released into the bulk solution. For ligand-heparin interaction, the salt-dependence of

the observable binding constant is expressed by the following equation (27),

logK,,, =logK,+0.01z—0.434 - zlog[ M | (6)

where log K, contains all physical contribution to binding other than counterion
release and is assumed to be independent on the salt-concentration. logK , is
predicted to be linearly dependent on the logarithm of the salt concentration with

slope dlogK,, /dlog[salt]=—z. The value of z is obtained by determining the
slope in a log-log plot of the experimentally determined binding constant K , versus

the salt concentration[salt ] To test the electrostatic effect on the thermodynamic

parameters, the usual procedure is to gradually increase the salt concentration of the
buffer solution. In the case of AP(1-40) at pH 3.7, the presence of salt immediately
induces the aggregation process of AB(1-40), as indicated by the observed random-
coil to B-structure transition of AB(1-40). As discussed above, the binding constant
K can only be properly derived from the calorimetric data when AB(1-40) is in a
monomeric state. Therefore, this approach is not suitable to study the salt-dependence
of the AP(1-40)-heparin interaction. However, at pH 3.7, we observed that CD
spectra of AP(1-40) are identical in a sodium acetate concentration range of 5 to 25
mM. Sodium acetate is formed by dissolving acetic acid into water with subsequent
adjusting of pH by addition of NaOH. Using the pK, value of acetic acid

(pK,=4.79), the concentration of sodium ions in the buffer solution can be

calculated, resulting in 0.07, 0.28 and 0.43 mM for 5, 15 and 25 mM sodium acetate
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(pH 3.7). Although the concentration range of sodium is very small, ITC
measurements were performed for three buffer concentrations (5, 15 and 25 mM) and

the thermodynamic parameters are summarized in table 1. However, regression

analysis of a log K, — log[ch} plot yields a linear correlation with slope -0.75 (not

significant). Nevertheless, the obtained z value of -0.75 is used as a rough prediction
for the number of positively charged residues of AB(1-40) penetrating the condensed
counterion layer of heparin. However, this z value is much smaller than the nominal
net charge of AP(1-40) at pH 3.7 (+5.14). Discrepancy between z values and the
nominal peptide charge were observed for oligolysine and to a much greater degree
for the 26-amino-acid long peptide mellitin and can be ascribed to the flexibility of
the peptide main and side chains(27, 29). By using equation (6) and z=-0.75, the
salt-dependence of the binding constant of AP(1-40)-heparin interaction can now

calculated and is displayed in figure 9. The binding constant decreases with

increasing salt concentration and is reduced to K, =8.74-10°M "'

at physiological
salt concentration (140mM). Same calculations were performed for z-values of 2.5

and 5, which corresponds to half and the whole net charge of the peptide at pH 3.7

and are also displayed in figure 9.

AP(1-40)-heparin interaction at physiological pH

CD spectroscopy was applied to examine the abiltiy of heparin to induce a structural
transition of AP(1-40) at physiological pH. AB(1-40) was dissolved in SmM Hepes
(pH 7.4) containing 0 or 140 mM NaF. Hepes buffer was used instead of phosphate
buffer, as phosphate buffer was reported to specifically shield electrostatic
interactions which are important for the AP(1-40)-heparin interaction (/7). NaF was

preferred to NaCl in order to avoid excessive light absorption by the chloride ions
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below 200 nm. AB(1-40) and heparin were mixed (1:1, m:m) and CD spectra of the
peptide and the mixture were recorded at 0, 24, 48 and 96 hr for the two buffer
conditions. In the absence of salt, CD spectra of AP(1-40) showed a predominant
random-coil conformation and remained constant over the observed time range, as
displayed in figure 10A. For the AP(1-40)-heparin mixture, virtually identical CD
spectra were observed (figure 10B), leading to the conclusion that heparin cannot

induce a structural transition of AB(1-40) at physiological pH.

In the presence of NaF, CD spectra of AP(1-40) exhibit a minimum at 200 nm,
indicating a mainly disordered conformation as displayed in figure 10C. However, the

spectra show a high variation, which is best illustrated by the varying values of the
minimal ellipticity at 200 nm from -17569 to —11608degcm’dmol™" . These

variations, however, cannot be correlated with the time point of recording, as e.g. the
spectra recorded at 72 hr shows the lowest minimal ellipticity at 198 nm. Similar
results were obtained for the AP(1-40)-heparin mixtures (figure 10D). Here, CD
spectra showed a minimum at 200 nm which are slightly increased in comparison to
the spectra of AP(1-40) alone. However, the differences are not large enough to
conclude that addition of heparin lead to a structural conformation change of AB(1-

40).

Discussion
We studied the interaction of AP(1-40) with heparin over a broad range of pH and salt
concentrations, including the physiological range. Isothermal titration calorimetry

(ITC) is a valid and often used method to study binding interactions, including
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peptide-glycosaminoglycan interactions (24, 30). ITC experiments provide the whole

binding isotherm in a single experiment. However, the binding constant K, and

therefore AG’, can only be derived from the calorimetric data by using a specific
binding model. Binding models, including the multisite binding model applied here,
require the exact concentrations of both binding partners. While the handling of
heparin is uncomplicated, AB(1-40) tends to aggregate in aqueous solution forming a
polydispersed solution, including monomers, oligomers and fibrils. The concentration
of such a solution cannot be determined. Therefore, AB(1-40) must be monomeric in
order to obtain the binding constant from the calorimetric data. As a typical ITC
experiments is normally finished in 60 to 90 min (including the calibration time),

AP(1-40) should be monomeric and stable over this time range.

AP(1-40) in aqueous solution

The effect of varying pH and salt content on the conformation of freshly dissolved
APB(1-40) was investigated by CD spectroscopy. Monomeric AB(1-40) produces a CD
spectrum which is characterized by a high content of random coil and minor content
of B-structure (37). Our CD measurements indicate that even small pH changes (0.1)
in the pH range of 3.7 to 4.2 immediately change the AB(1-40) aggregation pattern, as
illustrated by the increase of B-structure content of the freshly dissolved peptide.
Analogous results were obtained when the pH was gradually decreased from 7.2 to
6.4 (phosphate buffer, data not shown). These data are consistent with previous
observations of a more pronounced aggregation of AB(1-40) in the pH range of 4 to 7
(8). Specific charge-charge interactions between carboxylate groups of glutamate and
aspartate residues and imidazolium of histidine residues have been proposed to

account for the pH dependence of the AB(1-40) fibrillization (32, 33). Additionally,
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salt bridges between D23 and K28 and K16 and E22 have been identified in amyloid
fibrils, supporting the importance of charge-charge interactions (34). However, it was
also claimed that these favorable charge-charge interactions are not essential for the
APB(1-40) fibrillization (35). Here, we suggest that the diminishing electrostatic
repulsion of the peptides near the isoelectric point plays the major role in the pH

dependence of the AB(1-40) fibrillization.

We have also shown that the addition of salt induces a conformational transition from
random coil to B-structure at pH 3.7. This indicates that the presence of salt favors the
aggregation of AP(1-40) even at relative low salt concentration (5 mM). Our
observations are in line with a previous study showing the positive effect of salt on
the AP(1-40) aggregation process (9). It was concluded that salt affects the
aggregation of AP(1-40) by a combination of specific ion-peptide interactions and a
change of water structure, whereas unspecific Debye-Hiickel screening was excluded.
However, no change of the conformation of the freshly dissolved peptide was
observed in the corresponding study (9). It is noteworthy to mention that all data of
this study were measured at pH 9.0. To exclude differences due to differences in
peptide source and sample preparations, similar CD measurements were conducted at
pH 7.0 and 8.0. Indeed, CD experiments do not show any conformational change of
APB(1-40) within 24 hr. Therefore, salt increases the kinetic of the aggregation process
in a much greater extent at pH 3.7 compared to pH 7.0 (or 8.0). Both pH values
represent the edge of the pH-dependent aggregation maximum of AB(1-40), and can
be seen as equal vulnerable for aggregation. The reason for the immediate salt-

induced conformational transition at pH 3.7 remains elusive.
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However, our data clearly demonstrate that pH and salt can affect the aggregation
properties of an AB(1-40) solution. In the pH range between 3.8 and 7.0, the AB(1-40)
cannot be assumed as monomeric. This might be insignificant for certain questions
and techniques, however, it is not for the study of the thermodynamics of the heparin-
AP(1-40) interaction. As discussed above, the binding constant K can only be derived
from the calorimetric data, when AP(1-40) is monomeric. Therefore, the strong
dependence of the AP(1-40) aggregation on its physical-chemical environment,
particular pH and salt concentration, limits the condition, in which we can properly

study the AB(1-40)-heparin interaction by ITC.

Binding of AP(1-40) to heparin

Isothermal titration calorimetry shows that under the present experimental conditions
(pH 3.7, no salt) monomeric AP(1-40) binds with high affinity to heparin with a
dissociation constant of K,=12.1nM at 25 °C. Further, calorimetric data also
demonstrate that heparin has multiple independent binding site for AB(1-40). Both
negative AH® and positive TAS’ contribute to the free energy of binding reaction in
the studied temperature range (18-32 °C). At 18 °C, the entropic contribution
amounts to 56% of the total free energy, which decrease with increasing temperature
to 40% at 32 °C. The positive entropy can be explained by the release of hydration
water, which is further supported by the negative molar heat capacity AC,S’ ap- A
negative molar heat capacity generally indicates the involvement of hydrophobic
interaction. However, the obtained stoichiometry is equivalent to charge
neutralization of heparin by AB(1-40), which indicates the importance of electrostatic

interactions. Generally, the interaction of ligands to glycosaminoglycans is
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considered to be electrostatic in nature, although other types of interactions may also

occur (36).

The binding of AP(1-40) to heparin entails two processes: 1) association with the
GAG molecule and 2) the structural transition to B-structure. Membrane binding

studies using double d-isomers of AP(1-40) have demonstrated that the membrane-

induced B-structure formation of AB(1-40) is an exothermic process with a AH ;-

value of —1.0kcal / mol perresidue (chapter 2). Structural data have shown that he
binding of AB(1-40) to heparin is associated with an increase of B-structure of 36%
which corresponds to 14 amino acids changing from random coil to B-structure.
Therefore, the contribution of the B-structure formation to the binding enthalpy is in
the range of —14kcal/mol . An additional exothermic contribution to the enthalpy
comes from the electrostatic interactions between the positively charged amino acids
and the sulfur groups. Thus, the theoretically expected enthalpy is much lower than
the experimentally determined AH°=-6.3kcal/mol. However, a possible
explanation for this differences could be that the B-structure formation in the heparin-
APB(1-40) system is less exothermic compared to the membrane environment. This
could be possible, since the thermodynamic of the B-structure formation has been
shown to be highly dependent on the solvent (37). A similar observation was made
for the GAG binding of the melittin (29). The binding of the peptide is accompanied
by a structural transition from random-coil-to-a-helix. In aqueous solution, the helix

formation is an exothermic process with an enthalpy of AH) =-0.9 to—1.1kcal / mol

, whereas in the melittin-GAG system it was reported close to zero.
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In the case of AP(1-40), the cluster of basic amino acids in the N-terminal domain,
His13-His14-GIn15-Lys16, has been suggested to interact with glycosaminoglycans.
This is primarily due to the cluster of positive charged amino acids, but also to its
resemblance with the proposed consensus motif, BBXB (B is basic residue) for the
heparin binding site on proteins (38). Further, it has proposed that the basic amino
acids of AP(1-40) has to assume a specific conformation for glycosaminoglycans
binding (39). However, to examine the existence of a molecular recognition for the
AP(1-40)-heparin interaction, double d-isomers of AP(1-40) were studied. The main
advantage of double-d substitution is that it does not alter important physical-
chemical properties such as net charge, hydrophobicity and side-chain functionality
(25). The site of double-d-substitutions were located in the N-terminal domain in the
case of d5, 6 AP(1-40), in the putative glycosaminoglycan-binding site (d13, 14
AP(1-40) ) and in region presumably involved in the B-structure (d19, 20 and d35, 36
AP(1-40)). Table 2 showed that all peptide binds with high affinity to heparin, as
demonstrated by dissociation constants in the nanomolar range. However, d13, 14
AP(1-40) shows a slightly lower binding constant compared to the other peptides. The
double d-isomers d5, 6 AB(1-40) exhibits nearly identical thermodynamic binding
parameters, suggesting that N-terminal domain is not important for GAG binding.
Double-d substitutions in regions involved in the B-structure do not affect the binding
constant of the AP(1-40)-heparin interaction, but lead to smaller binding
stoichiometry and larger binding enthalpies. This indicates the importance of the
basic cluster of H13-K 16 for the GAG-binding and that binding is maximal when the

residues assume a specific conformation
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The salt dependence of the binding of AP(1-40) to heparin cannot be directly
measured, but can be predicted using the oligolysine model for the salt-dependence of

protein-polyelectrolyte interactions (27). At 100 mM NaCl, we predict a binding
constant of K =5-10°M"", which is similar to reported binding constant of

K =3-10°M"" for the melittin-heparin interaction under similar conditions (100 mM

NaCl, net charge of the peptide +5) (29).

The binding constant derived from the calorimetric data using the multisite binding
model is the microscopic binding constant. For statistical reason, the binding constant
for a specific binding step i to a macromolecule with n independent binding sites

varies according to (40)

n+l—j
K, = I K (7)

Therefore, the binding constant for the first binding step correspond to K, =nK,
whereas the last peptide binds with K, = K /n . For the AB(1-40)-heparin interaction
with a measured stoichiometry of ~17, the K, /K, ratio is 289. . Thus, the first

peptide has a 289 times higher binding constant as the last peptide. Such a high
differences can be misinterpreted in terms two types of binding sites with high and

low affinity, respectively (22). In vivo, the concentration of glycosaminoglycans can

be assumed as in excess over AB(1-40), for which reason K, =17-K,=1.7-10"M"'

is applied, which corresponds to a dissociation constant of K, =0.6nM .
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Physiological relevance of AP(1-40)-GAG interaction
To our knowledge, this study is the first thermodynamic characterization of the
interaction of monomeric AB(1-40) to glycosaminoglycans (GAGs). ITC experiments

revealed a dissociation constant of K, =12.1nM for the AB(1-40)-heparin interaction

under the given experimental condition (low ionic strength, pH 3.7). Heparin
naturally occurs in the granules of mast cells, and is therefore not directly available
for AB(1-40) binding. However, heparin possesses a similar structure of the basic
dissacharide unit compared to the physiologic more relevant heparan sulfate, but has
a higher degree of sulfation (47). Earlier studies demonstrated that the dissociation
constant of small cationic peptide to heparin was equal or only slightly lower (by one
magnitude) compared to that of heparan sulfate, mainly due to the higher negative
charge of heparin (22, 29). The involvement of GAGs in the A fibrillization is based
on findings that GAGs are colocalized in amyloid plaques (/3) and that GAGs can
accelerate the fibrillization process (/4). Further, it was postulated that the AB-GAG
interaction is a putative nucleation mechanism of the AP fibrillization in vivo (/7).
Indeed, CD experiments demonstrated that the presence of heparin at pH 3.7 induces
a random-coil-to-f-structure transition in AB(1-40) (figure 4). However, no heparin-
induced conformational change in AB(1-40) was observed at pH 7.4 within 96 hr, as
illustrated in figure 10. Even salt has a larger effect on the conformation of AB(1-40)
than the presence of heparin. Therefore, we conclude that it is rather unlikely that an
extracellular AB(1-40) binds to GAGs on the cellular membrane, representing a
putative nucleation mechanism in vivo. This results are in line with previous study,
reporting that monomeric AB(1-40) interacts with GAGs only in the pH range of 4 to

6, whereas a fibrillar AB(1-40)-GAGs interaction was observed between pH 4 to 9
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(15). However, it was found that a small portion of AP is indeed bound to the
membrane (42). A part of these membrane-bound ABs could be bound to GAGs
attached at the cell surface. Neuronal membranes have a negative surface potential,
leading to a lower pH at the surface compared to the bulk pH, which facilitate a AB(1-
40)-GAG interaction. However, an alternative site of interaction emerges from the
observation that AB(1-40) is formed not only at the plasma membrane, but also in the
endosomes/lysosomes (42). The endosomal pH is ~ 5.5, and therefore favoring the
AB-GAG interaction. As the AP oligomerization was shown to start intracellularly

(43), the interaction of AP to GAG could play a role in the nucleation process.

-83 -



Chapter 3

References

1.

10.

11.

12.

13.

Ferri, C. P., Prince, M., Brayne, C., Brodaty, H., Fratiglioni, L., Ganguli, M.,
Hall, K., Hasegawa, K., Hendrie, H., Huang, Y., Jorm, A., Mathers, C.,
Menezes, P. R., Rimmer, E., and Scazufca, M. (2005) Global prevalence of
dementia: a Delphi consensus study, Lancet 366, 2112-2117.

Selkoe, D. J. (1994) Normal and abnormal biology of the beta-amyloid
precursor protein, Annu Rev Neurosci 17,489-517.

Kirschner, D. A., Abraham, C., and Selkoe, D. J. (1986) X-ray diffraction
from intraneuronal paired helical filaments and extraneuronal amyloid fibers
in Alzheimer disease indicates cross-beta conformation, Proc Natl Acad Sci U
SA483,503-507.

Haass, C., Schlossmacher, M. G., Hung, A. Y., Vigo-Pelfrey, C., Mellon, A.,
Ostaszewski, B. L., Lieberburg, 1., Koo, E. H., Schenk, D., Teplow, D. B., and
et al. (1992) Amyloid beta-peptide is produced by cultured cells during
normal metabolism, Nature 359, 322-325.

Seubert, P., Vigo-Pelfrey, C., Esch, F., Lee, M., Dovey, H., Davis, D., Sinha,
S., Schlossmacher, M., Whaley, J., Swindlehurst, C., and et al. (1992)
Isolation and quantification of soluble Alzheimer's beta-peptide from
biological fluids, Nature 359, 325-327.

Shoji, M., Golde, T. E., Ghiso, J., Cheung, T. T., Estus, S., Shaffer, L. M.,
Cai, X. D., McKay, D. M., Tintner, R., Frangione, B., and et al. (1992)
Production of the Alzheimer amyloid beta protein by normal proteolytic
processing, Science 258, 126-129.

Jarrett, J. T., and Lansbury, P. T., Jr. (1993) Seeding "one-dimensional
crystallization" of amyloid: a pathogenic mechanism in Alzheimer's disease
and scrapie?, Cell 73, 1055-1058.

Wood, S. J., Maleeff, B., Hart, T., and Wetzel, R. (1996) Physical,
morphological and functional differences between ph 5.8 and 7.4 aggregates
of the Alzheimer's amyloid peptide Abeta, J Mol Biol 256, 870-877.
Klement, K., Wieligmann, K., Meinhardt, J., Hortschansky, P., Richter, W.,
and Fandrich, M. (2007) Effect of different salt ions on the propensity of
aggregation and on the structure of Alzheimer's abeta(1-40) amyloid fibrils, J
Mol Biol 373, 1321-1333.

Garvey, M., Tepper, K., Haupt, C., Knupfer, U., Klement, K., Meinhardt, J.,
Horn, U., Balbach, J., and Fandrich, M. (2011) Phosphate and HEPES buffers
potently affect the fibrillation and oligomerization mechanism of Alzheimer's
Abeta peptide, Biochem Biophys Res Commun 409, 385-388.

Jarrett, J. T., Berger, E. P., and Lansbury, P. T., Jr. (1993) The carboxy
terminus of the beta amyloid protein is critical for the seeding of amyloid
formation: implications for the pathogenesis of Alzheimer's disease,
Biochemistry 32, 4693-4697.

Evans, K. C., Berger, E. P., Cho, C. G., Weisgraber, K. H., and Lansbury, P.
T., Jr. (1995) Apolipoprotein E is a kinetic but not a thermodynamic inhibitor
of amyloid formation: implications for the pathogenesis and treatment of
Alzheimer disease, Proc Natl Acad Sci U S A 92, 763-767.

Snow, A. D., Mar, H., Nochlin, D., Kimata, K., Kato, M., Suzuki, S., Hassell,
J., and Wight, T. N. (1988) The presence of heparan sulfate proteoglycans in

-84 -



Chapter 3

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

the neuritic plaques and congophilic angiopathy in Alzheimer's disease, Am J
Pathol 133, 456-463.

Castillo, G. M., Ngo, C., Cummings, J., Wight, T. N., and Snow, A. D. (1997)
Perlecan binds to the beta-amyloid proteins (A beta) of Alzheimer's disease,
accelerates A beta fibril formation, and maintains A beta fibril stability, J
Neurochem 69, 2452-2465.

Gupta-Bansal, R., Frederickson, R. C., and Brunden, K. R. (1995)
Proteoglycan-mediated inhibition of A beta proteolysis. A potential cause of
senile plaque accumulation, The Journal of biological chemistry 270, 18666-
18671.

Watson, D. J., Lander, A. D., and Selkoe, D. J. (1997) Heparin-binding
properties of the amyloidogenic peptides Abeta and amylin. Dependence on
aggregation state and inhibition by Congo red, J Biol Chem 272, 31617-
31624.

McLaurin, J., Franklin, T., Zhang, X., Deng, J., and Fraser, P. E. (1999)
Interactions of Alzheimer amyloid-beta peptides with glycosaminoglycans
effects on fibril nucleation and growth, Eur J Biochem 266, 1101-1110.
Ariga, T., Miyatake, T., and Yu, R. K. (2010) Role of proteoglycans and
glycosaminoglycans in the pathogenesis of Alzheimer's disease and related
disorders: amyloidogenesis and therapeutic strategies--a review, J Neurosci
Res 88, 2303-2315.

Castillo, G. M., Lukito, W., Wight, T. N., and Snow, A. D. (1999) The sulfate
moieties of glycosaminoglycans are critical for the enhancement of beta-
amyloid protein fibril formation, J Neurochem 72, 1681-1687.

Reed, J., and Reed, T. A. (1997) A set of constructed type spectra for the
practical estimation of peptide secondary structure from circular dichroism,
Anal Biochem 254, 36-40.

Kemmer, G., and Keller, S. (2010) Nonlinear least-squares data fitting in
Excel spreadsheets, Nat Protoc 5,267-281.

Ziegler, A., and Seelig, J. (2004) Interaction of the protein transduction
domain of HIV-1 TAT with heparan sulfate: binding mechanism and
thermodynamic parameters, Biophys J 86, 254-263.

van Holde, K. E., Johnson, W. C., and Ho, P. S. (1998) Chemical equilibria
involving macromolecules, In Principles of Physical Biochemistry (van
Holde, K. E., Johnson, W. C., and Ho, P. S., Eds.) 1st ed., pp 605-611,
Prentice Hall, Upper Saddle River, NJ.

Ziegler, A., and Seelig, J. (2011) Contributions of glycosaminoglycan binding
and clustering to the biological uptake of the nonamphipathic cell-penetrating
peptide WR9, Biochemistry 50, 4650-4664.

Rothemund, S., Beyermann, M., Krause, E., Krause, G., Bienert, M., Hodges,
R. S., Sykes, B. D., and Sonnichsen, F. D. (1995) Structure effects of double
D-amino acid replacements: a nuclear magnetic resonance and circular
dichroism study using amphipathic model helices, Biochemistry 34, 12954-
12962.

Privalov, P. L., Dragan, A. 1., and Crane-Robinson, C. (2011) Interpreting
protein/DNA interactions: distinguishing specific from non-specific and
electrostatic from non-electrostatic components, Nucleic Acids Res 39, 2483-
2491.

-85 -



Chapter 3

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Fenley, M. O., Russo, C., and Manning, G. S. (2011) Theoretical assessment
of the oligolysine model for ionic interactions in protein-DNA complexes, J
Phys Chem B 115, 9864-9872.

Manning, G. S. (1978) The molecular theory of polyelectrolyte solutions with
applications to the electrostatic properties of polynucleotides, O Rev Biophys
11, 179-246.

Klocek, G., and Seelig, J. (2008) Melittin interaction with sulfated cell surface
sugars, Biochemistry 47, 2841-2849.

Ziegler, A., and Seelig, J. (2007) High affinity of the cell-penetrating peptide
HIV-1 Tat-PTD for DNA, Biochemistry 46, 8138-8145.

Terzi, E., Holzemann, G., and Seelig, J. (1995) Self-association of beta-
amyloid peptide (1-40) in solution and binding to lipid membranes, J Mol Biol
252, 633-642.

Fraser, P. E., Nguyen, J. T., Surewicz, W. K., and Kirschner, D. A. (1991)
pH-dependent structural transitions of Alzheimer amyloid peptides, Biophys J
60, 1190-1201.

Hou, L., Shao, H., Zhang, Y., Li, H., Menon, N. K., Neuhaus, E. B., Brewer,
J. M., Byeon, 1. J., Ray, D. G., Vitek, M. P., Iwashita, T., Makula, R. A.,
Przybyla, A. B., and Zagorski, M. G. (2004) Solution NMR studies of the A
beta(1-40) and A beta(1-42) peptides establish that the Met35 oxidation state
affects the mechanism of amyloid formation, J Am Chem Soc 126, 1992-2005.
Petkova, A. T., Ishii, Y., Balbach, J. J., Antzutkin, O. N., Leapman, R. D.,
Delaglio, F., and Tycko, R. (2002) A structural model for Alzheimer's beta -
amyloid fibrils based on experimental constraints from solid state NMR, Proc
Natl Acad Sci U S A 99, 16742-16747.

Guo, M., Gorman, P. M., Rico, M., Chakrabartty, A., and Laurents, D. V.
(2005) Charge substitution shows that repulsive electrostatic interactions
impede the oligomerization of Alzheimer amyloid peptides, FEBS Lett 579,
3574-3578.

Lindahl, U., and Hook, M. (1978) Glycosaminoglycans and their binding to
biological macromolecules, Annu Rev Biochem 47, 385-417.

Meier, M., and Seelig, J. (2007) Thermodynamics of the coil <==> beta-sheet
transition in a membrane environment, J Mol Biol 369, 277-289.

Cardin, A. D., and Weintraub, H. J. (1989) Molecular modeling of protein-
glycosaminoglycan interactions, Arteriosclerosis 9, 21-32.

McLaurin, J., and Fraser, P. E. (2000) Effect of amino-acid substitutions on
Alzheimer's amyloid-beta peptide-glycosaminoglycan interactions, Eur J
Biochem 267, 6353-6361.

van Holde, K. E., Johnson, W. C., and Ho, P. S. (1998) Principles of Physical
Biochemistry, Prentice Hall, Upper Saddle River, NJ.

Rusnati, M., Coltrini, D., Oreste, P., Zoppetti, G., Albini, A., Noonan, D.,
d'Adda di Fagagna, F., Giacca, M., and Presta, M. (1997) Interaction of HIV-1
Tat protein with heparin. Role of the backbone structure, sulfation, and size,
The Journal of biological chemistry 272, 11313-11320.

Rajendran, L., Honsho, M., Zahn, T. R., Keller, P., Geiger, K. D., Verkade, P.,
and Simons, K. (2006) Alzheimer's disease beta-amyloid peptides are released
in association with exosomes, Proc Natl Acad Sci US A 103, 11172-11177.

- 86 -



Chapter 3

43, Walsh, D. M., Tseng, B. P., Rydel, R. E., Podlisny, M. B., and Selkoe, D. J.
(2000) The oligomerization of amyloid beta-protein begins intracellularly in
cells derived from human brain, Biochemistry 39, 10831-10839.

-87 -



Chapter 3

WSV~ ,HV = ,OV 01 SuIpI0dde paje[noeds sem uonoeas Surpuiq apndad ay) jo 9V Qv 1, Adonus ay 7, o

gy ="7 m©< 01 SuIp10008 PJRINO[ED Sem uondLal Surpulq apndad jo 9,0y A310us 205 Ay q

"G~ suogenba £q paquosap [9pow Juipulq dNSHNW Sy SuISN PIALIDP 1M s1djoweIed dIWBUAPOWIdY, (,

TOFSS TOFIII- TOF9S- $0F991 VTFSL ST ST

V0T 9V €0F601" TOFEY- SOF 191 9SF 1Tl Sl ST

V0T T 1'0F€11- v0F 0L 60F 91 80F9S S ST

€0F9°€ 10 F8°01- TOFECL 6'0F T8I '€ F 081 S1 zc

V0T 9 €0F601- TOFECY9- SOF191 9sF 1Tl S1 ST

10 %59 10F 11" TOF6H LOF 1Pl 90F0€ Sl 81
o(ow/ eV gy (ouye)V. oy (jouyen)VoHY  (HiuAVa) Answoryotors NP (AWM (O,) amieradwo,

“SUOIIBIUIIU0D JJINq pue sdInjerddwa) pajestpul Je uondesdul utreday-(0p-1)gv Jo  siorowered srureuLpoutiay [, *| d[qeL

- 88 -



Chapter 3

"WSV.I— ,HV = ,0V % SuIp1000® PAJEINOTEd seam uororal Jurpuiq opndad oy Jo 9V gy 1 Adonud oy, @

’ vabﬁ_&% = nw V 01 Surp10ooe paje[nofes sem uonoeal Surpuiq apndad jo ¢V, oy AS10ud sa1y oy, ©

'0F8C TOF 0TI TOFC6 POFOL 90F 8L (0v-DgV 9¢ “sep
COFYT I'OFLII- COFEC6 TOF98 €0F9C (0v-DgV 0T ‘61P
I'0F 99 €0F80I- TOFTY 80F €Tl YLFOVI (0r-DIV +1 “cIp
8TF96S COF8II- 0CFTY 6SEF 6°€T CIFLT (0r-Ddv 9 ‘sp
POFTY 0FCII- rOFOL 60F9¥I 80F9¢ (or-Ddv
Q(ow/ea)Vogy L (jowy/eay)V, 0y ( 1ow/1eay)V HY (i v Anaworyorogs (AW Py apndag

Do ST 1e ulreday 03 sIOWOSI-p d[qnop Inoj pue (04-1)gdV Jo siopwered Surpuiq SrwreuApounIay ], ‘g 9[qel,

-89 -



Chapter 3

Figure Captions

Figure 1. (A) Circular dichroism (CD) spectra of AB(1-40) dissolved in 5 mM
sodium acetate with varying pH values from 3.7 to 4.2. From top to bottom at 198
nm: pH 4.2, 4.1, 4.0, 3.9, 3.8 and 3.7. The spectra were recorded at peptide
concentration of 18.3 uM at 25 °C. (B) Content of secondary structure versus the pH

of the buffer solution: (m) B-structure and (®) random coil.

Figure 2. Effect of NaCl on conformation of freshly dissolved AB(1-40).(A) Circular
dichroism (CD) spectra of AP(1-40) dissolved in 5 mM sodium acetate (pH 3.7)
containing various concentration of NaCl. Spectra from the bottom to the top at
198nm: 0 mM, 5 mM, 10 mM, 15 mM, 20 mM and 100 mM NaCl. The spectra were
recorded immediately dissolving the peptide and at a peptide concentration of 18.3
uM at 25 °C. (B) Fraction of secondary structure of AP(1-40) are plotted against the
NaCl concentration in 5 mM sodium acetate (pH 3.7): (m) B-structure and (®) random

coil.

Figure 3. CD spectra of AB(1-40) dissolved in sodium acetate (pH 3.7) of varying
concentrations (5 mM to 25 mM). Spectra were recorded at a peptide concentration of

18.5 uM at 25°C.

Figure 4. Structural transition of AB(1-40) upon binding to heparin monitored by

circular dichroism (CD) spectroscopy. All spectra were recorded in 5 mM sodium
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acetate (pH 3.7) at 25 °C. Heparin-to-AB(1-40) ratio (r) varied between 0 and 0.25.
(A) black, r=0; red, r=0.01; blue, r=0.02 and magenta, r=0.05. (B) black, r=0.06; red,
r=0.07; blue, r=0.09; magenta, r=0.10 and olive, r=0.12. (C) black, r=0.15; red,

r=0.17; blue, r=0.20; magenta, r=0.21; olive, r=0.22; navy, r=0.24 and violet, r=0.25.

Figure 5. (A) Calorimetric trace obtained by titrating 28 uM heparin solution into a
15.3 uM AB(1-40) solution (5 mM sodium acetate (pH 3.7)) at 25 °C. Each peak
corresponds to an injection of 4 ul heparin solution, occurred at 5 min intervals. (B)

Heats of reaction oA, derived from the ITC experiment above are plotted against the

molar ratio of heparin to AB(1-40). The solid line corresponds to the best fit of the

multisite binding model to the experimentally determined &4, using the paramters:

K=3.11-10M:n =13.6;AH2ﬂ =—-5.94kcal / mol .

Figure 6. Temperature dependence of the molar binding enthalpies of the binding of
AP(1-40) to heparin . The molar binding enthalpies derived from ITC experiments are
plotted against the measuring temperature. Each point corresponds to an ITC

measurement. The solid line correspond to the regression line with a slope of

ACIS,A/; =—167calmol K" .

Figure 7. Temperature dependence of the binding constant of the AB(1-40)-heparin
interaction. Dots correspond to experimentally measured binding constants (T=18, 25

and 32 °C). Solid line corresponds to the calculated binding constant using vant’t
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Hoff’s law and the temperature dependence of the molar reaction enthalpy as

AH,(T)= AH',(T,) + AT ~T,) .

Figure 8. Circular dichroism (CD) spectra of AB(1-40) and four double d-isomers (A)
in aqueous solution and (B) in the presence of heparin. black: AB(1-40) , red: d5, 6,
blue: d13, 14, magenta: d19, 20 and olive:d35, 36. The heparin-to-peptide molar ratio
was about 2. Both heparin and AB(1-40) were dissolved in 5 mM sodium acetate (pH

3.7) and the spectra were recorded at peptide concentration of 5.4-18 uM.

Figure 9. Salt dependence of the binding constant K of the AP(1-40)-heparin
interaction at pH 3.7. The solid lines were calculated by equation 6 using z-value of
0.75 (black, experimentally predicted), 2.5 (red, half the nominal net charge) and 5

(blue, nominal net charge).

Figure 10. AB(1-40)-heparin interaction at pH 7.4 monitored by circular dichroism
(CD) spectroscopy. The following buffers were used: (A-B) 5 mM Hepes (pH 7.4),
(C-D) 5 mM Hepes (pH 7.4), 140 mM NaF. CD spectra were recorded at 0 (black),
24 (red), 48 (blue) and 96 hr (olive) at peptide concentration of 15 uM (A, C) and 13

uM (B, C). (A, C) AB(1-40) alone, (B, D) AB(1-40)-heparin (1:1, m:m).

-9) .



Chapter 3

wavelength A/ nm

250

225

200

1<

:

T T

T T T
° ©

10 4

.0l lowp wo Bap / 6 Ayondije

-15 -

T T T T T T
Q (=3 o
© n <

9% / 8injonu}s Alepuooss

30 4

42

4.1

4.0

3.9

3.8

3.7

pH

Figure 1

-903 .



Chapter 3

ellipticity 6 / deg cm’dmol’10”

secondary structure / %

10

-5

10

15
70

60

50

40

30

wavelength A / nm

200 225 250
1 N 1 1 1
;\\;
\\
\\\
e
T T T T T T T T T T T
0 20 40 60 80 100

conc. NaCl / mM

Figure 2

-94 -




Chapter 3

ellipticity 0 / deg cm’dmol’10”

o
1

'
(4]
|

-10 4

T
200 225 250
wavelength A / nm

Figure 3

-95 -



Chapter 3

-3

ellipticity 6 / deg cm*dmol™1

ellipticity 6 / deg cm’dmol 10

ellipticity 6 / deg cm*dmol'10”

20

-10 4

T
200 225 250

wavelength A/ nm

20

T T T
200 225 250

wavelength 2./ nm

T T T
200 225 250

wavelength 2./ nm

Figure 4

-906 -



Chapter 3

heat flow / ucal sec

heat of reaction / pcal

16.5 L

time / min

60
1

120

180

16.4

f(r
16.3 (
16.2 o
16.1

16.0

15.9

-8 -

T T T
0.00 0.04

molar ratio heparin/AB

T
0.08

Figure 5

-97 -

T
0.12

0.16




Chapter 3

/ kcal mol”

0
AB

AH

-5.04

-554

-6.0 4

-6.5 4

-7.04

754

T T T T !
20 25 30

temperature / °C

Figure 6

- 98 -



Chapter 3

-1

binding constant K/ M

2ol Lol Lo
HIH

-
o
G
1

T T T T T T T T T T T
10 20 30 40 50 60

temperature / °C

Figure 7

-99 .




Chapter 3

ellipticity © / deg cm*dmol 10

ellipticity 0 / deg cm*dmol ™10

wavelength 2 / nm

200 225 250
] . 1 . 1

o
1

-10 -

-20 4

20

10

-10 -

T T T T T T
200 225 250

wavelength 2 / nm

Figure 8

- 100 -



Chapter 3

-1

binding constant K/ M

0w+
20 40 60 80 100 120 140 160

conc. NaCl/ mM

Figure 9

- 101 -



Chapter 3

ellipticity 6 / deg cm*dmol 10

ellipticity 0 / deg cm?dmol'10°

o
!

&
L

-10 4

-15 4

-10 4

15

T T T T T T T T
190 200 210 220 230 240 250 190

wavelength i / nm

Figure 10

-102 -

T
200

T
210

T
220

T
230

wavelength %/ nm

T
240

T
250



Chapter 3

Appendix
In the previous section, we have studied the thermodynamics of the AB(1-40)-heparin
interaction at pH 3.7 using isothermal titration calorimetry (ITC). At this pH, AB(1-

40) is monomeric, which is a prerequisite to determine the binding constant, and

therefore the free energy of binding AG®, from the calorimetric data. As previously
discussed, AP(1-40)-GAG interaction is considered as highly pH dependent.
Therefore, we were interested to study the effect of pH on the thermodynamics of the
APB(1-40)-heparin interaction. However, circular dichroism (CD) spectroscopy
revealed that AB(1-40) is not monomeric in the pH range of 3.8 to 7, which a priori
precludes the determination of binding constants from calorimetric experiments.
Nevertheless, we performed CD and ITC measurements in this pH range, namely at
pH 4.7 and 6.0. Further, we studied the effect of salt (NaCl) on the thermodynamics

of the AB(1-40)-heparin interaction at pH 5.0.

AP(1-40)-heparin interaction at pH 4.7

The interaction of AB(1-40) with heparin has been studied at pH 4.7 in 5 mM sodium
acetate. First, CD spectroscopy was applied to examine effect of heparin on the
conformation of AB(1-40). Figure 1A displays the CD spectra of AB(1-40) in buffer
and mixed with different amounts of heparin. The heparin-to-AB(1-40) molar ratio (1)
was increased from 0 to 0.18. The corresponding fractions of secondary structure
were evaluated as described before, and are plotted versus rin figure 1B. In buffer,
AB(1-40) exhibits a major content of B-structure (70% ) with minor content of
random coil (30%), which demonstrates that AB(1-40) is not monomeric. The
addition of heparin lead to an increase in B-structure of 15% , whereas the content of

random coil is decreased by the same magnitude.
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ITC was used to study the thermodynamics of the binding reaction of AB(1-40) to

heparin at pH 4.7. Figure 2A shows an ITC experiment, in which 4 x/ aliquots of a
143 uM heparin solution were injected into the calorimetric cell containing a
21.7 uM  APB(1-40) solution at 25 °C. Integration of the injection peaks yield in the
heats of reaction oh,. As illustrated in figure 2B, ok, is distinctly exothermic, but
decreases with increasing injection number as less and less peptide is available for
binding (4, ). The injection of heparin into pure buffer yielded no significant heats

of reaction dh, (data not shown). The calorimetric data cannot be analyzed using the

multisite binding model, as AP(1-40) was not in its monomeric state as indicated by
the high content of p-structure in the CD spectrum. Therefore, the only

thermodynamic parameter, which can be derived from the calorimetric experiment, is

the molar heat of reaction, AH 5 » obtained by

AH,(;ﬁ ZZ(ahi _hdilute)/nAﬂ (D
il

where n,,1s the total molar amount of AB(1-40) in the calorimetric cell. For the
APB(1-40)-heparin interaction at pH 4.7, we measured a molar heat of reaction of
AH s =—3.8+0.6kcal / mol (5 experiments), which is distinctly higher compared to

the molar binding enthalpy measured for the monomeric AB(1-40)-heparin interaction

at pH 3.7 (AHj, =—5.Tkcal | mol).

AP(1-40)-heparin interaction at pH 6.0
At pH 6.0, AB(1-40)-heparin interaction was studied in SmM sodium citrate, since

sodium acetate can be only used in a pH range of 3.6 to 5.6. CD spectroscopy

- 104 -



Chapter 3

measurements showed that presence of heparin (7 =0.49) increased the content of p-
structure of AB(1-40) from 61% to 88% (figure 3). Figure 4A shows the calorimetric

experiment, in which 104/ aliquots of a 26.2 uM heparin solution were injected into
the calorimetric cell containing a 15uM AP(1-40) solution at 25 °C. The

corresponding heats of reaction are displayed in figure 4B. The heparin-into-buffer
titrations revealed no significant heats of dilution. The ITC experiment clearly

demonstrated that AB(1-40) binds to heparin with a measurable molar heat of reaction
of AH 5 =—4.0+0.5kcal / mol (2 measurements). Interestingly, the binding enthalpy

does not change much in the pH range of 4.7 to 6.0.

Effect of NaCl on the AS(1-40)-heparin interaction at pH 5.0

The effect of salt on the AB(1-40)-heparin interaction was studied by ITC in SmM
sodium acetate (pH 5.0) at 25°C. For this purpose, the concentration of NaCl was
gradually increased in the buffer from 0 to 25 mM. For all concentrations of NaCl,

ITC experiments were performed by titrating 10/ aliquots of a 40 M heparin

solution into a 21.7 uM AP(1-40) solution (data not shown). The heparin-into-buffer
control experiment revealed no significant heats. The molar heat of reaction AH ﬁﬁ

was derived from the calorimetric data (as described above), and decreased with

increasing salt concentration from —4.3kcal/mol (0 mM NaCl) to —0.5kcal / mol
(25 mM NaCl) as illustrated in figure 5. Linear regression analysis yields a linear

dependence of AH » on the salt concentration with a correlation coefficient 7 =0.99

and a slope of 0.14+0.01kcalmol™ / mM NaCl . Using the regression equation, we

can extrapolate the molar heat of reaction AHjﬂ to zero, obtaining a NaCl
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concentration of 29.3mM . However, this does not prove that the AB(1-40)-heparin

interaction is abolished at this salt concentration under the present experimental

conditions.
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Appendix figure captions

Appendix figure 1. Structural changes of AB(1-40) upon interaction with heparin
measured by circular dichroism (CD) spectroscopy. All spectra were recorded in 5
mM sodium acetate (pH 4.7) at 25 °C. (A) The heparin-to-AB(1-40) molar ratio (r) is
varied from 0 (black), 0.11 (red), 0.13 (blue) and 0.18 (magenta).(B) Fraction of
secondary structure plotted versus the corresponding heparin-to-AB(1-40) molar ratio:
(m) B-structure and (e) random coil. The content of a-helix is below 0.5% for all

spectra.

Appendix figure 2. (A) Calorimetric trace obtained by injecting 4 pl aliquots of a
14.3 uM heparin solution into a 21.7 uM AB(1-40) solution (5 mM sodium acetate

(pH 4.7)) at 25 °C. (B) Heats of reaction oA, derived from the ITC experiment above

are plotted against the injection number n;.

Appendix figure 3. Conformational change of AB(1-40) upon binding to heparin as
monitored by circular dichroism (CD) spectroscopy. All spectra were recorded in 5
mM sodium citrate (pH 6.0) at 25 °C. The heparin-to-Ap(1-40) molar ratio (r) is 0

(black) and 0.49 (red).

Appendix figure 4. (A) Raw data of an ITC experiment, in which 10 pl aliquots of a

26.2 uM heparin solution into a 15 pM AB(1-40) solution (5 mM sodium citrate (pH

- 107 -



Chapter 3

6.0)) at 25 °C. (B) Heats of reaction oA, derived from the ITC experiment above are

plotted against the injection number n;.

Appendix figure 5. Effect of salt on the binding reaction of AB(1-40) to heparin. The

molar heats of reaction, AHjﬂ, are plotted versus the corresponding NaCl

concentration in the buffer solution. AH jﬁ is derived from the calorimetric data as

discussed in the text. The solid line corresponds to the regression line with a slope of

0.14%0.01kcalmol™ / mM NaCl and a intercept of —4.1%0.1kcal / mol .

- 108 -



Chapter 3

wavelength A / nm

200 225 250
1 . 1 A 1

-5

ellipticity  / deg cm*dmol10™

10 4

B././l—l
80
60

40

secondary structure / %

0.00 0.05 0.10 0.15 0.20
molar ratio heparin/AB

Appendix figure 1

- 109 -



Chapter 3

heat flow / pcal sec

heat of reaction / pcal

time / min

60 120 180

240

N N N N
o < e g
w IS ” o
1 1 1 1

16.2

16.1

.///.}_O

2
4
6-
8

-10 -

10

20 30

number of injection n,

Appendix figure 2

- 110 -



Chapter 3

15

-
o [9)] o
| | 1

ellipticity 6 / deg cm’dmol 107

]
o
|

-10

T T T T T
200 225 250

wavelength » / nm

Appendix figure 3

- 111 -



Chapter 3

heat flow / pcal sec”

heat of reaction / pcal

N
o
o

16.4

16.2

16.0

-5

-10

-15

time / min
30 60 90 120
1

150

U N T O OO VOO VO VO VA W VO O W W

T T T T
10 20

number of injection n,

Appendix figure 4

-112 -

30



Chapter 3

04
5
IS
S 1
X
o 2
5
2 7]
= |
£
&
c S
S
©
©
()
— _4 .
u
T T T T T T T d T T T
0 5 10 15 20 25
c¢(NaCl) / mM
Appendix figure 5

-113 -






Chapter 4

4. Interaction of amyloid-p peptide with cationic lipid

membranes

Summary

The amyloid-P peptide (AB) is the major component of amyloid plaques, which are a
major pathological hallmark of the Alzheimer’s disease (AD). AD is major form of
dementia with an estimated worldwide prevalence of 25 million. A growing body of
evidences indicates that neuronal membranes play an important role in the disease.
Particularly, the interaction of AP with lipid membranes is considered as a putative

mechanism of the AB-mediated neurotoxicity.

Here, we have studied the interaction of AP(1-40) to cationic small unilamellar
vesicles (SUVs) using circular dichroism (CD) spectroscopy, isothermal titration
calorimetry (ITC) and dynamic light scattering (DLS). CD spectroscopy reveals two
sequential conformational transition of AP(1-40) upon binding to cationic lipid
vesicles. A random-coil-to-f-structure transition was observed at low lipid-to-peptide
molar ratios (L/P), followed by a transition to an a-helical structre at high L/P. The
extent of membrane-induced B-structure of AP(1-40) was distinctly smaller for
cationic lipid vesicles compared to anionic lipid vesicles (at pH 7.2). This is mostly
explained by the large difference in the pH value at the membrane surface, which
favors AP(1-40) aggregation more in the case of anionic lipid vesicles. ITC provides
both the molar binding enthalpy (AH° = —2.5kcal / mol ) and the binding isotherms,

which were analyzed by a model combining a surface partition equilibrium with the

Gouy-Chapman theory, revealing a surface partition constant of K, =0.11M" and
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an effective charge of z, =-2.8 (20 mM Tris-HCI (pH 7.2)) at 25 °C. Further, DLS

measurements demonstrates that the interaction of AP(1-40) with cationic lipid

vesicles leads to vesicle aggregation.

Manuscript: Interaction of amyloid-p peptide with cationic lipid

membranes

Introduction

The amyloid-p peptide (AP) is one of the most studied peptide with more than 10’000
related articles found in PubMed (National Library of Medicine). The high research
activity on AP is primarily based on the amyloid-beta hypothesis, which states that
the cerebral aggregation of AP is the putative cause of the Alzheimer’s disease (AD)
(1, 2). AD is the major form of dementia, affecting 25 million people worldwide (3).
In the future, the impact of AD will even increase with a predicted 106.8 million
people affected in 2050 (4). AD is not only a personal tragedy for the patients and
their families, but also a major challenge for the society. In particular, the financial
costs of the disease are enormous with estimated worldwide costs of $422 billion in

2009 (5).

Several line of evidence suggests that the lipid membrane plays an eminent role in the
pathology of AD. Thus, it has been shown that the degeneration of the brain cell
membrane is accelerated in AD, as observed by the decrease in the content of
phospholipids (6). Genetic, cell biology and epidemiology studies furthermore
indicated that cholesterol is linked to AD. Cholesterol, a normal component of
cellular membrane, is highly enriched in the brain (7). Controversial results were

reported on the cholesterol content in the brain of AD patients. While some reported a
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decrease in the cholesterol concentration (8), others have observed the opposite (9).
However, cholesterol is considered to influence the production of AB. AP is formed
by proteolytical cleavage of the amyloid precursor protein (APP) by two proteases
called B- and y-secretases (for review, (/0)). In an alternative pathway, the non-
amyloidogenic pathway, the consecutive action of a- and y-secretases generates a
truncated AP peptide called p3, precluding the generation of A. It is noteworthy to
mention, that APP and the three secretases are transmembraneproteins. In vitro
studies demonstrated that a depletion of cholesterol in neurons lead to inhibition of
AP generation (//), most probably by an increased activity of a-secretase (/2).
Although not fully understood, the effect of cholesterol on the generation of AP can
be ascribed to the cholesterol-induced changes in membrane properties, such as

stiffness and fluidity (/3).

A variety of biophysical techniques, including circular dichroism (CD) spectroscopy,
isothermal titration calorimetry (ITC), atomic force microscopy (AFM) and
fluorescence spectroscopy, were applied to study the interaction of AP(1-40) with
membranes. In general, liposomes composed of different lipids, including
phospholipids, cholesterol or gangliosides, were used as membrane-mimicking
systems. The binding of AP to lipid membranes is mainly driven by electrostatics and
therefore dependent on the membrane charge, ionic strength and pH, which mainly
effects the net charge of AP (see figure 1). Thus most studies reported no interaction
when using neutral lipids such as phosphatidylcholine (PC) or sphingomyelin (SM)
(14, 15). At physiological pH, AP binds only at low ionic strength to anionic lipid
membranes (/6), while no binding was observed at physiological salt concentrations

(14, 17). The presence of anionic lipids induces two sequential structural transitions
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of AP(1-40) dependent on the lipid-to-peptide molar ratio: a random-coil-to-f3-
structure transition at low L/P ratios and a -structure-to-o-helix transition at high L/P
molar ratios (/6). Further, AP has been demonstrated to disrupt the lipid membrane,
compromising its barrier function (/8) One explanation is the formation of pores or
ion-channels which cause membrane depolarization and disruption of ionic
homeostasis (/9, 20). As an alternative mechanism, it was postulated that AP
aggregates not fully permeate, but associate the membrane, causing membrane

thinning and leakage (21).

Here, we have studied the interaction of AP(1-40) with cationic small unilamellar
vesicles (SUVs) composed of 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) in a molar ratio of
1:3. The main difference between the two lipids concerns the head group, which lacks
a phosphate group in case of DOTAP. In aqueous solution, DOTAP has the ability to
forms bilayer structure alone and with other lipids (22). For example, *'P-NMR
measurements of DOTAP/POPC mixtures (30/70 mol%) revealed a lamellar bilayer
architecture (23). Cationic lipids such as DOTAP are widely used as transfection
agents in gene delivery (24). In this respect, DOTAP is probably the most studied
cationic lipid, primarily due to its free availability (never protected by patents) and its
low cost. In general, cationic lipids do not occur in nature, with the exception of rare
examples of phosphatidyllysine and phosphatidylarginine found in bacteria grown
under special conditions (22). Therefore, the interaction of AB(1-40) to cationic lipids
is not of physiological relevance. Nevertheless, the study of cationic lipid-AB(1-40)
interaction might provide new insight for the AB(1-40)-lipid membrane interaction. In

this study, CD spectroscopy experiments were performed to gain information of the
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structural changes of AB(1-40) upon binding to cationic lipid vesicles. In addition,
isothermal titration calorimetry (ITC) was used to study the thermodynamics of the

binding reaction.

Material and Methods

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-rac-glycerol (POPG), dissolved in chloroform, were purchased from Avanti
Polar Lipids (Alabaster, AL). AB(1-40) was from rPeptide (Bogart, GA, USA). All
other chemical were purchased from commercial sources at the highest purity and

were used without further purification.

Circular dichroism (CD) spectroscopy

CD measurements were carried out with a Chirascan CD spectrometer (Applied
Photophysics Ltd., Leatherhead, UK). Spectra were recorded between 190 and 250
nm, with a step size of 1 nm, bandwidth of 1 nm and a time per point of 20 s. For all

measurements, a quartz cuvette of 1 mm path length was used. The mean residue

molar ellipticity, [9] , was calculated for each data point according to

[6],, 107G (1)

cl-n

where 6, is the observed ellipticity in millidegree, ¢ is the peptide concentration in
uM | I is the optical path length in cm and » the number of amino acids of the

peptide. The mean molar residue molar ellipticity is given in degcm’dmol™". The
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contents of secondary structure were calculated with a fitting program based on

reference spectra determined by Reed and Reed (25)

Dynamic light scattering (DLS)
Size and C(-potential measurements were performed on a Zetasizer Nano ZS
instrument (ZEN3600; Malvern Instruments Ltd., Worcestershire, U.K) equipped

with a HeNe laser (6337m) and a backscattering detection (scattering angle of 173°).

Data were analyzed using the built-in software of the instrument.

Preparation of lipid vesicles

Small unilamellar vesicles (SUVs) composed of a binary lipid mixture were prepared
as described as follows. A defined amount of lipid was filled into a 4-ml glass vial,
with subsequent removal of chloroform with a soft stream of nitrogen and high
vacuum overnight. The amount of lipid was weighed and a defined amount of second
lipid was added in chloroform and the lipid mixture was dried as described before. 2
ml buffer was added to the dried lipid film and the dispersion was extensively
vortexed. The lipid dispersion was sonicated with a G11SP1 Special Ultrasonic
Cleaner (Laboratory Supplies CO., Inc) for around 25 min. Metal debris from the
titanium tip was removed by simple centrifugation at 14,000 rpm for 4 min using a
Eppendorf 5415 C benchtop centrifuge (Vaudaux-Eppendorf AG, Schonenbuch,

Switzerland).

Isothermal titration calorimetry (ITC)
Isothermal titration calorimetry (ITC) measurements were performed on a MicroCal
VP ITC calorimeter (MicroCal, Northampton, MA). To avoid air bubbles, the

solutions were degassed under stirring with a magnet bar for ~10 min (ThermoVac;
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Microcal, Northampton, USA). For AB(1-40) solution, the buffer were degassed prior
peptide dissolvement. Raw data were processed using the Origin software provided

with the instrument.

Preparation of AP(1-40) solution

AB(1-40) samples were prepared as follows. First, the peptide was dissolved in
hexafluoroisopropanol (HFIP) at a concentration of 0.5mg/ ml HFIP and equilibrated
for one hour at room temperature. The treatment of AP(1-40) with HFIP dissolves
pre-existing aggregates and define a chemical starting point. Next, a defined amount
of AB(1-40)-HFIP solution was filled into a 4-ml glass vial. HFIP was removed first
by soft stream of nitrogen and subsequently by high vacuum overnight. The samples
were then stored at -20°C. Immediately prior to use, AB(1-40) was dissolved in the
appropriate buffer at a peptide concentration below 30uM. The accurate peptide

concentration was obtained by amino acid analysis (University of Bern).

Binding model
Binding isotherms, derived from calorimetric measurements, were analyzed with a

surface partition model, in which the degree of peptide binding X, is related to the

peptide concentration ¢, immediately above the polar headgroup (26)

Xb = KO ' cm (2)

where K, is the surface partition constant. This model combines chemical partition

equilibration with electrostatic interactions. Charged membrane, be it anionic or

cationic, have a surface potential, ¥, which attracts oppositely charged molecules in

its vicinity. Thus, if peptide and membrane are oppositely charged, the peptide
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concentration is increased in the lipid-water interface compared to bulk solution and

can be calculated using the Boltzmann equation:

¢, =c,-exp(=z,Fy,/ RT) 3)

where ¢, is the peptide concentration in the aqueous bulk solution, z, the effective

charge of the peptide (normally smaller than the nominal charge), F, the Faraday

constant, R the universal gas constant and 7 the absolute temperature. By using the

Gouy-Chapman theory, the surface potential, y,, can be connected with the surface

charge density, o, according to (27, 28):

o’ =20006,6,RTY ¢, (e ™" —1) (4)
J

where ¢, is the electric permittivity of free space, ¢, the dielectric constant of water,
¢,., the concentration of the jth electrolyte in the bulk solution and z; the signed

valence of the jth electrolyte. The membrane surface charge, o, can now be linked to
the degree of binding, X, , by the following equation (29):

XDOTAP(l_XC,—)+Zpr

o= A T T,

)

where e, 1s the elementary charge, A4, the surface area of lipid, X,,,,, the molar
fraction of DOTAP in the lipid membrane, X, the mole fraction of bound chloride
ions to the headgroups of DOTAP and 4, is the surface area of the inserting peptide

(estimated as 50 A). The term X o considers that the surface charge is reduced by

specific binding of chloride ions to the headgroup of DOTAP. In analogy to the Na"
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binding to POPG (30, 37), we assumed that Cl" binding to DOTAP follows a

Langmuir isotherm with a binding constant of K, =0.6M ', Tris-HCI buffer was

treated as 1-1 salt. By calculation of the surface potential y and the surface peptide

concentration ¢, for each data point of the binding isotherm, it is possible to
determine the surface partition constant K, and the effective peptide charge z, . The
knowledge of the binding constant, K, , allows to calculate the free energy of binding,

AG" , according to

AG® =—RTIn(55.5K,) (6)

where the factor 55.5 is the molar concentration of water. In turn, the entropy of

binding, AS®, can be calculated by the following equation
AG’ =AH" -TAS"® (7)

where AH’ is the molar binding enthalpy, directly derived from the calorimetric

experiment.

Calculation of the net charge of Ap(1-40)
The net charge of AP(1-40) at a particular pH corresponds to the sum of charges of all
ionizable groups. The charge fraction of the ionizable groups were calculated using

the Henderson-Hasselbach equation with the following pKa-values: C-terminus, 3.8;

Asp, 4.3; Glu, 4.5; His, 6.5; N-terminus, 7.5; Tyr, 10; Arg, 12.5 (32).
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Results

Structure of AP(1-40) depending on pH, salt and concentration

Circular dichroism (CD) spectroscopy were used to monitor the effect of pH on the
secondary structure of freshly dissolved AB(1-40). AB(1-40) were dissolved in 5 mM
phosphate buffer with pH values changing from 6.4 to 8.0 (in 0.2 steps). The
corresponding CD spectra are displayed in figure 2. For better visualization, CD
spectra were divided into a low pH and a high pH region. Figure 2A displays the CD
spectra of AB(1-40) at pH 6.4 to 7.2. At pH 7.2, CD spectrum exhibits a minimum at
198 nm which indicates a dominant content of random coil. With decreasing pH
values, the ellipiticity at 198 nm is increased. An isosbestic point could be observed
at 214 nm indicating a two-state random coil-to-B-structure transition. CD spectra
were analyzed as described in the material and methods section, revealing the fraction
of secondary structure. In figure 2C, the content of secondary structure were plotted
versus the corresponding pH of the buffer solution. The increase in pH from 7.2 to
6.4 leads to a decrease of the content of random coil by 23%, whereas the content of
B-structure is increased by nearly the same magnitude. The content of a-helix remains
nearly constant at 4%. Figure 2B summarized the CD spectra of AP(1-40) recorded in
the pH range of 7.2 to 8.0. The obtained CD spectra were almost identical within this

pH range, and correspond to mainly random coil (67%).

CD spectroscopy were further employed to examine the effect of salt on the
conformation of AP(1-40) immediately after dissolving in buffer solution (10 mM
sodium phosphate (pH 7.0)) and after 24 hr equilibration. CD spectra were recorded
at a peptide concentration of 15 pM at 25 °C. Figure 3A displays the CD spectra of

freshly dissolved AP(1-40) with varying salt concentrations of 5 to 100 mM NaCl.
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All spectra exhibit an ellipticity minimum at 198 nm, which indicates a major content
of random coil structure. However, some spectra (especially the spectra with 100 mM
NaCl) start to diverge, yielding in ellipticities at 198 nm in the range of

~7380t0 —12860degcm’dmol™" . Figure 3B displays the CD spectra of the same

AB(1-40) solutions after 24 hr equilibration. All spectra reveal the typical
characteristics of a predominant random coil structure. In addition, the spectra are

identical in the range of 250 nm to 200 nm regardless of the salt concentration.

Analogous experiments were conducted at pH 8.0 (10 mM sodium phosphate), and
the corresponding CD spectra are displayed in figure 4. As illustrated in figure 4A
and 4B, the presence of salt induced similar effect on the freshly dissolved and

equilibrated (24 hr) AB(1-40) at pH 8.0 compared to pH 7.0.

Next, we investigated the effect of concentration on the conformation of AB(1-40) in
5 mM sodium phosphate at the two pH 7.2 and 8.0. We gradually increased the
peptide concentration of the CD samples from 19 to 153 uM. For both pH, the content
of B-structure are plotted versus the corresponding peptide concentration, as displayed
in figure 5. The increase in peptide concentration leads to an increase of B-structure,

which is similar for both conditions.

Structural changes of AB(1-40) upon binding to cationic lipid membrane

We have employed CD spectroscopy to monitor structural changes of AB(1-40) upon
binding to cationic lipid vesicles. CD spectra were recorded of AP(1-40) in buffer (10
mM sodium phosphate buffer (pH 7.2)) and mixed with various amounts of small
unilamellar vesicles (SUVs) composed of DOTAP/POPC (25/75 mol%). In this way,

the lipid-to-peptide molar ratio (L/P) is increased from 0.0 up to 200. No isosbestic
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point was observed for all spectra, indicating the involvement of more than two
species in the equilibrium. For the sake of better visualization, CD spectra were
divided depending on their lipid-to-peptide ratios in a low (figure 6A) and a high lipid
region (figure 6B). CD spectra were analyzed as describe in material and methods,
and the secondary structure content are plotted versus the lipid-to-peptide ratio as
shown in figure 6C. The CD spectra of AB(1-40) in buffer exhibits a major content of
random coil (63%) with minor content of B-structure (37%). In the low lipid region
(L/P= 0 to 27), the addition of cationic lipid vesicles induces a random-coil-to-p3-

structure transition with an isosbestic point observed at 210nm , as displayed in figure

6A. The addition of cationic lipid vesicles leads to an increase in -structure by 11%,
while the content of random coil is decreased by the same extent. Further addition of
cationic lipid vesicles (L/P=40 to 200) leads to an additional structural transition of

the peptide from B-structure to a-helix with an observed isosbestic point at 202 nm

(figure 6B). The fraction of a-helix is gradually increased to 6% at a lipid-to-peptide

ratio of 200.

Analogous experiments were conducted at pH 8.0 (10mM sodium phosphate) in order
to study the pH dependence of the conformational changes of AP(1-40) upon binding
to cationic lipid vesicles. The obtained results were similar to these obtained at pH 7.2
and are shown in figure 7. Here, the addition of cationic lipid vesicles leads to an
increase in B-structure of 20%, which is higher compared to pH 7.2. Furthermore, the
content of a-helix is increased higher (up to 18%), which can be ascribed to the fact

that the measurements were recorded up to higher lipid-to-peptide molar ratios.
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Structural changes of AB(1-40) upon binding to anionic lipid membrane

To compare the conformational changes of AB(1-40) upon binding to cationic lipid
membrane with those of anionic lipid membranes, similar CD experiments were
performed with SUVs composed of POPC/POPG (25/75 mol%) at the two pH 7.2
and 8.0 (10 mM sodium phosphate). Figure 8 displays the CD spectra of AB(1-40) in
buffer and in presence of various amounts of anionic lipid vesicles at pH 7.2. An
isosbestic point could be observed at 211 nm for all spectra, except for the spectrum
with the highest lipid-to-peptide ratio (L/P=555). The addition of anionic lipid
vesicles leads to a random-coil-to-fB-structure transition with an increase in [-
structure of 42% as shown in figure 8B. The further addition of lipid vesicles leads to

an additional structural transition of AB(1-40) to a-helix (figure 8A).

A different picture was obtained when CD measurements were performed at pH 8.0.
For better visualization, the CD spectra were separated into a low (figure 9A) and
high lipid region (figure 9B). In the low lipid region (L/P=0 to 44), the addition of
anionic lipid vesicles leads first to a shift in the minimum ellipticity from 200 to
204nm and to a small increase from —13600 to —12200degcm’dmol ™. In the high
lipid region (L/P=44 to 533), the minimum is first shifted from 204 to 206nm and

increased from —12200 to —8800degcm’dmol ™", followed by a shift from 206 to

220nm and an decrease of —8800 to —11900degcm’dmol™". In figure 9C, the

secondary structure content is plotted against the corresponding lipid-to-peptide ratio.
As a general trend, the addition of anionic lipid vesicles lead to a decrease in random
coil (from 65 to 26%), while the content of B-structure (from 33 to 60%) and a-helix

(from 2 to 24%) is increased.
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Thermodynamics of the AB(1-40) binding reaction to cationic lipid vesicles

Isothermal titration calorimetry (ITC) was used to characterize the thermodynamic
properties of the AB(1-40) binding reaction to cationic lipid vesicles. By injecting the
lipid vesicles into the peptide solution, the ITC experiment provide the binding

isotherms, in which the binding ratio, X, , is expressed as a function of free peptide

bulk solution, ¢ according to,

pep.f >

X, = f(Cpnr) ®)

where X, is the ratio of bound peptide, 7 to the total molar amount of lipids,

pep.bound >
Mypias o - A detailed description how the binding isotherm is derived from the
calorimetric data is given elsewhere (33). Figure 10A shows a typical calorimetric
experiment, in which every 300 s 8 pl aliquots of a 20 mM lipid SUV suspension
were titrated into a 15 uM AB(1-40) solution at 25 °C. Both AB(1-40) and lipids were
dissolved in 20 mM Tris-HCI (pH 7.2). The calorimetric trace revealed an exothermic
reaction for the injection of lipid vesicles into the AB(1-40) solution. The heats of
reaction /i, were obtained by integration of the injections peaks and were plotted
versus the injection number in figure 10B. 4, were initially exothermic and decreased
with increasing injection number as less and less peptide was available for binding.
At the end of the titration, %, is nearly constant revealing the heat of dilution of
h,, =—1ucal . As a control experiment, a lipid-into-buffer experiment was conducted,
revealing no significant heats of reaction (figure 10C). The molar binding enthalpy,

AH', can be derived directly from the calorimetric experiment and is calculated

according to
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AH® =" (h,—hy)/n), 9)
k=1
where nﬁep is the molar amount of peptide in the calorimetric cell (V' =1.4037ml).

For 20 mM Tris-HCl (pH 7.2), a molar enthalpy of AH®=-2.5kcal/mol was

measured for the AB(1-40) binding reaction to cationic lipid vesicles. The binding
isotherm (figure 10D) was analyzed using the surface partition model described in the

material and methods section. The solid line in figure 10D corresponds to the best fit

using a K,=0.11M" and z,=-2.8. Moreover, additional important

thermodynamic binding parameters can be determined, such as the free energy of
binding of AG® =—1.1kcal / mol and the entropy of binding of AS® =—4.8cal / molK
. Peptide binding is therefore driven by the enthalpy (AH° <0) and opposed by

entropy (AS° <0) .

Analogous ITC experiments were conducted for two additional buffers (Hepes and
Mops) at pH 7.2. For Mops buffer (20 mM), figure 11A shows the ITC experiment
obtained by injecting cationic lipid vesicles into a AB(1-40) solution at 25 °C. The
injection of lipid vesicles caused an endothermic reaction as shown by the
calorimetric trace. Heat of reactions /s, were decreased with increasing injection

number and reached a constant heats of dilution of A, =3ucal. As a control

experiment, a lipid-into-buffer control experiment was conducted and is shown in

figure 11B. With the exception of the first injection (~ —5ucal ), the heats of reaction
were endothermic, with decreasing values from 8 fo 6 ucal with increasing injection

number. An overlay of the heats of reaction /4, obtained from the lipid titrations into
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buffer and AB(1-40) solution (figure 11C) illustrates that the decrease in 4, 1is so
similar that it cannot be clearly distinct between the two types of experiments.

Therefore, it is not appropriate to derive neiter the molar binding enthalpy, AH", nor

the binding isotherm from the calorimetric data.

In the case of Hepes buffer (20 mM), the lipid-into-peptide titration experiment at 25

°C is shown in figure 12A. Here, the heats of reaction A, were at first endothermic,

became exothermic and then gradually changed to endothermic again with heats of

dilution of 4

dilute

=1.5ucal (figure 12B). The lipid-into-buffer injections revealed
constant heats of reaction of #h, =7ucal (figurel2C). Because these A4, are

considerably higher than the obtained heats of dilution, it is not appropriate to
calculate the molar binding enthalpy. In addition, the binding isotherm could not be
fitted using the surface partition model described above. Therefore, any
thermodynamic binding parameter could be derived from the calorimetric data in

Hepes buffer.

DLS measurements with cationic lipid membrane

Dynamic light scattering (DLS) is straightforward method to determine the size and
C-potential of colloid particles, such as lipid vesicles. The determined (-potential
corresponds to the electric potential at the plane of shear. However, the {-potential
can be used to calculate the surface potential if the location of the plane of shear is
either known or assumed (34). Here, dynamic light scattering (DLS) were used to
obtain information about the effect of AB(1-40) on the size and {-potential of cationic

SUVs composed of DOTAP/POPC (25:75 mol%). All DLS samples contain 20 uM

cationic lipid vesicles, which were mixed with various amounts of AB(1-40). In this
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way, the peptide concentrations were gradually increased fromO 7o 14.8 uM | yielding

peptide-to-lipid ratios in the range of 0 to 1.49. In Figure 13, both the size and the -
potential of cationic lipid vesicles were plotted versus their corresponding
concentration of AB(1-40). In absence of AB(1-40), the lipid vesicles have a size of

58nm and a C-potential of 29mlV . As illustrated in figure 13A, even low
concentrations of AB(1-40) (1.3 1M ) lead to 2-fold increase in the particle size from
58 to124nm . Interestingly, a moderate increase in the particles size from
124 to 162nm could be observed in the added peptide concentration range of 1.3 to 6

uM. At higher peptide concentration, the size of the particles sharply increase to a

size of >1um . Figure 13B shows the effect of AP(1-40) on the {-potential of the

cationic lipid vesicles. An increase in the peptide concentration leads to a decrease in
the (-potential from 29 mV to 14 mV. However, electrical neutrality has not been

observed in the studied peptide range.

Discussion

Structure of AB(1-40) influenced by salt, pH and concentration

CD spectroscopy measurements demonstrate that the AP(1-40) fibrillization is
favored with decreasing pH from 7.2 to 6.4, as indicated by the increase of B-structure
content of the freshly dissolved peptide. On the other hand, the CD spectra of freshly
dissolved AP(1-40) are constant in the pH range of 7.2 to 8.0, which suggests a minor
effect of pH on the fibrillization process in this pH range. These results are in line
with previous reports on an AP aggregation maximum between pH 4 to 7 (35, 36).
For reason of exactness it is noteworthy to mention, that the ionic strength of a buffer

solution of constant concentration varies with varying pH values. However, in case of
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10 mM sodium phosphate, the ionic strength is decreased from 0.028 M at pH 7.2 to
0.013 M at pH 6.4, and can therefore be omitted as an explanation for the pH induced
structural transition. Further, the presence of salt induces no conformational change in
AP(1-40) within 24 hrs as showed in figure 3 and 4 at pH 7.0 and 8.0, respectively.
However, small changes in the CD spectrum was observed for freshly dissolved
peptide at high salt concentrations (especially 100 mM) compared to the
corresponding spectra recorded under low ionic strength conditions. This effect,
which disappeared after 24 hr of equilibration, is not a change in conformation, but
can be best explained by a salt-induced decrease in the peptide solubility. As outlined

in the material and methods section, CD spectra were initially recorded in mdeg, but

converted to mean residue molar ellipticity, [9] , in degcm’dmol™ . The conversion

equation requires the knowledge of the peptide concentration. By using a lower

peptide concentration than the nominal concentration (15uM) , CD spectra recorded

at high ionic strength conditions perfectly overlay with those at low ionic strength. At

100 mM NacCl, the difference between the actual (~5.8uM ) and nominal peptide

concentration is 300%. This is a serious source of error, as the AP(1-40)
concentration cannot be determined directly (e.g by UV absorbance at 280 nm). In
general, salt affects the peptide solubility in addition with other factors, such as the

peptide length, amino acid composition, pH and temperature (37).

Further, CD spectroscopy have demonstrated that the increase of peptide
concentration cause an increase in B-structure, which was similar at pH 7.0 to 8.0.
This was previously demonstrated for slightly different conditions (5 mM Mops, pH

7.4) (14). Differences with respect to concentration-induced B-structure might be
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ascribed due to differences in buffer, sample preparation and chemical history of the

peptide.

Structural changes of AP(1-40) upon binding to cationic lipid vesicles

CD spectroscopy demonstrates that the interaction of AP(1-40) to cationic lipid
vesicles induces first a transition from random-coil to B-structure, followed by a
transition to a-helix at high lipid-to-peptide molar ratios. The interaction of AB(1-40)
to negatively charged lipid membranes has been previously studied at pH 7.4,
revealing first a lipid-induced random-coil to B-structure, followed by a transition to
a-helix at high lipid-content (/6). These experiments were repeated for phosphate
buffer at pH 7.2 and 8.0, in order to avoid differences due to different buffer, peptide
sample preparation and pH. At pH 7.2, CD measurements revealed lipid-induced
structural transition of AP(1-40) as previously reported (/6). However, large
differences were observed for measurements at pH 8.0 (figure 9). Here, we observed
a simultaneously increase of B-structure and a-helix, while the content of random coil
is decreased. Why these results at pH 8.0 were so different to those obtained at pH 7.2

and 7.4, is not understood.

However, our focus lies on the lipid-induced increase in B-structure of AB(1-40). The
results obtained for the 4 conditions (charged lipid (DOTAP vs. POPG), pH (7.2 vs.
8.0) are summarized in figure 14. The highest increase in B-structure was observed
for anionic lipid vesicles at pH 7.2. The membrane-induced increase in B-structure of
AP(1-40) has its molecular origin in the combined effects of electrostatic attraction,
the increase in peptide concentration at the membrane surface and aggregation (38).
Lipid vesicles containing either positively or negatively charged lipids have a surface

membrane potential ¥, which attracts oppositely charged residues of AB(1-40) to the
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membrane surface, leading to an increase in peptide concentration at the membrane

surface. The peptide concentration at the membrane surface, ¢, , can be calculated

using the Boltzmann equation (see equation 3) with the knowledge of the membrane

surface potential, ¥, and the charge of the peptide, z,. By using equation 4 and 5,

the surface potential can be estimated at low ionic strength as +150mV for the two

lipid systems. Calculations of the net charge revealed that AB(1-40) is negative at pH

7.2 (-2.8) and pH 8.0 (-3.6) as displayed in figure 1. Therefore, it seems even

surprising that AB(1-40) can bind to anionic lipid membranes at the two pH.
However, it can be postulated that the net charge is not solely decisive, but that the
electrostatic interactions are mediated by a basic cluster of amino acids (His;3-His;s-
Lysis) of AB(1-40). Further, the pH at the surface of charged lipid vesicles is changed

compared to the bulk value (by 2.5 Unit for  =£150mV"), due to the attraction of

protons or hydroxyl ions in its vicinity. For anionic lipid vesicles at a bulk pH of 7.2,
the surface pH is therefore lowered to 4.7 and leads to a positive net charge of AB(1-
40) in the membrane vicinity. However, the surface pH of cationic lipid vesicles is
increased to a value of 9.7, which leads to an even more negative net charge of AB(1-
40). We can therefore conclude that the electrostatic attraction and, in turn, the
peptide concentration at the membrane surface, is at least equal, if not higher in case
of cationic lipid vesicles. However, the increased peptide concentration at the
membrane surface leads to peptide aggregation, as indicated by the spectral change to
B-structure. The aggregation of AP(1-40) is dependent on several factors, such as
peptide concentration (/4), pH (35, 36), temperature (39) and salt (40). With regard to
pH, an aggregation maximum was reported in the pH range of 4 to 7 (35, 36). As

discussed above, anionic lipid vesicles have under the given experimental conditions
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a surface pH of 4.7, which is in the reported aggregation maximum. This explains the
higher membrane-induced B-structure for anionic lipid vesicles in comparison to

cationic lipid vesicles.

Thermodynamic of the lipid-peptide interaction

Isothermal titration calorimetry (ITC) is a useful tool to study thermodynamics of
peptide-lipid interactions, such as the binding of AB(1-40) to cationic lipid vesicles.
Calorimetric measurements conducted in Tris-HCI buffer directly revealed the molar
bindings enthalpy of AH®=-2.5kcal/mol and the bindings isotherm, which was

analyzed with a surface partition model, yielding a surface partition constant of

K,=0.11M"" and an effective peptide charge of z, =—2.8. Analogous calorimetric

experiments were previously conducted for anionic lipid vesicles at 28 °C, revealing a

molar binding enthalpy of AH®=-7.3kcal/mol (10 mM Tris-HCl (pH 7.4)), a
surface partition constant of K, =0.28 M ' and an effective peptide charge of z,=2

(the latter two parameters determined for Mops (pH 7.4)) (/4). Although the
thermodynamic binding parameters are often temperature-dependent, the slight
temperature difference (25 to 28 °C) between the two data sources can be neglected.
The large difference between the molar binding enthalpies can be mainly explained
by the lower membrane-induced increase in B-structure of AB(1-40) upon binding to
cationic lipid vesicles. Studies with double d-isomers of AP(1-40) revealed the
thermodynamics of the B-structure formation of AP(1-40). Membrane-induced f-

structure formation has an enthalpy of AH, =-1.0kcal /mol perresidue , which

constitutes the major contribution to the molar binding enthalpy (chapter 2).

However, the two surface partition constants are in a similar range, which can be
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expected, as K, denotes for the transfer of the peptide from the plane of binding
(peptide concentration c,, ) into the lipid bilayer surface. Moreover, the two peptide

charges are in the expected range.

The binding of AB(1-40) to cationic lipid membrane is likely to be associated with the
release or absorption of protons, as it was previously observed for the binding to
anionic membranes (/4). Protonation (or deprotonation) reactions can be directly
measured with isothermal titration calorimetry by studying the binding reactions in
buffers with different dissociation enthalpies (47/). In addition to Tris-HCI

(AH,,, =11.51kcal / mol) , the binding of AP(1-40) to cationic lipid vesicles were

also studied in Mops (AH,, =5.29kcal /| mol) and in Hepes

(AH ,,,, =5.02kcal | mol) (42). As illustrated in corresponding figures 10, 11 and 12,
the use of different buffers had a tremendous effect on the calorimetric experiments.
Unfortunately, the use of Mops and Hepes also affected the lipid-into-buffer
titrations, which were designed as a control experiment. For this type of experiments,
the heats of reaction are normally in the range of *=2ucal (as for Tris-HCI).
However, for both Hepes and Mops, heats of reaction of +7 ucal were measured. A
possible explanation for these unusual findings comes from specific interactions of
buffer molecules to the headgroup of DOTAP. Since the molar binding enthalpy
could not be derived from the calorimetric measurements in Hepes and Mops, the
uptake/release of protons associated with the AP(1-40) binding reaction to cationic

membrane could not be determined.

Furthermore, dynamic light scattering (DLS) was applied to study the effect of AB(1-

40) on the size and the {-potential of cationic lipid vesicles. As illustrated in figure
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14, DLS measurements demonstrates that the binding of AB(1-40) to cationic lipid
vesicles leads to vesicle aggregation, as previously observed for anionic lipid vesicles

(43).
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Captions to figures
Figure 1. The net charge of AB(1-40) dependent on the pH of the buffer solution. As
described in the material and method section, net charge was calculated using the

Henderson-Hasselbach equation with the corresponding pKa-values.

Figure 2. Effect of pH on the conformation of the freshly dissolved AB(1-40). (A)
Circular dichroism (CD) spectra of AP(1-40) dissolved in 5 mM phosphate buffer
with varying pH values from 6.4 to 7.2 (in 0.2 steps). From bottom to the top at 198
nm: pH 7.2, 7.0, 6.8, 6.6 and 6.4. The spectra were recorded at a peptide
concentration of 15 uM at 25 °C. (B) CD spectra of freshly dissolved AB(1-40) with
varying pH values from 7.2 to 8.0. (C) Content of secondary structure versus the pH

of the buffer solution: (m) B-structure, (®) random coil and ( A) a-helix.

Figure 3. Effect of NaCl on the conformation of freshly dissolved and 24 hr
equilibrated AB(1-40) at pH 7.0. (A) CD spectra of AB(1-40) freshly dissolved in 10
mM sodium phosphate buffer containing various concentration of NaCl. Spectra from
bottom to the top at 198 nm: 0 mM, 15 mM, 5 mM, 25 mM, 10 mM, 20 mM and 100
mM NaCl. The spectra were recorded immediately after dissolving the peptide and at
a peptide concentration of 15 uM at 25 °C. (B) CD spectra of the corresponding

AP(1-40) solutions (see (A)) equilibrated for 24 hr.
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Figure 4. (A) CD spectra of AB(1-40) freshly dissolved in 10 mM sodium phosphate
buffer (pH 8.0) containing various concentration of NaCl. Spectra from bottom to the
top at 198 nm: 0 mM, 10 mM, 5 mM, 20 mM, 25 mM and 100 mM NaCl. The
spectra were recorded immediately after dissolving the peptide and at a peptide
concentration of 15 uM at 25 °C. (B) CD spectra of the corresponding AP(1-40)

solutions (see (A)) equilibrated for 24 hr.

Figure 5. Concentration-induced conformational change of AB(1-40) monitored by
CD spectroscopy at pH 7.2 () and 8.0 (m) in 5 mM sodium phosphate . Spectra were

recorded at varying peptide concentrations of 19 to 153 uM at 25 °C.

Figure 6. Conformational change of AB(1-40) upon binding to SUVs composed of
DOTAP/POPC (25/75 mol%) monitored by CD spectroscopy. Spectra were recorded
in 10 mM sodium phosphate (pH 7.2) at 25 °C. Lipid-to-peptide molar ratios of the
spectra varied between 0 and 200. (A) black, L/P=0; magenta, L/P=7; blue, L/P=13
and red, L/P=27. (B) black, L/P=40; red, L/P=53; blue, L/P=67; magenta, L/P=100
and olive, L/P=200. (C) Fraction of secondary structure was plotted vs. the

corresponding lipid-to-peptide ratio: (m) B-structure, (@) random coil and (A ) a-helix.

Figure 7. Structural transition of AB(1-40) upon binding to positively charge SUVs
DOTAP/POPC (25/75 mol%) as measured by CD spectroscopy. All Spectra were

recorded in 10 mM sodium phosphate (pH 8.0) at 25 °C. Lipid-to-peptide molar ratios
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of the spectra varied between 0 and 348. (A) black, L/P=0; red, L/P=6 and blue,
L/P=14. (B) black, L/P=29; red, L/P=44; blue, L/P=116; magenta, L/P=174 and olive,
L/P=348. (C) Fraction of secondary structure was plotted vs. the corresponding lipid-

to-peptide ratio: (m) B-structure, (®) random coil and (A ) a-helix.

Figure 8. Conformational change of AP(1-40) upon binding to negatively charged
SUVs composed of POPG/POPC (25/75 mol%) as measured by CD spectroscopy.
Spectra were recorded in 10 mM sodium phosphate (pH 7.2) at 25 °C. Lipid-to-
peptide molar ratios varied between 0 and 533. (A) black, L/P=0; red, L/P=22; blue,
L/P=44; navy, L/P=89; magenta, L/P=178; olive, L/P=266 and violet, L/P=533. (B)
Plot of fraction of secondary structure vs. the corresponding lipid-to-peptide ratio: (m)

B-structure, (@) random coil and ( A) a-helix.

Figure 9. Structural change of AB(1-40) upon binding to anionic SUVs composed of
POPC/POPC (25/75 mol%) as measured by CD spectroscopy at pH 8.0. Spectra were
recorded in 10 mM sodium phosphate at 25 °C. Lipid-to-peptide molar ratios of the
spectra are in the range of 0 to 533. (A) black, L/P=0; red, L/P=9 ; blue, L/P=13 and
magenta, L/P=44. (B) magenta, L/P=44; black, L/P=89; red, L/P=178; blue,
L/P=267and olive, L/P=533. (C) Fraction of secondary structure was plotted versus
the corresponding lipid-to-peptide molar ratio: (m) B-structure, (®) random coil and

(A) a-helix.
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Figure 10. The binding of AB(1-40) to cationic SUVs in 20mM Tris-HCI (pH 7.2) as
observed by isothermal titration calorimetry. (A) Experimental heat flow as obtained
by the injection of cationic SUVs (DOTAP/POPC (25/75 mol%)) into a 15 uM AB(1-

40) solution at 25 °C. (B) Heats of reaction /4, were plotted vs. the injection number
n, . (C) Heat flow obtained by the injection of cationic SUVs into pure buffer at 25
°C. (D) Binding isotherm derived from the calorimetric experiment displayed in (A).

The solid line corresponds to the best fit of the surface partition model with a

Ky=0.11M" and z,=-2.9.

Figure 11. ITC experiment of the AP(1-40) binding reaction to cationic SUVs in 20
mM Mops (pH 7.2). (A) Calorimetric trace obtained by the injection of cationic
SUVs (DOTAP/POPC (25/75 mol%)) into a 15 uM A(1-40) solution at 25 °C. (B)
Heat flow obtained by the injection of cationic SUVs into pure buffer at 25 °C. (C)

Heats of reaction 4, of (A) and (B) were plotted vs. the injection number #, .

Figure 12. ITC experiment of the AB(1-40) binding to cationic SUVs in 20 mM
Hepes (pH 7.2). (A) Experimental heat flow obtained by the injection of cationic
SUVs (DOTAP/POPC (25/75 mol%)) into a 15 uM AP(1-40) solution at 25 °C. (B)
Heat flow obtained by the injection of cationic SUVs into pure buffer at 25 °C. (C)

Heats of reaction 4, were plotted vs. the injection number 7, .
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Figure 13. Effect of AB(1-40) on the size and {-potential of SUVs composed of
DOTAP/POPC (25/75 mol%) measured by dynamic light scattering (DLS). The total
lipid concentration was 20 uM, and the peptide concentration was increased from 0 to
14.8 uM. Both AB(1-40) and the lipid vesicles were dissolved in 10 mM phosphate
(pH 7.2). All measurements were conducted at 25 °C. (A) Vesicle size was plotted vs.
the concentration of AB(1-40). (B) (-potential of vesicles dependent on the peptide

concentration.

Figure 14. Dependence of the membrane-induced B-structure formation of AB(1-40)
on the charge of lipid vesicles and pH of buffer solution. Data were taken from figure
7, 8,9 and 10. The corresponding fraction of B-structure was plotted vs. the lipid-to-
peptide ratios: (m) DOTAP, pH 7.2, (e) DOTAP, pH 8.0, (A) POPG, pH 7.2 and (V)

POPG, pH 8.0
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5. Summary

The aim of the thesis is a better understanding of the thermodynamics and structural
aspects of the interaction of AP(1-40) with lipid membranes and glycosaminoglycans
(GAGs). We investigate the thermodynamic driving forces of the random-coil-to-p3-
structure transition of AP(1-40) in a membrane environment. In contrast to previous
reports, we use anionic lipid vesicles coated with the polymer poly(ethylenglycol)
(PEG), which prevents vesicle aggregation. Circular dichroism (CD) spectroscopy
demonstrate that PEGylated vesicles induce a random-coil-to-pB-structure transition
with a defined conformational endpoint in AB(1-40) and four double d-isomers. The
additional transition to a-helix of AB(1-40), reported in earlier studies for high lipid-
to-peptide molar ratios of non-PEGylated anionic vesicles, was diminished. Hence,
the defined conformational endpoint allows for the quantification of the membrane-
induced B-structure, which is dependent on the location of the double-d substitution in
the peptide sequence. Isothermal titration calorimetry (ITC) reveals the
thermodynamic binding parameters for the studied peptides. The thermodynamic
parameters of the B-structure formation are deduced by correlating the structural data
with the thermodynamic binding parameters. In addition, we study the effect of pH on

the thermodynamic binding parameters of AB(1-40).

In order to elucidate the role of GAGs in the AP(1-40) fibrillization process, we
investigate the interaction of AP(1-40) with heparin. First, CD measurements
demonstrate the effect of physico-chemical parameters, including pH, ionic strength
and temperature, on the conformational state of AB(1-40). These measurements lead

to experimental conditions, in which the interaction of monomeric AB(1-40) with
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heparin can be studied. The monomeric state of AB(1-40) is a prerequisite for a full
thermodynamic characterization of the interaction by ITC. Under the given
conditions, ITC experiments demonstrate that AP(1-40) interacts with high affinity
with heparin. CD spectroscopy reveals a structural transition of AP(1-40) from
random-coil to B-structure. By studying the double-d isomers of AP(1-40), we
identify a molecular pattern of the AP(1-40)-heparin interaction. We predict the
binding constant for the AP(1-40)-heparin interaction at physiological ionic strength
by using the oligolysine model. Finally, CD measurements reveal that GAGs do not

induce a structural transition of AB(1-40) at physiological pH.

In the last part of the thesis, the interaction of AB(1-40) to cationic lipid vesicles is
studied. CD spectroscopy measurements demonstrat that AB(1-40) undergoes two
sequential structural transitions upon the binding to cationic membranes. First, a
random-coil to B-structure transition is observed, followed by a transition to an a-
helix at high lipid-to-peptide molar ratios. Compared to anionic lipid vesicles, the
membrane-induced [-structure of AP(1-40) is less pronounced for -cationic
membranes, mainly due to the higher pH value at the membrane surface. The
thermodynamics of the AP(1-40) membrane binding is studied with ITC for three
buffer conditions, namely Tris-HCl, Mops and Hepes. Dynamic light scattering
measurements show that the binding of AB(1-40) induces the formation of large

aggregates.
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