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1. Introduction

1.1 History of the perception of dementia

1.1.1 Ancient times

The awareness of mental decay as we age is nearly as old as our culture. The great Greek
physician of the 7" century B.C. Pythagoras divided the human life into five stages. The last
two stages were designated to the “old age” (> 63 years), mainly characterized by a decline of
physical and psychological abilities!. There is evidence that these changes were frequently
observed, because it was taken seriously by the lawmaker of that time. E.g. the Greek judge
Solon took age into account while revising the laws associated with drafting wills>>.

It is unclear what Hippocrates was thinking when describing age related diseases. According
to one source!, Hippocrates included the term “paranoia” into his classification of mental
diseases, which were described as deterioration of mental abilities as a person grew older'. On
the other hand, another source claimed, that “although incompetent behavior was recognized
in the elderly, Hippocrates did not include it among his mental disorders”. Indicating that
mental deterioration with age was observed as a normal, unlucky but inevitable process.
Comments of Plato and Aristotle reveal similar beliefs'. Aristotle presented the view that old
people are useless for high administrative posts. Interestingly, in his notes, he never mentions
the possibility of exceptions. So it is likely that he also shared the belief that mental decay is
an inevitable process connected to aging’.

In contrast, the Roman philosopher Cicero wrote that “senile debility”” was not a characteristic
of all men, but only of those who are weak!. He suggested an active mental life would prevent
or at least postpone mental decline®. However, Aristotle’s medical influence for centuries
vanquished any opposing thought and so the philosophy of Cicero did not take root.

On the other side, if comparing these thoughts with medical compilations of that time “De Re
Medica; 30 A.D.”, it is noticeable, that mental decline as a person ages is not mentioned that
often®. The first author to include age-related mental decay “morosis” in his encyclopedia was
the Roman physician Galen (150-200 A.D.)°. Interestingly, his texts suggested that old age
was a disease state®: “old age is not natural in the same way that feeding and growing are; the
latter two can be considered as natural processes, while the former is not, being instead an

inevitable infection of the body™.



1.1.1 Medieval times

As the power of the church increased after the fall of the Roman Empire, ancient dogmas
were taken as unquestionable and theological doctrines prohibited scientific progress by
learning through observation and research®. Commentaries of mental decline faded after
Galen till the 16" century. Roger Bacon gave one of the few references about senile dementia
from that time and was later nearly convicted to be a heretic for his work in science’.
Remarkably, in his work “Methods of Preventing the Appearance of Senility” he describes,
that oblivion and memory are localized to specific parts of the brain. His work was based

mainly on theories of Arabian Galenists>.

-
Figure I1: Woodcut located in the Wellcome Institute Library, London. With the rising power of
the catholic church after the fall of the roman empire the progress in science diminished. People started
to believe that sickness is a punishment of god for sins. Every person with mental problems or other
diseases may be a potential sinner.

1.1.2 To the 19" century

The concept of dementia underwent gradual refinement till the 19™ century and the awareness
of dementia was not restricted to the medical society and even mentioned in literacy
descriptions. For example, Shakespeare made numerous descriptions of dementia or senile

diseases through his characters in his plays®.



In the 16" century, the interest in mental sicknesses grew in the medical community.
Barrough published in 1583 a textbook about cognitive disorders, which was based on
Galen’s classification’. However, there was still little known about the reasons of the diseases
and no base for diagnoses. Although Barrough indicates abnormalities in the brain as a source
of certain mental diseases, these changes were mainly seen as body fluid imbalances. This
concept indicates the Hippocratic roots.

In the 17" century distinct types of dementia became better characterized behaviorally. When
dissection of the human body became more tolerated, there was an increasing trend in the
search of physiological changes in the brain. Thomas Willis published in “Practice of
Physick” a characterization of dementia which was based on clinical and anatomical
knowledge. He attributed e.g. “Stupidity or morosis or foolishness ... signifies a defect of the
intellect and judgment, yet it is not improperly reckoned among the Diseases of the head or
brain” as caused by: 1) congenital factors, 2) age, 3) head injury, 4) alcohol or drug abuse, 5)
disease and 6) prolonged epilepsy. Other anatomists tried to find correlates of mental diseases
in the brain. Torack wrote that a majority of mental diseases do not show an evident
anatomical correlate®.

Towards the 18" century, people began to feel a need to replace the theories of Aristotle and
Hippocrates by modern concepts that were based on disturbed nervous function. William
Cullen proceeded to reclassify all diseases into four classes. One of those was entitled

“Neurosis” and it was the first time that senile dementia was classified as a medical entity!°.

1.1.3 The 19" century

The 19™ century was characterized by progress regarding all mental disorders and the way
society dealt with the beings suffering from one. It was widely accepted to treat people with
mental disorders like criminals. Phillippe Pinel, consulting physician of Napoleon, was
condemned for his book entitled “Treatise on Insanity” because of the way he believed
society failed to for the patient: “abandoned the patient to his melancholy fate, as an
untamable being, to be immured in solitary durance, loaded with chains, or otherwise treated
with extreme severity, until the natural close of a life so wretched shall rescue him from
misery”. In the end, he succeeded with his trial to establish that insanity is a disease and not a
crime*!!. As a consequence, institutions for more human care were funded. It was also Pinel
who introduced scientific principles based on objective observation into the clinical setting.
These reforms resulted in widespread clinical/pathological descriptions of mental disorders
and a detailed classification later by his student Esquirol. Esquirol also made specific

refinements of the categories of dementia'®. He distinguished between “dementia” and
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“amentia”. “Dementia” is the loss of mental faculties by disease, whereas patients with
“amentia” were never able to acquire knowledge'’.

Continuing the trend of anatomists to study brains that began at the end of the 17" century, in
1860 there was a general appreciation of the idea that a loss of brain weight accompanies
dementias!'?. It was Wilks, who provided a first description of the term atrophy as a loss of
substance in the brain. He observed that the sulci of the brain were greatly increased in
comparison to healthy individuals’. Many of these features have also been recognized in
individuals suffering from later stages of Syphilis (general paresis). One characteristic of that
disease state was a reduction in the diameter of blood vasculature due to swelling and
proliferation of endothelial cells. In addition to afflicting the peripheral vasculature, this
pathology was visible in the cerebrovasculature®. As a consequence, much attention was spent
on examining cerebrovascular changes as a hallmark of dementia. Degeneration of blood
vessels followed by a stroke was a common explanation for the observed substance loss in
senile brain atrophy and senile dementia, and both, Alois Alzheimer and Otto Binswanger
extensively described this arteriosclerotic brain atrophy in the 1890s>!3'°, The development
of histochemical techniques like the carmine stain allowed the reconsideration of the
pathological changes in dementia. Blocq and Marinesco described for the first time an
accumulation of an unidentified substance into plaques in the brain of an elderly epileptic
patient. Later the same was observed in patients with senile dementia!’. Following the
discovery of the Golgi by silver staining (1873), Bielschowsky was able to clearly visualize
cellular components for the first time and was able to identify thread-like structures within
neurons (he called them neurofibrils)!®. In 1907, Alois Alzheimer used this stain for
describing the pathology in the brain of a deceased woman that developed dementia at an
early of 51°. He was able to identify the mentioned thread-like structures inside the cells and
widespread plaque pathology between the cells. Together with other disease observations, like
the fast progression and the exceptionally early onset, Alzheimer was able to distinguish this
disease presentation from the majority of predominantly described dementias caused by
neurosyphilis. This is why Alzheimer decided to create an initial disease description as a
unique disease entity. In the next 5 years following this initial description, 11 similar cases of
pre-senile (before age 65) dementia were described with the same pathological properties,
namely plaques and neurofibrillary tangles. Endorsement of Alzheimer’s disease as a unique
type of dementia was mainly pushed by Emil Kraepelin, the foremost psychiatrist at the time.
Although it seems that Emil Kraepelin was not entirely sure about the status of Alzheimer’s
disease as a unique subtype of dementia, he included it into his “Textbook of Psychiatry”

published at 19103,



1.2 Recent progress in neurodegeneration

Today we know the field of neurodegenerative diseases is diverse. Nevertheless, all known
chronic neurodegenerative diseases show at some point a degenerative process that leads to
the decay of certain types of neurons, and neurodegeneration is often associated with immune
activation'®. The central nervous system is known to be an immune-privileged area; although,
innate and (to a lower degree) adaptive immune responses take place to prevent viral or
bacterial infections, stop tumor growth and remove necrotic cells, to prevent the tissue from
further damage.

Both, macrophages and microglia cells are able to clear debris as a result of brain injury by
phagocytosis to promote regeneration. If, for example, phagocytosis is impaired the
regeneration process is delayed. Interestingly changes in the immune response and activation
of microglia cells have been discovered in the majority of known neurodegenerative

disorders'®.

1.2.1 Chronic inflammation: Activation of the immune system

In most neurodegenerative diseases, proteins like AP, tau, alpha-synuclein, TDP-43 and other
aggregation prone proteins are found in an abnormal structural conformation, so called
amyloid like plaques. Often these proteins form fibrillar structures by interaction of B-sheets
and co-aggregate®®. Many studies with the aim to evaluate genetic factors influencing disease
progression, identified genes that are able to alter the likelihood of these proteins to form
amyloid like plaques.

Chorea Huntington is one of the most famous examples of malign protein aggregation. The
number of “CAG”-repeats in the gene for Huntingtin is directly related to the onset of the
disease and the likelihood of the Huntingtin-fragments to go into amyloid like aggregates. In
the case of AP, significant effort has been spent on trying to identify numerous isoforms that
are less aggregation prone®!. For tau, one identified certain mutations that can lead to the
development of fronto-temporal lobar degeneration (FTLD) and enhance the chance of tau to
aggregate to amyloid like structures. In some cases of FTLD, amyotrophic lateral sclerosis
(ALS) and certain types of muscle dystrophy, amyloid like aggregates containing TDP-43
have been observed. At least 29 missense-mutations have been identified which influence the
likelihood of TDP-43 to aggregate and alter cytotoxicity?>. For hereditary types of
Parkinson’s disease, mutations have been identified that alter the chance of alpha-synuclein to
form so called Lewy-bodies (LB)*.

There are hypotheses how aggregation prone proteins lead to cytotoxicity. If the aggregation

occurs intracellular: i) Loss of function?®, because of depletion of soluble protein into the

9



aggregates, ii) gain of function? because of delocalization into aggregates or post-processing
of the protein by co-factors (kinases, proteases) and iii) ER stress?. If protein aggregates
accumulate in the extracellular space, iv) an inflammation/immune response can be observed
because these proteins are now subjected to recognition by the immune system'.

Aggregated proteins can resemble pathogen associated molecular patterns (PAMPs) and
thymus independent type 2 (TI-2) antigens?’*. PAMPs can be proteins, polysaccharides or
nucleotides and can be recognized by pattern recognition receptors (PRRs), which are
evolutionary conserved and may initiate immune signaling. Ideally these receptors act against
pathogen associated contents, including bacterial polysaccharides, flagellum proteins,
peptidoglycans and virus-associated particles like double stranded RNA?. TI-2 antigens are
typically polymeric molecules that are activating B-cells directly to secrete IgMs*. Both
PAMPs and TI-2-associated antigen patterns are high molecular sizes, contain repetitive
epitopes and features can often be found in amyloid like aggregates®'.

In contrast to the innate immune system, the response of the adaptive immune system is
expected to be limited by two factors. Firstly the expression of the major histocompatibility
complex (MHC) is reduced in the CNS*2. MHC binds small peptides that are cleaved from
larger proteins, thereby making these peptides accessible for T-lymphocytes. The immune
system then responds when the presented peptide is identified as non-self. Secondly, the
concentration of T-lymphocytes is low in the CNS. Often a chronic inflammation can be
observed in patients suffering from proteinopathies. A hallmark of extracellular amyloid like
aggregates is their high resistance to degradation®!. Different studies on mice showed that Ap
aggregates remain stable, even if expression is terminated®*=>. Conversely, it was shown that
intra-cellular aggregates, e.g., polyglutamine disorders, can be reduced or entirely removed if
production is stopped or the proteasome activity enhanced’®*°. Nevertheless it appears that
both intracellular and extracellular protein aggregates are able to activate the innate immune
response according to the “danger theory of immune activation” *°, This theory postulates that
intracellular stress, such as protein aggregation or a virus infection generates a signal for the
immune system. The observation that inflammatory markers are often the earliest signs of
disease pathology in neurodegenerative diseases may be explained by such a signaling
mechanism. Finally intra- and extracellular protein aggregates acting as PAMPs will lead to a
chronic inflammatory condition®®. In Alzheimer’s disease, histopathological, biochemical and
molecular studies show that the brain is subject to chronic inflammation even in the earliest
disease stages. Activation of the innate immune system is reflected by gliosis, increased levels
of numerous inflammatory factors, including chemokines, cytokines and acute phase

reactants, in the absence of overt lymphocytic or mononuclear infiltrates.
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1.2.2 Influence of senescence in neurodegeneration

Replicative senescence was first described by Hayflick who defined the term “Hayflick-
Limit”. The Hayflick-Limit is the number of divisions a (eukaryotic) cell is able to perform
before apoptosis occurs because of the continued decrease in length of the chromosomes
telomeres. Typically senescent cell cultures show altered morphology and become
unresponsive to growth factors. Overcoming the Hayflick-Limit is a precondition for tumor
development, and the influence of the Hayflick-Limit on life expectancy has been a
controversial discussion point?*!,

Senescence of cells of the CNS, including neurons or glia cells, remains poorly understood.
For neurons, replicative senescence is considered to not play a major role, as neurons are
terminally differentiated and not expected to undergo senescence*’. However, there are
physiological changes (not just protein aggregates) in aging neurons, which potentially lead to
senescence-like conditions, e.g., 1) oxidative stress damages the mitochondrial genome and
leads to impaired oxidative metabolism, which is devastating for a cell type that is highly
dependent energy production via this route*’, and ii) mutations accumulate in the nucleus, but
especially in mitochondrial DNA*. These changes combined may decrease the
responsiveness of neurons to growth factors or disturb the receptor-transmitter balance,
because the expression of receptors is reduced (due to DNA damage) or the vesicle-dependent
transport of neuro-transmitters is impaired (mainly dependent on mitochondria). In such an

environment it is possible that other cell types change their behavior towards a disease state?’.

1.3 The limits of the immune system hypothesis

The immune system is involved in pathogenesis. However some aspects of AD-pathogenesis
can hardly be explained with this model alone. The tau symptomatic is such an example. As
explained, intracellular tangles have been found very early in the history of AD. However, the
reasons for their appearance and the connections with AP are not well understood. Moreover,
in addition to some of the causative genes, a number of risk alleles were found that increase
the risk to develop an AD-symptomatic. For most of these risk alleles a clear pathway is

unknown.

1.4 Genetic risk factors of Alzheimer’s disease

Several genes are known that either increase the risk or possess a full penetrance for
developing Alzheimer’s disease. There are two types of AD defined: early-onset AD (EOAD)
and late-onset AD (LOAD). Each type has a unique set of disease modifying gene variants.
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EOAD genes are primarily known for their property to induce AD, whereas LOAD genes

mainly increase the chance to develop AD*.

1.4.1 Early-onset Alzheimer’s disease:

EOAD begins before age 65 with an incidence rate between 6—7 %*. At least three gene
mutations cause EOAD: amyloid-beta (A4) precursor protein (APP), presinilin 1 (PSEN1)
and presinilin 2 (PSEN2). Most of these mutations are dominantly inherited, but not fully
penetrant. Fewer than 13 % of EOAD cases showed full penetration over multiple

generations®’.

Amyloid-beta (A4) precursor protein
APP is located within chromosome 21 and it was one of the first causal genes identified for
AD. However, the role of APP for cellular function is not fully defined. Currently, 25
pathogenic mutations in or adjacent to the AR domain have been identified**’*®. The Arctic
mutation seems to be dominantly inherited and fully penetrant. The average age of onset is
~57 years of age. This mutation lowers the total AB(1-40)- or AB(1-42)-levels and promotes
protofibril formation. The Swedish mutation is a double mutation before the Af domain and
increases the total AP production and changes intracellular AP localization. The London

mutation is localized after the AP domain and increases AB(1-42) production®.

Presinilin 1
PSENI1 is a component of the y-secretase and located on chromosome 14. Changes in the
function of y-secretase can alter the production of AP. Already 185 mutations have been
discovered that may induce AD. EOAD because of PSENI1 is completely penetrant, which

results in a high variation in disease onset. However the allele is dominantly inherited*>3,

Presinilin 2

Although the function of PSEN2 is not fully understood, it is thought to function in a similar
manner to PSEN1. PSEN2 is located at chromosome 1 and 12 pathogenic mutations have
been identified*s. However, in comparison to PSENI1 the onset is delayed (mean 53.7 vs. 45.5
years of age) and the survival time after diagnosis is longer (10.6 vs. 8.4 years)®.

1.4.2 Late onset Alzheimer’s disease:

For the sporadic type of Alzheimer’s disease, numerous risk factors have been identified, but
no causative gene has been found. The observation that for many alleles the role in AD

disease progression is unknown makes evaluations even harder.
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Apolipoprotein E
There are three APOE alleles: €2 (rs429358, population frequency: 6.4 %), €3 (wild-type,
population frequency: 78.3 %) and &4 (rs7412, population frequency: 14.5 %), which differ by
substitutions at position 112 or 158 of the processed protein®. Studies indicate the e4-allele is
the greatest known genetic risk factor for LOAD, whereas €2 seems to lower the risk. Despite
the fact that the e4-allele increases the risk to develop LOAD, it is non-causative and some
individuals that are homozygotes never develop AD. It is hypothesized that APOE may be
involved in AP(1-42)-clearance via proteolysis and astrocyte mediated degradation. The

amount of AB(1-42)-depositions appears to be correlated with the number of 4-alleles.

Clusterin
Clusterin also known as apolipoprotein J (CLU) and is located on chromosome 8 and is
suggested to be involved in AB(1-42)-clearance. Studies indicate that it increases the toxicity
of AP(1-42). Furthermore, individuals with AD have increased levels of clusterin and the
concentration of clusterin seems to be correlated with mental decline. A single allele

(rs11136000) is known to have a protective function by lowering AB(1-42)-levels*.

ATP-binding cassette, subfamily A (ABC1), member 7
ATP-binding cassette, subfamily A (ABC1), member 7 (ABCA7) is an ATP-binding cassette
transporter and functions to maintain lipid homeostasis. Interfering ABCA7 functions
decreases phagocytosis. Lipid dysfunction, changes in lipid homeostasis, and modifications of
neuronal membrane homeostasis can all cause numerous diseases, including AD. Based on
this theory, the allele variant rs3764560 of ABCA7 is known to increase the risk of the

development of AD, because of a disturbed lipid homeostasis and phagocytosis*®.

1.4.3 Endocytosis

Endocytosis is necessary for transport of molecules across cell membranes. APP is processed
within endosomes*°. The endosomal transport is regulated via clathrin-coated pits’'.
Consequently, inhibiting clathrin mediated transport lowers the AB(1-42) levels and several

other genes regulating endocytosis seem to effect AD*2,

Bridging integrator 1
Bridging integrator 1 (BIN1) is located on chromosome 2 and has multiple functions, these
include synaptic vesicle endocytosis, which decreases the formation of clathrin-coated
vesicles. Likely, allele variants which reduce the effect of BIN1 on synaptic vesicle

endocytosis would be protective in the case of AD, because the efficiency of APP-processing
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would be reduced. In contrast, allele variants that interfere with the role of BINT in inhibiting
clathrin-coated vesicle formation would increase the risk of AD, because AB(1-42) production

from APP will be enhanced®.

Phosphatidylinositol binding clathrin assembly protein
Phosphatidylinositol binding clathrin assembly protein (PICALM) is located on chromosome
11 and is responsible for binding the clathrin-assembly complex, protein trafficking and
synaptic endocytosis. PICALM has four isoforms and one (rs3851179) was identified to

increase the risk of the development of AD by decreasing clathrin-coated vesicle formation®.

Complement component (3b/4b) receptor 1
Complement component (3b/4b) receptor 1 (CR1) is located at chromosome 1 and has two
different isoforms. It is suggested, that CR1 is involved in AB-clearance and endocytosis. A

risk allele rs3818361 has been identified, but an exact role in pathogenesis is not known™®.

CD2-associated protein
CD2-associated protein (CD2AP) is located on chromosome 6 and regulates the function of
the actin-cytoskeleton and receptor mediated endocytosis. CD2AP may regulate APP

processing and lipid homeostasis, which are both crucial for AD pathogenesis*.

1.5 Hypothesis of Ap-induced cytotoxicity

Currently, many hypotheses about the cytotoxicity of AP or certain AP assembly states
(oligomers, protofibrils) and the various possible pathways involved exist. In many cases,
reviews reveal contradictions in the proposed models or the proposed hypotheses are not able
to explain the full AD-symptomatic, which results in a complicated AD model, inheriting a

large number of partial descriptions.
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Figure 12: Current hypothesis of the cytotoxicity of AP. The relationship between synaptic
dysfunction, tau hyperphosphorylation and cell death is not resolved. Often the mechanisms, which
lead to certain observations, are not resolved or contradicting with other observations.

1.5.1 Microtubule-associated protein tau

Tau (MAPT) is a microtubule-associated protein (MAP) and highly expressed in neuronal
cells to stabilize microtubules by interacting with tubulin. In other cells the expression is
lower (e.g., astrocytes or oligodendrocytes). This stabilization is critical for neurons, because
they build long cell extensions (axons) and use microtubule associated transport mechanisms
for vesicle transport (containing neurotransmitters). On the other hand, tau competes with the
motor protein kinesin and reduces transport capacity.

In humans there are six different tau splice products, differing in the number of tubulin
binding domains. In case of t3L, t3S, or 13 there are three binding domains and four in the
case of t4L, t4S and t4. All tau isoforms seem to become prone for self-aggregation into
filaments after hyperphosphorylation. Hyperphosphorylation seems to be a response to
oxidative stress®®, such as lipid peroxidation after treatment with, e.g. 4-hydroxy-2-nonenal.
Specific mutations in MAPT are linked to inherited cases of frontotemporal dementia with

parkinsonism-17 (FTDP-17) and Pick’s disease.
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1.5.2 AP induced tau hyperphosphorylation

Some studies indicate tau phosphorylation can be induced by AB>*. Unfortunately, there is a
paucity of information to enable the construction of a detailed pathway of the AP-triggered
tau hyperphosphorylation. Phosphorylation is an abundant process in cells. The overwhelming
majority of kinases are promiscuous (see “phosphonetworks.org”).

The most popular example describing AB-dependent tau-phosphorylation would be Glycogen
Synthase Kinase-3 (GSK-3), which has more than 100 known substrates™. Additionally,
phosphorylation can be triggered by a multitude of factors, such as: oxidative stress

5657 nutrition triggered autophagy’®, cell cycle control®, radiation response®, cell

response
proliferation and apoptosis®. In addition to these, the activation (direct, indirect) of these
kinases by AP remains an enigma. In addition to GSK-3, there are > 24 other kinases involved
in tau phosphorylation. These kinases are divided into the families CMGC, CAMK,

CK1/CK2 and AGC®.

1.5.3 Caspase-3 and GSK-3 triggered tau hyperphosphorylation

Caspase-3 plays a critical role in the execution of apoptosis in mammalian cells. Caspases are
initially inactive (procaspase) and can be activated by cleavage of other caspases. This
mechanism, once triggered, results in an activation-cascade ‘“‘caspases cascade”, which is
irreversible. Caspase-3 seems to be crucial for apoptotic chromatin condensation and DNA
fragmentation®.

In rats and mice, activation of caspase-3 by AB-oligomers® with resulting cleavage of Aktl
and activation of GSK-3, has been reported. GSK-3 was found to phosphorylate tau®®. On the
other hand, the role of GSK-3 in many other processes, including apoptosis, is not well
understood®. Activation of GSK-3 together with caspases-3 activation is expected to make
the cell more susceptible to intrinsic-triggered apoptosis, thus leading to cell death before
intra-cellular tau-aggregates can form. Conclusively, at least one process must delay or stop
apoptosis. This is why hyperphosphorylated tau has been suggested to antagonize
apoptosis®’®8, However, there are contradictory reports from groups suggesting an opposite
effect®’!. Further studies related to caspase-3-activation by the AB-fragment-(25-35) are also
contradictory. One study claims that caspase-3 is activated when cells are exposed to AP(25-
35) for 48 h. However, this effect seems to be transient because after 72-96 h the caspase-3
levels recover to the level of the controls’>. Another study tried a similar approach, but used

LDH to quantify apoptosis’. Unfortunately, LDH is not selective for apoptosis.
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1.5.4 NMDAR endocytosis

NMDA receptors are critical for synaptic plasticity in neurons. Studies indicate’, that
APB(1-42) promotes endocytosis of NMDA receptors in cortical neurons. Reducing Af by
treating neurons with a gamma-secretase inhibitor restored surface expression of NMDA
receptors. The supplied model, involves the need of an alpha-7 nicotinic receptor to promote
endocytosis. However, other studies indicate that a loss of alpha-7 nicotinic receptor promotes

cognitive decline, which seems to contradict with the proposed model”.

1.5.5 mGIluRS activation

mGluRS5 activation seems to counter-act apoptosis’®. Thus, activation of mGIuR5 can enhance
cell survival caused by treatment with toxic AP species. Other studies indicate that AB-
oligomers are able to bind and over-activate mGIuRS5 receptors’’. Here, the opposite: over-
activation of the receptor should yield a mechanistic explanation of synaptic failure and AD-
symptomatic. Unfortunately, if AD could be explained by an increase in receptor binding then
treatment with mGluRS receptor antagonists should reduce AD symptomatic. The fragile X-
syndrome is also suspected to be caused by overly activated mGIuRS receptors. In a mice
model, receptor antagonists reversed the symptoms’®. Unfortunately, no studies involving

treatment of AD with mGIluRS5 receptor antagonists have been reported.

1.5.6 Pyroglutamylated A (pE3-Ap)

Some studies examining pE3-AB are based on Glabe et al.””. An evaluation of the AP-
preparation protocol suggests that the toxic effects may be a combination of AP and HFIP,
and thus pathogenicity arises from the method rather than a true cytotoxicity. A publication
working without HFIP found no difference in toxicity®®. One statistical analysis found that
AP(1-42) correlates stronger with cognitive impairment®!. Experiments in mice found that
pE3-APB(3-42) is able to induce neurodegeneration®” and that electrical activity of pyramidal
cells decreases®>. Moreover, the treatment with a cyclase inhibitor reduced the decline
pyramidal cell activity, which seems convenient with another study, which was evaluating the
expression of glutaminyl cyclase in the human cortex®*. The expression of glutaminyl cyclase
correlated with the concentration of insoluble pE3-AB®. In this study the correlation of the

elevation pE3-Ap with cognitive decline was stronger in comparison with unmodified AB®*.

1.5.7 Interaction of AP with PrP

A study found that PrP may mediate binding to AP, thereby leading to impairment of synaptic
plasticity®®. The conclusion of this hypothesis is that a PrP-knockout or blocking of PrP by
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IgGs should yield milder AD-symptoms. Unfortunately, this could not be replicated. Cell
cultures of hippocampal cells and cognition tests on mice showed no difference when treated
with AB-oligomers®®. To obtain a final proof, expression of the arctic mutant of AB in PrP-
knockout strains seems necessary. Other studies indicate high specificity of PrP for
oligomeric AP®’. However, this dataset is problematic because of the following reasons: i) no
positive control with an PrP-binding IgG for validating correct immobilization, ii) AP was
used as the analyte, but concentration determination of high molecular assembly states was
unknown and moreover, the solubility of the assembly states used was also unknown, iii) no

other methods like co-(immuno-) precipitation were applied for comparison.

1.5.8 AP causes oxidative stress by disturbing membrane function
There are theories that AP may disturb the mitochondrial membrane potential®® and form

membrane-pores®*%,

Similar was reported for pE3-Af, which seems to increase the
permeability of an artificial plasma membrane for certain ions and small molecules®.
Disturbing the cell or mitochondrial membrane homeostasis causes oxidative stress®®. This
observation is congruent with many genetic risk factors for LOAD, which highlights the
importance of membrane homeostasis. Furthermore, oxidative stress is a common hallmark
for many other chronic neurodegenerative diseases like Chorea Huntington and Parkinson.
Additionally, this theory connects tau hyperphosphorylation with AD-pathogenesis in a
straightforward way>®. The mitochondrial genome accumulates damage over time®2. This
increases the chance of mitochondrial failure, which usually leads to oxidative stress due to
ROS production. This effect can be synergistic with other stressors and may explain why the
on-set age of many neurodegenerative diseases grows sigmoidal with age. The biggest
problem of this theory is that the evidence of pore formation is negligible®”. Immunogold
labeling would be an option for TEM to prove that pores consisting of AP exist. Although no

pathway exists, an extension of this theory may be that AP promotes pore formation indirectly

by interaction with other proteins.

1.5.9 Consequences

The smallest known common denominator of all these theories is the evidence that AP acts in
different ways cytotoxic or initiates pathways that lead to cytotoxicity. Because of this simple
fact, it seems feasible to find and characterize agents that can interfere with the mechanism of
AP induced cytotoxicity. A current target of research is oligomer and protofibril formation.
Even if the mechanism is not known, the pure existence of these cytotoxic AB-species seems

to have an effect and may cause harm.
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To characterize binding affinities to such assembly states, techniques like biolayer
interferometry (BLI) and surface plasmon resonance (SPR) Spectroscopy have been applied

to characterize the interaction of possible peptide based drug candidates.

1.6 Peptide drugs for Alzheimer therapy

The gap from peptides to proteins is fluent. Like proteins, peptides fulfill versatile tasks. In
fungi they may act as antibiotics. In higher organisms, peptides can function as signal
molecules like neurotransmitters or hormones. Well-known examples with medical and
economic impact are the peptide hormones insulin and glucagon. The market of peptide based

drugs for treating diabetes, cancer, cardiovascular diseases, inflammation is growing®>.

1.6.1 Advantages of peptides as drugs

Although traditional small molecules are easy to produce and can show high metabolic
stability, they frequently lack specificity, which causes side-effects. In contrast, peptides can
possess a high substrate specificity and affinity, and thus reduce the drug dose. Unlike small
molecules, degradation of peptides via the proteasome leads to non-toxic products. In contrast
to proteins, peptides are significantly smaller and can be synthesized chemically, which
makes the production task scalable and economical. This may be a reason why the market for
peptide drugs is growing. Many peptides have in comparison to proteins a higher chance to

pass plasma membranes. This makes them appropriate for application in neurodegeneration.

1.6.2 Disadvantages of peptides as drugs

A drawback of peptide drugs is their relatively low bioavailability because of degradation by
enzymes in the intestines, blood or cell plasma. Depending on their size, peptides possess
relatively low half-life times in the organism because of the clearance by kidneys or liver.
Because of this, clearance times in the range of minutes have been reported, which must be
considered in peptide design and application. Furthermore, in direct comparison to small

molecules, the production costs are still high.

1.6.3 General optimization of peptide based drug candidates
Many approaches have been developed in industry and nature to modify the properties of the
peptide and the bioavailability. In summary, there are three major paths: i) addition or
removal of functional groups at the level of the amino acids, ii) usage of non-canonical amino
acids or D-enantiomeric amino acids, and iii) the cyclisation of the peptide.
Regarding point 1), functional groups can change hydrophobicity, substrate specificity and the

affinity. Moreover, functional groups can be used to remove net charges, and thus to enhance
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the ability to pass membranes®*. A common approach is to replace the free carboxylic group
by an ester. To enhance the resistance to carboxypeptidases, oxazolidinone can be used to
mask the C-terminus from the enzyme. Sometimes the ability to pass membranes has to be
optimized. A solution to this potential problem is the use of the triglyceride system. In the
case of the opioid peptide deltorphin, the local concentration on the membrane was greatly
enhanced. Other approaches exploit the possibility that certain peptidases process a prodrug in
a way that the result is the biological active compound®*.

Although their conformation is mirrored, D-peptides or D-proteins have the same structure
and properties as their L-counterparts. Usage of D-enantiomeric amino acids ii) is a very
effective way to enhance the resistance of D-peptides to degradation, because most enzymes
have substrate specificity for L-peptides or L-proteins. This allows oral application of D-
peptides. Furthermore D-peptides cause a lower immunogenic response®. Currently there are
two design approaches for D-peptides. If there is a known L-peptide binder, it is possible to
inverse its sequence (L-peptide: N-Asp-Gly-Thr-C to D-peptide: N-Thr-Gly-Asp-C). The

result is a D-peptide with a similar primary structure, but inversed N-/C-termini (see Fig. 13).

(1) L(Asp-Val-Ser) (2) D(Ser-Val-Asp)

(3) D(Asp-Val-Ser) (4) L(Ser-Val-Asp)

Figure I3: L-peptide and its analogues. L-peptide (1), D-enantiomer (3) with the same sequence,
retro-inverso peptide (2) with inverted sequence and D-amino acids, and the retro L-peptide (4) with
inverted sequence and L-amino acids. Source: Gainza *°
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If the task is to find a yet unknown D-peptide for an epitope, then the use of mirror-image
phage display represents a suitable approach to identify a peptide®’. Here, a selection of
phages is presented to a D- enantiomeric version of the epitope. Phages that are able to bind
the epitope are selected and used for further iteration steps of this procedure. The result is an
enrichment of L-peptide sequences that can bind the epitope efficiently. These sequences can
directly be used for the production of D-peptides, which is able to bind the L-epitope.

In nature there is a wide spectrum of cyclic peptides, even in combination with D-amino
acids. The spectrum includes peptides acting as antibiotic to peptides functioning as
hormones, such as oxytocin. Cyclisation iii) of peptides can enhance resistance to digestion.
Furthermore, cyclisation reduces the amount of possible conformations and thus enhances
rigidity®®®. This is why a reduction of the entropic penalty has been reported for some

peptide binders”®.

2. Aim of this work

The possibilities of peptides are nearly unlimited and offer potential for treatment of AD. For
characterization of D-peptides, sensitivity is essential, because peptide based drugs possess a
typically a low molecular weight. SPR spectroscopy is the method of choice to estimate
binding affinities, because it possesses unmatched sensitivity for small agents and allows real-
time recordings of label-free kinetic interactions. For characterization of the interaction of
D-peptides with different Ap assembly states such as AB monomers, oligomers and fibrils, a
SPR-based assay has to be implemented. For this, the preparation, purification and
immobilization of AB monomers, oligomers and fibrils must be evaluated on a simple (e.g.
monovalent analyte) model system. The implemented assay will be applied for the estimation
and comparison of the binding kinetics of certain D-peptides. Additionally, the results may be
used to find a mechanistic explanation of the interaction of the evaluated D-peptides with Af.
This may assists peptide design and optimization in down-stream optimization steps. Possible
access points for D-peptide optimization, which will be evaluated and discussed in this work,
are: sequence alterations, multiplication of binding sites with the aim to design tandem
peptides, structural changes such as peptide cyclisation, and possibilities to enhance the half-
life time of drugs in the organism. All these points may enhance the performance of the

potential drug candidate for AD therapy.
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3. Theory

3.1 One to one interaction kinetics

The interaction kinetics describes the interaction of at least two interactants and can be
separated into three phases: 1) association, ii) steady state and iii) dissociation. In 1) two or
more components bind each other, in ii) the amount of molecules binding is equal to the
amount of molecules dissociating. Finally, iii) is determined by the breaking of the

interactions. Each of the phases contains information about the kinetics.

3.1.1 Interaction kinetics

Binding between a ligand L and an Analyte A occurs when analyte and ligand come in
contact by diffusion and when both have correct orientation and energy. Afterwards the
complex LA might dissociate again. The velocity of the forward (ka) and backward reaction
(ka) shifts the equilibrium. This formula describes the reaction:

ka

[A] + [L] 2 [LA]
kq

The association rate, as the number of binding events per unit of time, can be described by the

following term:

After association and some time, the interactions may be disrupted. The rate, as the number of

dissociation events per unit of time, can be described by:

ky = [L][A]

11. = [L4]

Taken together, the reaction of analyte and ligand is an equilibrium reaction of association

and dissociation and can be described by:

iii. ko[L1[A] = kq[LA]
Conclusively, the net rate of the created complex A[LA] per time unit Az is determined as the
sum of complex production and complex dissociation.

d[La] _

1v.
dt

kqo[L1[A] = kq[LA]
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So the equilibrium constants can be defined as:

_ ke _ [AL]
v A7 kg TAIL]
. _ka _ [AIIL]
vi. Kp = e —[LA]

3.1.2 Application of interaction kinetics for optical biosensors

The device can measure the concentration of complex [LA] formed on the surface as response
“R” in “RU” or other units like “nm” in the case of BLI. The unit is irrelevant as long as the
dependency to the concentration is linear. The concentration of the analyte is ideally known at
the moment of interaction. However, the estimated concentration of free ligand has to be
determined indirectly. The maximum binding capacity “Rmax” can be assumed as the
maximum response. Assuming Rmax is correct, the concentration of free ligand would be

[Rimax — R]. So the modified rate equation is:

Vii. 2 = KalRmax — RI[A] — kq[R]
viil. 9= KaRmaxlA] = ka[R][A] = kq[R]

2R KoRmax[A] = (ko 4]~ kQIR]

Vii.

3.1.3 Application of integrated rate laws

A regular function is a relation of numbers and variables. A differential equation is a relation
of a function(s) to its derivate function(s). A simple example that fits in this context would be
a possible solution of the differential equation: F(x) = f(x) = f'(x) = e*, because the
derivation of e*is e*.

The rate equations i) - iv) relate the change of complex formation (concentration) to the
concentration of the analyte and the ligand. However, to find a theoretical description of the
measured data (fitting), a formula that relates the concentration of the complex to time is

required.

Based on the integrated rate law, the common rate formula: r = —% =k % [C] has the

integration formula: [C] = [C,] * e **¢. In the case of the rate equation vii), the integrated
rate formula is'®:

viii. R = kaRm—axW(l — o~ (kalAl+ka)+ty
ka[A]+kd
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. . d[R . .
For the dissociation term: % = —k4 * [R], the integration is easy to solve:

ix. R=Ry*xe ka*t + R,

Because the decay of the complex is ideally infinitely long, the optional term R;_ can be

added as an offset, to describe a finite dissociation phase.

3.1.4 Multivalency and avidity

Multivalency is defined as the operation of multiple molecular interaction events which occur
simultaneously between two entities (e.g. analyte and ligand). Multivalency is a design
principle that can convert agents of low affinity to agents of high affinity!®'. Theoretically one
can distinguish between homo-multivalency and hetero-multivalency, dependent on whether
the agent consists of identical (home) or non-identical (hetero) binding sites. Antibodies are
typically homo-multivalent binders, because both binding sites are identical'®?. In contrast,

some of the bivalent peptides, discussed in this work, belong to the hetero-multivalent agents.
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Figure I4: Illustration of avidity according to ‘“Multivalency in ligand design”. a) is the interaction
of a monovalent agent, b) and c) show the two binding states of a bivalent agent. The Kp calculation of

both binding states are illustrated on the right side and the formula for the affinity below. Source:
Krishnamurthy, et al. '*!
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For both types, the calculation of the theoretical total Kp works the same and is illustrated in
Fig. I4. In case of a multivalent agent, the total Kp is always smaller than the single Kps of
each binding site and can be calculated by the following equation:

1 o 1
X. K Li=1g
D Di

It is possible to visualize the development of the Kp with increasing number of binding sites.

In Fig. I5 the multiplication of a hypothetical binding site with a Kp of 10 M is illustrated.
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Figure 1I5: Relationship of affinity and the number of binding sites. The affinity increases with the
amount of binding sites and anneals to zero.

0.8

Kp/uM

The Kp anneals to zero with increasing number of binding sites (Fig. I5). For a 2-, 4-, or 8-
fold increase in affinity (means: 1/2®, 1/4", or 1/8" of the initial Kp), one needs 2-, 4-, or 8-

times more binding sites.

3.2 Surface plasmon resonance

Surface plasmon resonance spectroscopy developed to a technique for biological interaction
studies. In the following, there is a brief description of the method and the theoretical

background of binding kinetics.

3.2.1 History of surface plasmon resonance

R. M. Wood discovered between 1902 and 1912 the SPR-phenomenon when he observed an
unusual reflected light pattern after he shone polarized light at a metal layer %1% Later Pines
and Bohm found that the observed energy loss in the reflected light is caused by excitation of
the conducting electrons, resulting in plasma oscillations'®1%, Subsequently, it was found
that the electric field of these plasma oscillations could be extended beyond the boundaries of
the sample'®. This important fact has a consequence; that plasma oscillations can be affected
by any contamination on the surface of the sample. Later this method was described as

“excitation of the evanescent field” and used to study ultra-thin metal films or coatings.
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Figure I6: A spectrogram exhibiting Wood’s anomalies. This is a reproduction from Wood ', It
shows the reflected light pattern he observed.

Kretchman and Otto demonstrated an optical method based on the attenuation of the totally
reflected light!!%!'2 (Fig. 16). Since the 1980s SPR-spectroscopy has been used to study thin
films of chemical and biological samples!!*!!%, The main advantage was to study the
interaction of an immobilized interactant (ligand) and another interactant in solution (analyte)

in real time.

3.2.2 Total internal reflection

SPR is a physical phenomenon that can occur when plane-polarized light is beamed onto a
metal film under total internal reflection conditions. When light hits a half circular prism it is
bent toward the plane of the interface, if the optical density of the prism is higher than that at
the interface. If the incident angle @ is small enough, a percentage of the light is refracted.
Changing 6 above a critical value has the consequence that all the light is reflected within the
prism. This is called “total internal reflection” (TIR) and illustrated in Fig. I7. The electrical
field of the photons extends about a quarter of the wavelength beyond the reflecting surface
and it is possible to quantize the reflected light, because there is no loss of intensity due to

diffraction.

air

glass

SN

Figure I7: Illustration of total internal reflection (TIR). If the angle of the incident light (black) is
greater than the bias angle 6, the light is nearly reflected without diffraction (compare black and red).
The photo on the right shows TIR on the example of water which is poured from a hole on the side of a
bottle. Since the refractive index of air is 1.00 and water is 1.33, the laser beam travels through the

stream. Source: Freeberg '’
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3.2.3 Momentum resonance

For SPR, the prism can be coated with a layer of a noble metal such as gold. Then, the
photons electric field can interact with the free (conducting) electrons on the gold surface. The
energy of the photons is then transferred to the electrons, which convert into surface
plasmons. Both, the plasmons and the photons have a momentum, and resonance only occurs
if the momentum of the photons matches the momentum of the plasmons (momentum

resonance).

3.2.4 Spectrometer types

When using a thin film, both the photons electric field and the plasmons act on the other side
of the film. The width of the field, which is useful to know for measurements, is
approximately 300 nm. Changes in the composition of the medium will change the
momentum of the plasmons. Consequently, the angle of momentum resonance also changes.
The angular change can be measured relatively easily by a diode array of the resulting dark
band and SPR spectrometers based on this technique are commercially available (angular
SPR; illustrated in Fig. I8)!'8, An alternative to this technique would be to use a constant
angle and change the wavelength until resonance occurs (wavelength SPR)!'"®. This technique

is not used widely.

Flow cell

Evanescent
—‘ field ™

Metal film ——

Glass ——

B SPR,

p-polarized a

light source N O
8 SPR, q

Figure 18: Principle of an angular based SPR spectroscope. P-polarized light is beamed onto a thin
metal layer. If the angle of incident light is adapted to achieve momentum resonance, the intensity of
the reflected light is minimal. This is because the energy is transferred to the electrons in the
conducting layer of the metal surface. Source: Andrade, et al. '%.

3.2.5 Protein interactions with SPR

SPR mainly depends on the conducting metal film, the wavelength of the incident light and

the refractive index of the medium on the metal film. The metal film must contain conducting
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electrons, which are able to resonate with the incoming light at an appropriate wavelength.
Examples which fulfill this are silver, gold, copper, aluminium, sodium and indium.
Secondly, the metal should be chemically inert and must be free of oxides or sulphides. This
is why gold became practical for SPR experiments. The refractive index, on the other hand, is
dependent on the temperature, because it influences the density of the medium.

The binding of molecules results in a change of the refractive index and thus changes the
resonance angle of the photons (Fig. 19). There is a linear correlation of the change in the
refractive index and the number of molecules on the surface, at least in the case of proteins.
This observation simplified a broad introduction of SPR-spectroscopy for interaction studies

in life sciences.
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Figure 19: Illustration of SPR with biological samples!?’. If the free analyte is binding to the
immobilized ligand, the mass on the surface and thus the refractive index changes. This has the
consequence that the angle of momentum resonance is shifted b). When the angle in real-time is
plotted, a sensorgram with an increasing signal is obtained a). If the analyte is dissociating
again, the sensorgram shows a decreasing signal a). Both are necessary for estimating the
binding velocities and the affinity of the interaction. Source: Andrade, et al. '*°

3.3 Biolayer interferometry

In principle, the technique of optical interferometry is simpler than exploiting the SPR-
phenomenon. If two light waves of the same wavelength are in phase the amplitude of the
waves 1s the sum of both. In contrast, if both waves are completely out of phase, the
amplitudes sum to zero.

The Octet system from ForteBio applies a single-use sensor with a biocompatible matrix for
ligand immobilization. These sensors contain a semi-reflective layer below the layer
containing the ligand. A part of the incoming white light is reflected back and used as
reference. A small percentage of the residual light is reflected back at the layer containing the
ligand. Dependent on the refractive index there is a phase shift. A simple spectrometer is used

to measure the phase shift based on the light intensity. Unfortunately, there is no published
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information about how the signals of the different wavelength are combined to give the final

phase shift signal read out by the software.
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3. Material and Methods

3.1

Tris/Tricine gel electrophoresis
Resolving gel

Material:

Spacer gel

Stacking gel

Buffer for gels
Buffer for cathode
Buffer for anode

Standard gel electrophoresis
Stacking gel

Resolving gel

Running buffer

Culture media
Lysogeny broth (LB)

2X Yeast extract and Tryptone (2YT)

Buffers for amine coupling
Wash buffer for amine coupling 1)
Wash buffer for amine coupling ii)

Column binding buffer

Blocking buffer

Buffers for protein purification
Suspension buffer for E. coli
Chemical lysis buffer for E. coli

Denaturation buffer
Renaturation Buffer

Standard buffers
Density Gradient Centrifugation (DGC)

Size Exclusion Chromatography (SEC)

16.5 % (v/v) Acrylamide, 30 % (v/v) gel buffer, 10.6 %
(v/v) glycerol,

0.33 % (v/v) APS, 0.016 % (v/v) TEMED

10 % (v/v) Acrylamide, 33 % (v/v) gel buffer, 1 % (v/ v)
APS,

0.05 % (v/v) TEMED

4 9% (v/v) Acrylamide, 24.8 % (v/v) gel buffer, 0.67 % (v/
v) APS,

0.033 % (v/v) TEMED

1 M Tris-HCI pH 8.45, 0.1 % SDS (w/v)

0.1 M Tris-HCI pH 8.25, 0.1 M Tricin, 0.1 % SDS (w/v)
0.2 M Tris-HCI pH 8.9

5 % (v/v) Acrylamide, 125 mM Tris-HCI pH 6.8, 0.1 %
(w/v) SDS,

0.06 % (v/v) APS, 0.06 % (v/v) TEMED

15 % (v/v) Acrylamide, 375 mM Tris-HCI pH 8.8, 0.1 %
(w/v) SDS,

0.1 % (v/v) APS, 0.04 % TEMED

50 mM Tris-HCI pH 8.3, 385 mM glycine, 0.1 % (w/v)
SDS

5 g 1" Yeast extract, 10 g I'! Tryptone, 10 g I"! NaCl,
10 ml 1" 20 % Dextrose, 5 ml 1" 2 M MgCl,, pH 7.4
10 g I'' Yeast extract, 16 g I'! Tryptone, 5 g "' NaCl,
10 ml 1"' 20 % Dextrose, 5 ml 1! 2 M MgCl,, pH 7.4

0.1 M Tris-HCL, pH 9.0, adjusted with HC1

0.1 M sodium acetate, 0.5 M NaCl, pH 4.0, adjusted with
acetic acid

0.2 M NaHCOs, 0.5 M NaCl, pH 8.3, adjusted with
Na,HCO3/NaH,CO;

0.5 M ethanolamine, 0.5 M NaCl, pH 8.3, adjusted with
acetic acid

50 mM Tris-HCI pH 8.0, 1 mM EDTA, 1 mg/ml Lysozyme
8.33 mM imidazole, 833 mM NaCl, 16.6 mM CaCl,, 1 %
Triton X-100

8 M Urea, 50 mM Tris-HCI pH 7.2, 500 mM NaCl

50 mM Tris-HCI1 pH 7.2, 500 mM NaCl

10 mM Na,HPO4/NaH,POy, 5 % to 50 % Iodixanol,
pH 7.4 adjusted with NaH,PO4
50 mM Na,HPO4/NaH,PO,, 150 mM NacCl, 0.6 %
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Tween 20,
pH 7.4 adjusted with NaH,PO,

Phosphate Buffered Saline (PBS) 10 mM Na,HPO4/NaH;PO4, 137 mM NaCl, pH 7.4 adjusted
with NaH,POq4

4X-Laemmli sample buffer 40 % (v/v) Glycerol, 8 % (v/v) B-ME, 200 mM Tris-HCI pH
6.8,

3 g/l Bromophenol blue

Strain Genotype

E. coli BL21(DE3) F- ompT gal dcm lon hsdSB(rB- mB-) A(DE3 [lacl
lacUVS5-T7 gene 1 ind1 sam7 ninS5])

E. coli Machl ArecA1398 endA1l tonA ®80AlacM 15 AlacX74
hsdR(rx” mg*)

E. coli OmniMAX?2 F’ (proAB+ laclq lacZAM15 Tnl10(TetR) A(ccdAB))

mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 A(lacZY A-
argF) U169 endA1 recAl supE44 thi-1 gyrA96 relAl

tonA panD
Plasmid Insert
pET-22b-AB16-GB1 Fusion protein: AB(1-16)-GB1
pET-22b-scFv-IC16-His6 scFv-IC16 with Hiss-Tag

3.2 Methods:

3.2.1 Expression of AB(1-16)-GB1

For recombinant production of AS(1-16)-GBI, E. coli BL21 DE3 pRARE2 was transformed
with the expression vector pET22b-Af(1-16)-GB1. 1 1 LB expression culture was inoculated
with an aliquot of a 50 ml overnight LB culture (grown at 37 °C, 150 rpm) to a final ODsoo of
~0.1. Cells were grown at 37 °C (150 rpm) to an ODsoo of 0.6 until IPTG was added to a final
concentration of 1.0 mM for induction of protein expression. Expression was carried out for 3
hours at 37 °C under gentle agitation (150 rpm). Cells were harvested by centrifugation (30
min, 4 °C, 4000 g), pellets washed with PBS and stored at —20 °C until further use.

3.2.2. Purification of AB(1-16)-GB1

Pellet was resuspended in 20 ml suspension buffer for E. coli, supplemented with protease
inhibitors (Complete EDTA-free Protease Inhibitor Cocktail Tablets, Roche). For cell lysis,
cells were pumped through a microfluidizer for three times at 25,000 Pa (HORIBA M-110P).
After centrifugation for 30 min at 20,000 g the pellet was discarded. Supernatant containing
APB(1-16)-GB1 was purified by affinity chromatography with IgG-Sepharose from Qiagen
(CV: 3 ml) that was equilibrated with the suspension buffer for E. coli. Supernatant was
loaded onto the column by gravity flow, followed by washing steps with two CVs of PBS.
Elution was done with five CV 50 mM glycine buffer, pH 2.5. After purification AB(1-16)-

GB1 was dialyzed against the column binding buffer for amine coupling for the subsequent
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amine coupling procedure. Expression and purification was checked by SDS-PAGE (0.25 mA
per cm?) with a tris/tricine gel (Fig. M1).

oD Al Al 1gG
ONC 0.6 1.0 3.0 Lys SN Pel Pur Std

Figure M1: Expression of ApP(1-16)-GB1 in E. coli. ONC: overnight culture, ODgs: immediately
before induction at optical density at 600 nm of 0.6, AI1.0: 1 h after induction, AI3.0: 3 h after
induction, Lys: cell lysate, SN: supernatant of the lysate, Pel: pellet of the lysate, IgG Pur: After IgG
affinity purification, Std: marker

3.2.3 Creation of an AP (1-16)-GBlaffinity purification sepharose

Prior to the coupling step, solutions have been cooled down (4°C) and the time intervals for
all washing steps were minimized. Firstly, the NHS-activated Sepharose was washed with 10
CV 1 mM HCI. Then the pH was adjusted by washing with 3 CV column binding buffer for
amine coupling. Coupling was done by incubating the column material with AB(1-16)-GB1 in
the column binding buffer for amine coupling at RT for 4 hours. After coupling, the column
was drained from the supernatant and any non-reacted groups were blocked by addition of
column blocking buffer for amine coupling over night at 4°C. Then the column material was
washed three times with each wash buffer for amine coupling (i and i1). Then the column
material was transferred into a 20 % ethanol solution containing 0.01 % NaN3 to prevent

microbial growth.
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3.2.4 Expression of the scFv-IC16

For recombinant production of scFv-IC16, E. coli BL21 DE3 pRARE2 was transformed with
the expression vector pET22b-scFv-IC16-5His. Each 1 1 2YT expression culture was
inoculated with an aliquot of a 50 ml overnight LB culture (grown at 37 °C, 150 rpm) to a
final ODesoo of ~0.1. Cells were grown at 37 °C (150 rpm) to an ODeoo of 1.6-1.8.
Subsequently, cultures were chilled for 1 hour at 4 °C until IPTG was added to a final
concentration of 1.0 mM for induction of scFv-IC16 protein expression. Expression was
carried out for 24 hours at 18 °C under gentle agitation (150 rpm). Cells were harvested by
centrifugation (30 min, 4 °C, 3750 rpm), pellets washed with PBS and stored at —20 °C until
further use (this step is the critical, as it renders further Ni** affinity purification unnecessary

and thus enhances the amounts of yield; illustrated by the ~60 % purified pellet fraction in

Fig. M2). Expression was checked by SDS-PAGE (0.4 mA per cm?; Fig. M2).

oD oD Al Al Al
ONC 0.6 18 10 3.0 24 Lys SN Pel Std

18.4

14.4

Figure M2: Expression of scFv-IC16 in E. coli. ONC: overnight culture, ODO0.6: before induction at
ODgoo 0.6, OD1.8: immediately before induction at ODsoo 1.8, AI1.0: 1.0 h after induction, AI3.0: 3.0 h
after induction, AI24: 24 h after induction, Lys: cell lysate, SN: supernatant fraction of the lysate, Pel:
pellet fraction of the lysate.

3.2.5 Purification of scFv-IC16

Bacterial pellets were resuspended in PBS supplemented with protease inhibitors (Complete
EDTA-free Protease Inhibitor Cocktail Tablets, Roche). For cell lyses, cells were pumped
through a microfluidizer (HORIBA M-110P) for three times at 25,000 Pa. Suspensions were

gently centrifuged (45 min, 10,000 g) and the supernatant discarded. The pellet was washed
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until it was white with ¢adH20 (30 min, 10,000 g) and resolved in denaturation buffer. For
refolding, renaturation buffer was added to elution fractions in a 10:1 ratio (v/v). Afterwards,
an affinity chromatography purification was performed with AP(1-16) coupled NHS-
sepharose (Pierce). After equilibration with a 10:1 mixture of renaturation buffer and
denaturation buffer, fractions containing scFv-IC16 were loaded onto the column. A washing
step with 10 CVs renaturation buffer removed non-bound material. Elution was achieved with
50 mM glycine, pH 2.5. Each elution fraction was immediately neutralized by addition of
50 ul 2 M Tris-HCI, pH 8.0 per ml fraction volume and checked by SDS-PAGE (0.4 mA per
cm?; Fig. M3). Fractions containing scFv-IC16 were pooled, dialyzed against PBS, and
concentrated to a final concentration of 5 uM with Vivaspin 20 columns from Sartorius

Stedim (3000 MWCO PES).

Ren DL W1 W2 E1 E2 E3 E4 E5 E6 E7 Std

116
66.2

45
35

25

18.4

144

Figure M3: Purification of scFv-IC16 in E. coli. Ren: renaturated scFv-IC16, DL: flow through of
affinity purification, W1-2: washing fractions 1-2, E1-E7: eluate fractions 1-7, Std: marker

3.2.6 Preparation of AB(1-42) monomers and SEC oligomers

The protocol used by Johansson, et al. '2! was adapted for AB(1-42) monomer and oligomer
preparation by SEC with minor modifications. Lyophilized stocks of AB(1-42) (Bachem),
carboxy-terminally biotinylated AP(1-42) (Eurogentec) and amino-terminally biotinylated
AB(1-42) (Anaspec) were separately dissolved in 100 % hexafluoroisopropanol (HFIP) and
incubated overnight at RT. In the case of oligomer preparations, amino-terminally
biotinylated AB(1-42) and non-biotinylated AB(1-42) were mixed in a 1:10 ratio. After
incubation, solutions were divided into 125 pg aliquots. HFIP was removed by evaporation in
a Concentrator 5301 (Eppendorf). AB(1-42) was resolubilized in 100 ul SEC-buffer and

briefly centrifuged (30 s) at 15,000 g to sediment insoluble material immediately prior to
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separation by SEC. Separation was performed with a Superdex 75 10/300 GL column
operated at RT by an Akta purifier system at a flow rate of 0.8 ml min™'. For each single run
~100 pl of solubilized AP(1-42) was loaded onto the column. Monomers eluted at ~14 ml,
whereas oligomers eluted close to the void volume (at ~8 ml). Samples were immediately
used for immobilization on sensor chip surfaces. Initially, for establishment of the
immobilization assay a BCA-assay was used to correlate the absorbance at 214 nm of the
SEC fractions to the overall AP concentration. It was observed, that an A214 =250 mAU
(oligomers) or Azi4 =150 mAU (monomers) in the size exclusion chromatogram correlates
with ~1 uM total AP concentration derived from a BCA-assay. Omitting the BCA-assay step
dramatically reduces the time between elution and immobilization. For immobilization of
monomers and oligomers (10 % amino-terminally biotinylated) AB(1-42) concentrations of

~10 nM and ~100 nM, respectively, were used.

3.2.7 Density gradient centrifugation (DGC)

The gradient was prepared in thin-walled ultracentrifugation tubes (Ultra-Clear 11 x 34 mm,
2.2 ml from Beckman) by successively overlaying the following volumes of DGC-buffer
solutions: 260 ul 50 %, 260 ul 40 %, 260 ul 30 %, 780 ul 20 %, 260 ul 10 % and 100 ul 5 %
(v/v). After addition of 100 ul sample, the gradient was centrifuged (3 h, 4°C, 259,000 g,
lowest acceleration/deceleration) using a TLS-55 rotor in a benchtop ultracentrifuge Optima
TL-100 (Beckman-Coulter). From each gradient, 14 fractions of 140 pl were harvested from
top to bottom. Monomers were harvested from fraction one, oligomers from fractions four to

six and fibrils from fractions 11 to 13.

3.2.8 Preparation of AB(1-42) assembly states by DGC

The protocols used by Wood, et al. '?? and Nagel-Steger, et al. '>* were adapted for AB(1-42)
fibril preparation with minor modifications. Lyophilized aliquots of AB(1-42) and amino-
terminally biotinylated AB(1-42) were dissolved separately in 100 % HFIP and incubated at
RT overnight. For oligomer and fibril production, biotinylated AB(1-42) and non-biotinylated
AB(1-42) in HFIP were mixed in a 1:10 ratio and subsequently divided into 72 pg aliquots.
For creation of monomers, amino-terminally biotinylated AB(1-42) was dissolved in 100 %
HFIP, incubated at RT overnight and subsequently divided into 72 pg aliquots. HFIP was
removed by evaporation in a Concentrator 5301 (Eppendorf). Then, AR pellets were
solubilized in 200 pl sodium phosphate buffer pH 7.4 (10 mM; yielding an 80 uM AB
solution) and incubated for 3 hours (oligomers) or 24 hours (fibrils) at 25 °C (600 rpm).

Samples for monomer production were not incubated.
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3.2.9 Immobilization via SA-coupling for SPR-spectroscopy

For SPR experiments Series S Sensor Chips SA (GE Healthcare Life Sciences) in
combination with a Biacore T200 system were used. Series S Sensor Chips SA are coated
with streptavidin and allow ligand immobilization based on the biotin-streptavidin interaction.
For our experiments PBS (filtered with 0.2 um, PVDF) was used as running buffer. After
docking a new sensor chip, the system was initiated with a “Prime” command and the detector
normalized with 70 % glycerol (GE Healthcare Life Sciences). All flow cells were activated
with three consecutive one minute injections of 1 M NaCl in 50 mM NaOH. For ligand
immobilization the flow rate was adjusted to 5Sul min! in order to minimize sample
consumption. After immobilization the flow cells were stabilized by a constant flow overnight
to remove unspecific bound material and detergence. To do so, the flow speed and

temperature was set to 30 ul min™' and 25 °C respectively.
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Figure M4: Illustration of an immobilization experiment. Immobilization of AP without (A) and

with (B) iodixanol. Noticeable on the huge baseline jump because of the change of the refractive index

at high iodixanol concentrations.
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3.2.10 Binding kinetics of scFv-IC16 with SPR-spectroscopy
For SPR experiments Series S Sensor Chips SA (GE Healthcare Life Sciences) in

combination with a Biacore T200 system were used. For interaction studies the flow speed
and temperature were adjusted to 30 ul min"! and 25 °C respectively. All interaction studies

were performed in the single-cycle kinetic mode '*.

Here, five different analyte
concentrations were injected within a single cycle (contact time: 90 s, final dissociation time
after the highest concentration: 1800 s) in order of increasing concentration. The applied
analyte concentrations for scFv-IC16 were 312.5, 625, 1250, 2500 and 5000 nM. Binding
studies with monoclonal antibody 6E10 were performed with concentrations of 0.32, 1.6, 8,
40 and 200 nM. All binding data were double referenced by collecting data in dual-channel
mode with an untreated and therefore not AB(1-42) containing reference flow cell connected
upstream of the flow cell with the respective AB(1-42) assembly state and by the subsequent
subtraction of a blank buffer injection (1x PBS) from the obtained binding responses. Double
referenced SPR data were evaluated with Biacore T200 Evaluation Software (version 1.0)
using the available binding models. AB monomer data was fit to a 1:1 binding model, whereas
sensorgrams of Al oligomers and fibrils were analyzed with a heterogeneous ligand binding
model accounting for two separate ligand sites for analyte binding. Values for bulk refractive
index (Ri1) was manually set to zero, because double-referencing was applied and low amounts

of ligand were immobilized.

3.2.11 Binding Kkinetics of Fab fragments with SPR-spectroscopy

For SPR experiments Series S Sensor Chips SA (GE Healthcare Life Sciences) in
combination with a Biacore T200 system were used. For interaction studies the flow speed
and temperature were adjusted to 30 ul min"! and 25 °C respectively. All interaction studies

were performed in the single-cycle kinetic mode!'?*

. Here, five different analyte concentrations
were injected within a single cycle (contact time: 90 s, final dissociation time after the highest
concentration: 1800 s) in order of increasing concentration. The applied analyte
concentrations for Fab fragment 6 (Probiodrug) were: 3.9, 15.6, 62.5, 250 and 1000 nM and
for Fab fragment 17 (Probiodrug) they were: 38.4, 96, 240, 600, 1500 nM. All binding data
were double referenced by collecting data in dual-channel mode with an untreated reference
flow cell connected upstream of the flow cell with the respective AB(1-42)/pE3-AB(3-40)
assembly state and by the subsequent subtraction of a blank buffer injection (1x PBS) from
the obtained binding responses. Double referenced SPR data were evaluated with Biacore

T200 Evaluation Software (version 1.0) using the available binding models. A monomer

data was fit to a 1:1 binding model or a heterogeneous ligand model accounting for two
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separate ligand sites for analyte binding. The value for bulk refractive index (Ri) was
manually set to zero, because double-referencing was applied and low amounts of ligand were

immobilized.

3.2.12 Binding Kinetics of D-peptides with SPR-spectroscopy

For SPR experiments Series S Sensor Chips SA (GE Healthcare Life Sciences) in
combination with a Biacore T200 system were used. All interaction studies were performed in
the single-cycle kinetic mode '?*. Here, five different analyte concentrations were injected
within a single cycle (contact time: 90 s, final dissociation time after the highest
concentration: 1800 s) in order of increasing concentration. The applied analyte
concentrations for scFv-IC16 were 48.8, 195.3, 781.3, 3125 and 12500 nM. The other steps

were according to the protocol used for the scFv interaction studies.

3.2.13 Preparation of CM7 chips for Thermodynamics with SPR

For thermodynamics the feasibility of Series S Sensor Chips CM7 (GE Healthcare Life
Sciences) chips in combination with a Biacore T200 system were evaluated. These chips
possess a higher surface capacity, which renders them useful for small analytes. Series S
Sensor Chips CM7 were coated with 7500-8000 RU NeutrAvidin (from Pierce, dissolved in
sodium acetate buffer pH 5.0, 50 pug ml!) with an amine-coupling procedure. For this, the
flow cells were activated with 0.1 M NHS and 0.4 M EDC (10 min). After activation the
ligand was injected into the flow cells. Finally the surface was washed with three 30 s pulses
of 1 M ethanolamine (pH 8.0). Then, 2500 RU AB(1-42) monomers containing 100 % N-
terminal biotinylated AB(1-42) were immobilized via biotin-SA coupling in the flow cells 2
and 4. Flow cells 1 and 3 were used as uncoated reference cells. For the experiments PBS
(filtered with 0.2 um, PVDF) was used as running buffer. After docking a new sensor chip,
the system was initiated with a “Prime” command and the detector normalized with 70 %
glycerol (GE Healthcare Life Sciences). After immobilization the flow cells were stabilized
by a constant flow overnight to remove unspecific bound material and detergence. To do so,

the flow speed and temperature was set to 30 ul min™' and 25 °C respectively.

3.2.14 Thermodynamics with SPR-spectroscopy

For interaction studies the flow speed and temperature were adjusted to 30 pul min! and 4°C -
42°C respectively. All interaction studies were performed in the multi-cycle kinetic mode '**.
Here, five different analyte concentrations were injected within a multiple cycles (contact
time: 180 s, final dissociation time after the highest concentration: 600 s) in order of

increasing concentration. The applied analyte concentrations for D-peptides were 390.6,
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1562.5, 6250, 25000 and 100000 nM. The concentration of 6250 nM was injected two times
to validate surface activity. The temperature measurement at 4°C was repeated once too. This
was necessary to supervise the surface activity among the temperature iteration cycles. The
surfaces were regenerated with 50 mM glycine buffer of pH 2.5. All binding data was double
referenced by collecting data in dual-channel mode with an untreated and therefore not AB(1-
42) containing reference flow cell connected upstream of the flow cell with the respective
AB(1-42) assembly state and by the subsequent subtraction of a blank buffer injection (1x
PBS) from the obtained binding responses. Double referenced SPR data were evaluated with
Biacore T200 Evaluation Software (version 2.0) using the available binding models. AB
monomer data was fit to a 1:1 Langmuir binding model. The value for bulk refractive index

(Rr) was manually set to zero.

3.2.15 Immobilization of AB(1-42) on Super SA-biosensors for BLI

C-terminally biotinylated AB(1-42) (EUROGENTEC) was dissolved in 100 % HFIP and
incubated at RT overnight. The stock solution was divided in 26.5 pg aliquots. HFIP was
removed by evaporation in a Concentrator 5301 (Eppendorf). AB was freshly solubilized in
550 ul sodium phosphate buffer pH 7.4 (10 mM; yielding a 10 uM AB solution). To separate
the monomers from bigger particles, they were subjected to a density gradient centrifugation
(DGC) as described in Frenzel et al. 2014. After centrifugation, fraction one (140 ul) was
used for immobilization of AB(1-42) monomers via standard Streptavidin-Biotin-coupling
procedure with Super SA-sensors (ForteBio). It was planned to immobilize 0.15 nm, 0.25 nm
and 0.75 nm of ligand on eight sensors respectively. Further eight sensors were used as

reference and remained in phosphate buffer.

3.2.16 Parallel sensor kinetics of scFv-IC16 with BLI

Parallel sensor kinetics were performed in the interaction buffer (PBS with 0.5 %
Polysorbat 20, 0.1 % BSA and 10 % NSB reducer from GE Healthcare). In total, five sensors
were used to measure five different analyte concentrations in parallel, while one sensor was
used to measure the buffer reference. Additional six sensors were used as sensor reference.
All steps were performed at 25 °C with an agitation speed of 1000 rpm. 2.4 uM scFv-IC16
was diluted four times with a dilution factor of two. To measure the interaction between
AB(1-42) and scFv-IC16, the association and dissociation times were 270 and 90 s,
respectively, for every analyte concentration. Data Analysis software: 8.0.0.35 was applied

for measurements. The sensorgrams with the concentrations: 2400, 1200, 600, 300 and
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150 nM were fitted with the BiaEvaluation software 4.1 from Biacore using a 1:1 binding

model without Ri-term.

3.2.17 Kinetic titration series of the scFv-I1C16 with BLI

To measure the affinity between scFv-IC16 and AB(1-42), the association and dissociation
phases were recorded for 270 and 90 s, respectively, for every analyte concentration. Five
sensors recorded the kinetic titration series, whereas one sensor recorded the buffer reference
signal and six sensors were used as sensor reference. All steps were performed at 25 °C with
an agitation speed of 1000 rpm. The other steps are comparable with section. Data Analysis
software: 8.0.0.35 was applied for measurements. The sensorgrams with the concentrations:
2400, 1200, 600, 300, and 150 nM were fitted with the BiaEvaluation software 4.1 from

Biacore with a 1:1 kinetic titration series model without a Ri-term.

3.2.18 Sample preparation for TEM and evaluation

Lyophilized stocks of AB(1-42) (Bachem), carboxy-terminally biotinylated AB(1-42)
(Eurogentec) and amino-terminally biotinylated AB(1-42) (Anaspec) were separately
dissolved in 100 % hexafluoroisopropanol (HFIP) and incubated overnight at RT. Amino-
terminally and carboxy-terminally biotinylated AB(1-42) were mixed in a 1:10 ratio with non-
biotinylated AB(1-42). The solutions were divided in 90 pug aliquots. HFIP was removed by
evaporation in a Concentrator 5301 (Eppendorf). The pellets were resolved in 10 mM sodium
phosphate buffer pH 7.4 by sonification and incubated for seven days at RT for fibril
formation. For negative staining, the carbon coated side of each grid (Plano S162
formval/coal film, 200 copper mesh) was incubated with the subsequent sample (20 pl
sample, 3-5 min). The grids were gently washed three times with water to remove the buffer
ingredients from the surface (20 pl 4aH20). Afterwards the fibrils were stained by uranyl
acetate (1 % w/v in 4aH20, filtered) for 3 min. Residual fluid was removed by a paper tissue.
All grids were dried overnight before use. For microscopy a Zeiss Libra 120 TEM was used.

The pictures were evaluated with ImageJ.

3.2.19 Atomic force microscopy of Ap fibrils

A sample volume of 40 pl was deposited onto a freshly cleaved mica crystal and left to adhere
for 30 min, washed thirty times with 100 ul drops of pure water, and dried under stream of
nitrogen gas. The samples were imaged with a NanoWizard II AFM (JPK Instruments AG,
Berlin, Germany) operating in alternating current AFM mode and using Olympus silicon tips
on a silicon cantilever (OMCL-160TS-R3) with a typical tip radius of < 7 nm and a spring

constant of 26 N/m at a drive frequency of 300 (£ 100) kHz and a scan rate of 0.3-1 lines per
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sec. All data were collected as 512x512 or 1024x1024 pixel images and processed using
Gwyddion software 2.22. All images were leveled by mean plane subtraction to correct for
tilting of the sample stage and servo range errors. Each scan line in the image was corrected
for errors such as streaks, scratches, and noise related to the mica surface. The heights of
individual fibrils were measured perpendicular to the fibrillar axis using the extract profile
tool in the software “Gwyddion”. Fibril widths and lengths were quantified at half of the
maximal heights (Schneider, Larmer ef al. 1998). In AFM imaging, spatial resolution 1is
limited by artificial broadening known as convolution effect which occurs when observed
components are on the same or smaller size scale as the cantilever tip. To account for tip

convolution, all measured widths and lengths were corrected for two times the tip size.

3.2.20 Dynamic light scattering

Samples containing ¢aH20 and 312 uM D7RD?2 in 4aH20 were analyzed at 25°C for at least
200 s (10 s sample time) with a scattering angle of 90° with a SpectroSize 300 from Molecular
Dimensions. For this a clean quartz cuvette was used. Fitting of the size distributions were

performed automatically with the manufacturer software.
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4 Results

4.1 Characterization of Ap(1-42) with TEM

The C-terminus of AP is crucial for fibril formation. The addition of a biotin tag at the N-
terminus or the addition of a biotin tag via a lysine linker at the C-terminus may influence the
fibril formation process. Thus, it is necessary to check the impact of C- or N-terminal
biotinylation of AB(1-42) on fibril formation. For this purpose, mixtures of AB(1-42) with
different amounts of C- or N-terminally biotinylated AB(1-42) were prepared. In detail, the
samples contained either 100 % AB(1-42), or 100 % C- or N-terminally biotinylated AB(1-42)
or 90 % AP(1-42) and either 10 % C- or N-terminally biotinylated AP(1-42). After
preparation, the samples were incubated for 7 d.

During this 7 d period, AB(1-42) was able to aggregate completely into fibrils (Fig. R1: A/B).
In contrast, C-terminally biotinylated AP(1-42) was not able to form fibrils (Fig. R1: E), but
formed round shaped oligomer-like structures. N-terminally biotinylated AB(1-42) formed
bunch-like fibrillar structures (Fig. R1: F). Mixtures containing 90 % AP(1-42) and either
10 % C- or N-terminal biotinylated AB(1-42) were both able to form fibrillar structures that
were similar in appearance to fibrils observed with samples containing 100 % AB(1-42) (Fig.
R1: C/D). The results indicate that smaller amounts of biotinylated AB(1-42) do not interfere
with fibril formation. However, samples containing 100 % C-terminally biotinylated AB(1-42)
did not form fibrils. Consequently, C-terminally biotinylated AB(1-42) was used in this work

only for monomer preparations.

42



Sk 5 X ‘ ,.,4 mid s ve RO s et P PEYL
Figure R1: Influence of the biotinylation on the fibrillation of AB. A) and B) AB(1-42), C) 10 %
AP(1-42)-Lys-Biotin and 90 % AP(1-42), D) 10 % Biotin-AB(1-42) and 90 % AB(1-42), E) 100 %
AP(1-42)-Lys-Biotin, F) 100 % Biotin-AB(1-42). Scale bar: 0.2 pm.
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4.2 Time dependency of AP aggregation

The aggregation process of AP is time dependent. In this work, effort was spent on creating
and purifying certain A assembly states. One method to separate certain assembly states is
density gradient centrifugation. To show whether this method is able to resolve A in a time
and size dependent manner, four AP samples were incubated for 0 h, 3 h, 24 h and 7 d. After
the incubation period, these samples underwent DGC and SDS-PAGE (0.4 mA per cm?) with

Tris/Tricine gels and silver staining (Fig. R2).
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Figure R2: Validation of the density gradient centrifugation with Ap. DGC-centrifugation of a A)
non-incubated A sample, B) 3 h incubated AP sample, C) 24 h incubated AP sample, and a D) 7d
incubated AP sample. E) and F) show standard runs with Albumin, Catalase (tetramer), Ferritin
(24mer), RNase A and Aprotinin. A)-D) are silver stains with Tris/Tricine gels and F) shows a
Coomassie stained gel.

AP is expected to form larger oligomeric species in a time-dependent manner, and thus
initially, i.e., O h, will be predominantly monomers and progressively over time A will form
oligomeric species, with the end structures appearing as bunch-like fibrils, as observed with
TEM after 7 d. Here, an alignment of the incubation time with the size distribution was
attempted. With increasing time, the average size of the AP assembly states increased and
after day seven the process of fibril formation was complete. The assay was able to show that
even without an incubation period there were oligomeric AP species with masses up to

220 kDa (Fig. R2: A). After 3 h, the distribution pattern widened and A species were found
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in every fraction (Fig. R2: B), whereas after 24 h no low molecular weight species were found

in the first four fractions (Fig. R2: C). After 7 d of incubation, AP was only found in the last

three fractions, which corresponded to a molecular mass of > 440 kDa.

4.3 Characterization of Ap(1-42) with AFM
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Figure R3: Analysis of Ap(1-42) fibrils after DGC by atomic force microscopy. A) The fibrils were
created in 10 mM sodium phosphate buffer (pH 7.4) for 24 h and in the case of B/C) separated by
density gradient centrifugation to remove smaller AB(1-42) assembly states. Left columns shows maps
and the right column the amplitude error map. The height distribution (indicated as bar(s) in the figures
in the left column) has been plotted by a histogram (right column).
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For SPR studies, the incubation time of AB(1-42) for fibril formation prior to immobilization
was 24 h. To prove whether this time is sufficient for fibril or proto-fibril formation, atomic
force microscopy (AFM) was applied. Additionally, the possible removal of smaller particles
from fibrils by density gradient centrifugation (DGC) was tested. For this, samples containing
90 % AP(1-42) and 10 % N-terminal biotinylated AB(1-42) were incubated for 24 h. After
incubation, one sample was purified by DGC and fractions 11-13 were used for further
analysis. The other sample was not treated by DGC and used as a reference. Both samples
were transferred to a mica surface and finally evaluated by AFM.

The presence of fibrillar species was observed in all samples (Fig. R3: A/B/C). Additionally,
smaller non-fibrillar species were found in samples that were not further purified by DGC
(Fig. R3/S1: A). In contrast, samples that underwent DGC showed significantly lower
amounts and smaller non-fibrillar species (Fig. R3/S1: A vs. B/C).

In conclusion, these experiments showed that a percentage of up to 10 % biotinylated AB(1-
42) does not disturb fibril formation, and that an incubation for 24 h is sufficient for
fibril/protofibril formation. Finally, with DGC it was possible to reduce the amount of smaller
oligomeric assembly states in the fibril preparation. Thus, DGC was applied as a method to
reduce the amount of smaller AP species in the fibril preparations of experiments presented

below.

4.4 Characterization of Ap(1-42) with SPR

For immobilization of different AB(1-42) species a streptavidin-biotin-coupling procedure
was chosen, because this approach avoids any requirement to change buffer conditions during
AP(1-42) immobilization'”® and is compatible with many protocols. Due to the strong
interaction of streptavidin and biotin, with a dissociation constant Kp of ~1071> M %6, there is
virtually no loss of ligand during the experiment. Moreover, streptavidin-biotin-coupling can
be used effectively to control the amount of bound ligand simply by varying the concentration
of the ligand or the duration of the injection. Fig. R4 shows the experimental setup scheme for
the preparation of different AB(1-42) species and their immobilization. Fig. M4 shows
sensorgram examples for loading AB(1-42) monomers, oligomers and fibrils onto the chip
surface.

Harsh regeneration steps between measurements will likely impair the immobilized AB(1-42)
species and therefore such steps must be avoided. As an alternative, very long washing steps
have been introduced between separate measurements. To avoid such long periods of

washing, the so-called kinetic titration series (here also referred as single cycle kinetics)!'?!,

46



where the analyte is injected in increasing concentrations without regeneration steps in-
between, is the method of choice. In comparison with classical multi-cycle kinetics, sample
consumption and analysis time is reduced and, most importantly, the need for regeneration is
eliminated.'?*1?’

For assay development and for checking the quality of the surface characterization of
immobilized A species, the single-chain variable fragment (scFv-IC16) of the antibody IC16
was selected. IC16 was initially selected to target the first 16 amino-acid residues of Ap.!2%1%
scFvs are easy to produce and purify, stable at high concentrations for at least weeks, and
possess only a single binding site with high specificity for their epitope, thereby avoiding any

avidity effects.
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Figure R4: Surface preparation with different Ap(1-42) assembly states for surface plasmon
resonance (SPR) analysis. Size exclusion chromatography (monomers and oligomers) and density
gradient centrifugation (fibrils) ensure highly pure samples for immobilization on sensor surfaces and
subsequent SPR measurements.

4.5 Characterization of Ap monomers with SPR

To test the specificity of scFv-IC16 to the amino-terminal part of AP, the chosen biotin-
streptavidin immobilization procedure should be well-suited. The orientation of AP on the
surface can be modulated easily by changing the location of the biotin tag. In theory it should
therefore be possible to hide the epitope of scFv-IC16 by fusion of a biotin tag in close
proximity. To achieve this, N-terminally biotinylated AB(1-42) monomers (Fig. M4 A) that
were purified by size exclusion chromatography (SEC) were immobilized'?!. SEC purification
ensures the monodispersity of AB monomers. Binding of an anti-AB(1-42) antibody (6E10)
demonstrated that AP was successfully immobilized (Fig. R5: B). In contrast, binding of
scFv-IC16 to the N-terminally biotinylated AB(1-42) monomer loaded surface could not be
detected (Fig. RS: B). In contrast, C-terminally biotinylated AB(1-42) monomers that were
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immobilized to the surface was bound by 6E10 and scFv-IC16 (Fig. R5: A). It was concluded
that both, N- and C-terminally biotinylated Ap monomers were successfully immobilized, but
immobilization of N-terminally biotinylated AB(1-42) on the streptavidin-coated sensor chip
restricts binding of scFv-IC16. To extract quantitative information from the experimental data
of scFv-IC16 and C-terminally biotinylated AB(1-42), the obtained sensorgrams were fitted to
a Langmuir 1:1 binding model. Refractive index correction (Ri) was not required because all
binding data were double referenced prior to analysis. Fig. RS and Table R1 show that the
resulting fit represents the experimental data very well and yields a Kp of 0.77 uM. A low x?-
value of 4.1 supports this finding. The comparison with steady state affinity analysis revealed

an excellent match. With this approach, the Kp determined was equal to 0.97 uM (2: 0.38).

Table R1: Overview of the kinetic rates for scFv-IC16 binding to different Ap(1-42) assembly
states obtained within the single-cycle kinetic SPR experiments. The hash (*) denotes that kinetic
rates were determined with a heterogeneous binding model. Standard deviation with number of
experiments is given in brackets.

monomers _monomers”  oligomers* fibrils*
kaq@ 2.27*10* 2.16*10* 2.66*10% (4.9*10%; n=4)  2.96*10* (3.9*10%; n=3)
Kq1 ! 1.74*102 2.03*102 0.98*102 (1.8*10%; n=4)  0.92*102 (1.5*10%; n=3)
Kp1 7.69%107 9.36*107 3.70107 (1.4*107; n=4)  3.12*107 (7.5*10°%; n=3)
ka2t - 4.80%10* 1.03*102 (9.2*10"; n=4)  4.54*102 (3.7*102; n=3)
Kqo®! - 4.78*10° 5.76*10* (2.9*10%, n=4)  1.93*107% (1.0*1073; n=3)
Kp!! - 9.90%10 5.60*10® (7.9*10%; n=4)  4.26*10° (2.2*10°%; n=3)
X2 4.1 2.4 3.0 1.2
Rumaxi¥!  36.6 36.2 69.1 89.3
Rnaxo! - 1.6 206.1 143.1

#fit to a heterogeneous binding model. Units are: [a] Ms™, [b] s, [c] M, and [d] RU.

4.6 Characterization of AP oligomers with SPR

APB(1-42) oligomers containing 10 % N-terminally biotinylated AB(1-42) were immobilized
and checked for successful immobilization of Af with IgG 6E10 and scFv-IC16. To reduce
the risk of sample heterogeneity, species different than oligomers were removed by SEC'?!.
The obtained oligomers were immediately (taking ~10 min for the procedure) immobilized
(Fig. M4: A). 6E10 and scFv-IC16 both bound to the AP oligomers on the surface (Fig. RS).
Importantly, since N-terminally biotinylated monomers are not recognized by scFv-IC16, it
was concluded that the obtained responses are due to scFv-IC16 binding to oligomers.
Therefore, scFv-IC16 is a powerful tool for surface characterization and quality control of
immobilized AP, and application as a molecular tool for SPR studies with AP in higher
aggregation states is conceivable. Antibodies and their respective Fab fragments are often

known to recognize both, linear and conformational epitopes. Binding curves were therefore
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fit with a heterogeneous ligand binding model. Again, owing to double referencing, a
refractive index (RI) correction was not required. Two separate Kp values have been obtained
(0.37 uM and 5.60 uM; x2: 3.0) with affinities differing by one order of magnitude. Use of
simpler models increased y? by at least a factor of ten and supports the initial assumption of a
second epitope of AB(1-42) oligomers for scFv-IC16. This effect is probably not caused by
rebinding effects of the analyte. The total mass of immobilized AP (1-42) oligomers is very
comparable with the amount of immobilized AB(1-42) monomers, in which clearly no

rebinding could be observed (Fig. R5: A).

4.7 Characterization of AP fibrils with SPR

For immobilization of fibrils, an AB(1-42) mixture with 10 % N-terminally biotinylated AB(1-
42) was used. To ensure the absence of lower molecular weight species, density gradient
centrifugation (DGC) was applied for separation of fibrils from other oligomeric states and
monomers. lIodixanol was used as the gradient medium, because this reagent has several
advantages over other potential agents: it is non-ionic, forms self-generated gradients in
comparatively short centrifugation times and, most importantly, it is iso-osmotic'*°. This
ensures a low influence on protein stability and structure. Nevertheless, AFM was used to
analyse the potential influence of Iodixanol on the structural assembly of the prepared fibrils
(Fig. R2). The obtained AFM results indicate that fibril formation is not altered by lodixanol,
that the fibrils are virtually identical to AB fibrils previously studied by AFM!"! and that no
background signal by lower molecular weight species such as oligomers can be observed. As
observed for SEC-purified AB-oligomers, it was possible to immobilize reproducible amounts
of the DGC separated AB-fibrils on the surface. The refractive index showed a dramatic jump
following sample injection, because of the presence of Iodixanol (Fig. M4: B). Incubation of
the flow cell in a continuous flow mode revealed a linear decay of 4 RU (RU: response units;
a change of 1 RU corresponds to a mass change of approximately 1 pg per mm?) per hour
after 8 h. This decay is assumed to be caused by a small amount of the fibrils dissociating,
because similar decays have been observed previously for immobilized fibrils!*. scFv-IC16
was able to bind to the fibril surface. The binding curves were fit with the identical model
used for AB(1-42) oligomers. The resulting dissociation constants for scFv-IC16 binding to
AB(1-42) fibrils were determined to be 0.31 uM and 4.26 uM (y%: 1.2, Tab. 1), which are very

similar to those obtained for AP oligomers.
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Figure R5: Surface plasmon resonance interactions of scFv-IC16 with Ap. A) Interactions of scFv-
IC16 with AB-monomers with a biotin tag at the C-terminus and oligomers/fibrils containing a mixture
of 10 % N-terminally biotinylated AB(1-42) and 90 % AP(1-42) (immobilized in total: 100 — 200 RU).
B) Shows a negative control where scFv-IC16 does not bind to N-terminally biotinylated Ap-
monomers (immobilized: ~1200 RU), and a positive control using IgG 6E10, which binds to N-
terminally biotinylated AB-monomers (1200 RU).

4.8 Characterization of Ap monomers with BLI

Biolayer interferometry (BLI) was applied to obtain another validation for the estimated Kp
values of the interaction of the scFv-IC16 with AB(1-42) monomers. BLI has become an
alternative method to SPR. One advantage of BLI is that the number of sensors can be scaled
easily without making the system more error-prone or complex. Theoretically, there is no
need to regenerate single sensors, because duplicates of the surface can be easily created by
immobilizing an equal amount of ligand on additional sensors. However, this approach has
some disadvantages. It is not possible to achieve identical ligand coatings of multiple sensors.
Such an approach also increases sensor consumption and it is not guaranteed that the
performance of each sensor is equivalent in later measurements. This results in fitting errors,
especially if simple models without RI terms are used. Thus, to try to overcome these
disadvantages, when compared with SPR, single cycle kinetics using BLI experiments were

examined to determine whether this technique is feasible and accurate. Since the software did
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not support the evaluation of single cycle kinetics, a script for data export was required.
Unfortunately, with the available software it was just possible to fit 1:1 kinetic interactions.
This is the reason, why just AB(1-42) monomers have been tested with BLI.

A comparison of parallel sensor kinetics with single cycle kinetics and the quality differences
are illustrated in Fig. R6. With the scFv-IC16, the Kps: 0.18 uM / y2: 7.17%10 for 0.15 nm
ligand, 0.59 uM / y2: 2.25%10™* for 0.41 nm ligand and 0.43 uM / 2 9.69%10* for 1.01 nm
ligand were obtained for parallel sensor kinetics. As expected the Kps of the parallel sensor
kinetics spread, show relatively high 2, and just one measurement (Fig. R6: E) is close to the
expected affinity range. In contrast, the kinetic titration series were showing less deviation

and approve the SPR measurements.

Table R2: Comprehensive table of all evaluated fits. Fitting results for the measurements illustrated
in Fig. R6. k,: on-rate constant, kq: off-rate constant, Kp: dissociation constant (ks/ka), RI1-Rls: baseline
drift in nm, X2: chi? in nm?2.

Fig. R6 | ka (1/Ms) ks (1/S) Rmax(nm) Ko (M)| RI X2
A) 3.4*10* 1.8*10%2 n.a. 5.4*107 0| 3.9*10°
B) 2.7*10* 1.8*10%2 n.a. 6.4*107 0| 6.8*10°
C) 2.0*10* 1.4*102 n.a. 7.1*107 0| 2.4*10*
D) 7.2*10* 1.3*10%2 0.11 1.8*107 0| 7.2*10°
E) 2.6*10* 1.5*102 0.68 5.9*107 0| 2.3*10*
F) 3.010* 1.3*102 1.60 4.3*107 0| 9.7*10*

With single cycle kinetics, the Kps: 0.54 uM / y%: 3.87*10-5 for 0.15 nm ligand, 0.64 uM / 2
6.80*10-5 for 0.41 nm ligand and 0.71 uM / y?: 2.44*10-4 for 1.01 nm ligand were estimated.
Clearly for each different amount of ligand tested, the y2-term is at least several fold smaller
when compared with the results obtain using parallel sensor kinetics (see Fig. 2: A/B/C vs

Fig. 2: D/E/F) and all the estimated Kps (see Fig. R6 and Tab. R2) are close to the value
estimated by SPR.
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Figure R6: Comparison of multi cycle kinetics and single cycle Kinetics with biolayer
interferometry using scFv-IC16 as the example. The sensorgrams show the interaction of scFv-1C16
(analyte) with C-terminally biotinylated AB(1-42) (ligand). The amount of ligand was increased from
0.13 nm (A, D), 0.41 nm (B, E) and 1.01 nm (C, F). Applied analyte concentrations were: 2.4, 1.2, 0.6,
0.3 and 0.15 pM. The fits are indicated by the red lines, whereas the sensorgrams are shown in blue.
Each single cycle series was reproduced five times. The residuals of the fits are plotted below the

respective sensorgram.

In conclusion, BLI is a suitable technique to estimate binding affinities based on single cycle
kinetics and that single cycle kinetics can circumvent drawbacks of the established single-use
sensor strategy of the manufacturer. Furthermore, the Kp of the scFv-IC16 in combination

with C-terminally biotinylated AB(1-42) monomers was approved.
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4.9 pE3-Ap oligomer preparation

pE3-AB(3-40) (pE: pyroglutamate) was found to co-aggregate into plaques in Alzheimer’s
disease. In this experiment, it was shown that production and immobilization of oligomers
with pE3-AB(3-40) is possible. Two surfaces were prepared for this experiment. One surface
consisted of i) oligomers containing 10 % N-terminally biotinylated AP(1-42) with 90 %
APB(1-42) and the other surface consisted of ii) 10 % N-terminally biotinylated AB(1-42) with
90 % pE3-AB(3-40). Since immobilization of the oligomers is via streptavidin-biotin
interaction, it is necessary to show whether such oligomers contain pE3-APB(3-40).
Consequently, Fab-fragments (Probiodrug) with specificity for pE3-AB(3-40) were used (no

permission to show data).

4.10 Characterization of D-peptides

D3 is a peptide selected by mirror image phage display. In the context of the optimization of
the properties of D3, there are currently several derived peptides that have been characterized
in this work. Some of the peptides contain single or multi amino acid substitutions, whereas
others have the same amino acid composition but a rearranged sequence. Additionally it is
possible to covalently combine peptides to yield so called “tandem peptides” or to alter the
rigidity by cyclisation.

In this work all D3-derivatives were fitted with a heterogeneous ligand binding model,
considering two binding sites without Ri. This will be discussed later (see: Mechanistic
explanation of the interaction of D3-derivatives with A). Fitting with a simple 1:1 binding

model increased the 2, and lead to high local deviations of the fit and the sensorgram.

4.10.1 Affinity estimation of direct D3-derivatives

In this chapter, D3 was compared with derivatives that inherited the same amino acid
composition as D3. For RD2, the sequence order was changed and for D3D3 or RD2RD?2 the
number of binding sites was doubled. For this assay, the sensorgrams of these peptides were

recorded on surfaces containing either AB(1-42) monomers, oligomers or fibrils.
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Figure R7: Binding Kinetics of D3 and its derivatives to different AP assembly states. A-C
Interaction of D3 with A) AB(1-42) monomers, B) oligomers and C) fibrils. D-F interaction of RD2
with D) AP(1-42) monomers, E) oligomers and F) fibrils. G-I interaction of D3D3 with G) AB(1-42)
monomers, H) oligomers and I) fibrils. J-L interaction of RD2RD2 with J) AB(1-42) monomers, K)
oligomers and L) fibrils. In M), the affinities were plotted for the named peptides and surfaces. For all
peptides, two Kps were estimated.

Fitting was possible for all peptides with a heterogeneous ligand model (2 binding sites).
Among the monomeric peptides, RD2 presented a higher affinity for both the low and the
high affinity sites. For monomers, the difference (Kp: and Kp2) was: 2.1¥10 M and 5.8*%10°8
M (D3) vs. 4.8%10° M and 1.1*10® M (RD2), for oligomers: 1.4%10° M and 1.2*10° M (D3)
vs. 3.7%¥10° M and 1.0¥10® M (RD2) and for fibrils: 3.3*10° M and 1.3%107 M (D3) vs.
3.2%¥10° M and 1.9¥10® M (RD2). Differences in affinity for D3 and RD2 against certain AP
assembly states were hardly estimable.
Tandem peptides showed a higher affinity than the corresponding monomeric peptides. The
difference in affinity between D3D3 and RD2RD2 was low; the low affinity site of RD2RD2
has a higher affinity than the low affinity site of D3D3 against monomers and oligomers (Fig.
R7): 1.3*10% M and 1.4¥10® M (D3D3) vs. 8.7%107 M and 9.3*107 M (RD2RD?2).
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However, the high affinity site of D3D3 has a higher affinity than RD2RD2 for monomers
(Fig. R7), oligomers and fibrils: 2.8%10°'° M, 8.9%10!! M, 2.2*10° M (D3D3) vs. 7.3*¥10° M,
7.5¥10° M, 8.4¥10° M (RD2RD2).

4.10.2 Single amino acid substitutions

In this chapter it the dependency of the peptide sequence with the affinity was evaluated. For
this, five peptides named from DB1 to DB5 were compared with D3 (Fig. R8). The peptides
DBI - DBS are derived from D3 and characterized by substitutions of single or several amino

acids. Changes of the sequence directly alter the affinity to the epitope.
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Figure RS8: Interaction of the D3 derivatives DB1-5 to different Ap assembly states. A-C
Interaction of DB1 with A) AB(1-42) monomers, B) oligomers and C) fibrils. D-F interaction of DB2
with D) AB(1-42) monomers, E) oligomers and F) fibrils. G-I interaction of DB3 with G) AB(1-42)
monomers, H) oligomers and I) fibrils. J-L interaction of DB4 with J) AP(1-42) monomers, K)
oligomers and L) fibrils. M-O interaction of DB4 with M) AB(1-42) monomers, N) oligomers and O)
fibrils. In K), the affinities to the indicated surfaces were plotted for DB4. For all peptides, two Kps
were estimated.
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The interaction of DB1-DB5 to AB(1-42) monomers, oligomers and fibrils was recorded and
evaluated. A kinetic fit for DB1, DB2, DB3 and DB5 was not possible (Fig. R8). For DB4,
the sensorgrams showed sufficient curvature and a fit with a heterogeneous ligand model (2
binding sites) was possible. In contrast to D3, the percentage of the contribution of the high
affinity site to the total reaction was always < 5 % in the case of monomers, oligomers and
fibrils. For monomers, it was < 3 % and could be practically discounted because of the low
impact to the total reaction. The low affinity site for each surface type (monomers, oligomers
and fibrils) was less affine: DB4: 1.1%¥10* M vs. D3: 2.1%10° M (monomers), DB4: 8.2%107
M vs. D3: 1.4%10° M (oligomers), DB4: 2.2%10° M vs. D3: 3.3%10° M (fibrils).
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Figure R9: D3 derivatives ordered by affinity, signal amplitude and net-charge. A) Shows the
sensorgrams for the peptides DB1-DB5 for AP(1-42) monomers. In B) the calculated Rmax values for
DB1-DBS5 are plotted. In C) the steady state affinity analysis for DB1-DB5 is plotted and in D) the
calculated Kps for DB1-DBS5 are plotted.

To evaluate DB1-DBS5, the Rmax and a Kp based on steady state analysis was estimated.
Regarding Rmax and the Kp, DB3 and DB4 showed higher responses and affinity than DBI,
DB2 and DBS5 (Fig. R9). To determine which amino acid substitutions influence the affinity,
the Rmax and Kp values were used to create an alignment based on the sequence of D3

(Fig. R10).
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DB4 H-rprtrleth@nr-NHZ
DB3 H-rp@trleth@nr-NH2Z
DB1 H-rp@trlht@rnr-NHZ
DB5 H-rp trllth r—NH2
DB2  H-rpitf1

th@nr-NH2
Figure R10: Alignment of the peptides DB1-DBS. The reference sequence is D3 (top sequence,
grey). Amino acid substitutions that apparently influence the affinity in a positive way are highlighted
, and substitutions that reduce affinity are highlighted red. Important positions in the sequence of
D3 were highlighted

Rmax

If the peptides are sorted by the Rmax (binding signal at equilibrium), amino acid substitutions
that are supposed to affect the affinity positively or negatively can be determined. For DB2
and DBS, four substitutions were identified that are designated to have a negative effect on
binding. For DBI1, one positive and three negative substitutions could be assigned. DB3 is
likely to contain two negative and one positive substitution. Finally, it was possible to assign
one positive and one negative substitution for DB4 using the data acquired for the other
peptides. Based on the alignment of the D3-derivatives DB1 — DBS five important positions
in the sequence of D3, which alter binding affinity were identified. In conclusion, there is
evidence that the introduction of negative charged amino acids at these positions is able to
severely disturb the binding affinity. Nevertheless, the example of DB4 shows that
introduction of one substitution with a negative effect on affinity, and one with positive effect
on affinity can yield a peptide with similar, but not equal, high affinity when compared with

D3. This means, that positive and negative substitutions can compensate each other.

4.10.3 Combination with the Ap binding site D7

In this section the peptide D7 was characterized and compared with its combinates that
resulted from fusion to RD2. D7 was initially selected against pE3-A by mirror image phage
display. It has no sequence homology to D3.
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Figure R11: Binding kinetics of D7 and combinates with D3 derivatives to different Ap assembly
states. A-C shows the Interaction of D7 with A) AB(1-42) monomers, B) oligomers and C) fibrils. D-F
shows the interaction of D7RD2 with D) AB(1-42) monomers, E) oligomers and F) fibrils. G-I shows
the interaction of RD2D7 with G) AB(1-42) monomers, H) oligomers and I) fibrils. In J), the affinities
for D7, D7RD2 and RD2D7 were plotted for the named surfaces. The Kp values of D7 were estimated.
For D7RD2 and RD2D7 three Kps have been estimated.

It was possible to show that D7 binds all AB(1-42) surfaces equally well (Fig. R11: A). Fitting
was possible for D7 with a heterogeneous ligand model (2 binding sites) as used for RD2. The
affinity of D7 towards the surface is comparable with RD2 for both the high and the low
affinity sites: D7: 1.5¥107 M, 9.3¥10® M (monomers); 2.3%107 M, 8.9%10® M (oligomers);
1.1¥10° M, 1.4%107 M (fibrils) vs. RD2: 4.8%10° M, 1.1*10® M (monomers); 3.7%10° M,
1.0¥10® M (oligomers); 3.2%¥10° M, 1.9¥10® M (fibrils). However, there are differences in
the association and dissociation rates. D7 shows in comparison to RD2 a slower dissociation
and association rate. Furthermore, in comparison to RD2, D7 has a different distribution
pattern of both reactions, which is obvious if one considers the Rmax values of both sub-

reactions. D7 shows a near equal distribution in the range of 42-45 % / 58-55 % for each

sub-reaction, whereas RD2 is split into 8—13 % / 92—87 % for each reaction.
58



A disadvantage of D7 is the lower solubility (~50—100 uM in PBS). Nevertheless, the affinity
is in the range of 10”7 to 10°® M, thereby suggesting that high solubility is not necessary to
achieve equilibrium in a short time frame. Furthermore, because of its high hydrophobicity,
D7 is likely to pass the blood-brain-barrier effectively. Nevertheless, one possibility to
optimize the solubility and/or affinity of D7 may be to combine this peptide with another
binder, such as RD2. In this work, it was possible to prove, that the combination of D7 with
RD2, leads to tandem peptides that showed 1) an over-proportional increase in signal strength,
i) an increase in binding complexity and iii) an increase in affinity (Fig. R11: B/C). The over-
proportional increase in signal strength (1) means that the signal increased by a factor of eight,
while the molecular weight roughly increased by the factor of two. This may be due to
oligomerization, because of van der Waals forces between D7 domains. For this purpose, one

could calculate the surface activity, using the equation'?:

MAnalyte

Xi.  RUpax = Valencypigana * * RUimmobitized

MLigand

Since there are two different binding domains, conclusively for this experiment the equation

has to be:

3231 kDa

* * ~1200 RU
4514 kDa

from xi. RUpax =

The assumption of two distinct binding domains of RD2D7/D7RD?2 is based on the idea that
both binding sides (RD2 and D7) have 1) different physical properties, 2) show different rate
constants and 3) a different distribution pattern of both partial reactions (based on the Rmax).
Following this concept, the maximum theoretical response of RD2D7/D7RD2 to 1200 RU
immobilized AB(1-42) would be approximately ~1700 RU, if 100 % of the epitope is active.
Conclusively, it was not possible to prove the existence of oligomeric RD2D7/D7RD2 with
this experiment. For every surface the Rmax signal was significantly lower than the theoretical
maximum. Furthermore, monomeric D7 showed no abnormalities which would indicate
oligomerization at these concentrations. Nevertheless, the activity for RD2D7/D7RD2
increased significantly (40 % < activity <60 %) in comparison to the monomeric peptides D7
or RD2 (< 10 %). Dynamic light scattering measurements of D7RD2 indicate the presence of
oligomers of different size (Fig. R12). Unfortunately DLS is not suitable to quantize size
distributions within a heterogeneous sample. Using the Rayleigh approximation, the
contribution of particles is proportional to (size)®. This means, if the ratio (number of particles

per fraction) of two different size fractions (Fi: 1 nm and F2: 10 nm) is equal, the intensity of
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bigger fraction is 1,000,000 times higher and thus easily shadows signals of the smaller

fractions'3*,
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Figure R12: Dynamic light scattering measurement of D7RD2. Plot shows the presence of particles
of mainly 100 nm size in the sample containing ~300 uM D7RD2. The 4H,O sample is used for
comparison.

The increase in binding complexity (i1) and affinity (iii) is explainable by “avidity”. Avidity
happens if there are more than one binding sites, which are independently able to interact with
the epitope. Avidity is only influenced by the amount of binding sites, not their target
specificity. Well-known examples for avidity are IgGs. Just because of the existence of more
than one binding domain, the dissociation times can be increased by orders of magnitude. For

scFv-dimers (diabodies), the factor can be up to 40X 3.

4.10.4 Characterization of cyclic D3-derivatives

In this chapter, cyclic D3-derivatives have been compared (Fig. R13). All cyclic D3-
derivatives were cyclised by linking the C-terminus with the N-terminus (head-to-tail). This
approach may increase the resistance of a peptide to digestion, because the termini are
traditionally the attack points of enzymes or the proteasome. Additionally, it was shown that
cyclisation increases the ability to permeate plasma membranes'*®. Connecting the C- with the
N-terminus (head-to-tail) of D3 leads to the peptide cD3z. This has the consequence that one
charge disappears. To compensate this, the peptides cD3r and cD3p2k contain an additional
arginine or lysine substitution, respectively. The other peptides cD3a and cD3p inherit an
additional alanine and proline, respectively. These latter two peptides were used as controls to
determine whether an insertion of an additional amino-acid affects affinity. An increase in

affinity is not expected though.
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For nearly all peptides (one peptide failed) kinetic fits based on a heterogeneous ligand model
(2 binding sites) were performed (Fig. R13). Additionally, steady state affinity analyses were
performed. In comparison to cD3z the peptides cD3a and cD3p did not show a noticeable
increase in affinity for all tested surfaces (Fig. R13: P/Q). cD3r showed for all surfaces tested
a higher affinity in comparison to cD3z, for both, the high and the low affinity binding sites:
cD3r: 3.0%10° M, 4.9%107 M (monomers) vs. cD3z: 4.4¥10° M, 1.6¥10® M (monomers);
cD3r: 2.2%¥10° M, 6.1%10% M (oligomers) vs. cD3z: 6.5%10° M, 3.5%10° M (oligomers);
cD3r: 1.6%10° M, 6.8%10° M (fibrils) vs. c¢D3z: 5.2*%10° M, 1.9%¥10° M (fibrils). In
comparison to D3, the low affinity site was showing a slightly lower affinity: cD3z: 4.4%107
M vs. D3: 2.1%¥10> M (monomers), cD3z: 6.5¥10° M vs. D3: 1.4¥10> M (oligomers), cD3z:
5.2¥10° M vs. D3: 3.3¥10° M (fibrils). The same was observed for the high affinity site:
cD3z: 1.6¥10°% M vs. D3: 5.8%10® M (monomers), cD3z: 3.5%¥10° M vs. D3: 1.2¥10° M
(oligomers), cD3z: 1.9%10°% M vs. D3: 1.3*¥10”7 M (fibrils). cD3r showed nearly the same
affinity as D3 for the low affinity site: cD3r: 3.0¥10°% M vs. D3: 2.1¥10 M (monomers),
cD3r: 2.2%¥10° M vs. D3: 1.4%10° M (oligomers), cD3r: 1.6¥10° M vs. D3: 3.3*10° M
(fibrils). However, the high affinity site showed higher affinity for oligomers and fibrils (20-
fold) and a slightly lower affinity for monomers: cD3r: 4.9%107 M (monomers) vs. D3:
5.8%10® M (monomers), cD3r: 6.1%10® M (oligomers) vs. D3: 1.2¥10% M (oligomers), cD3r:
6.8%10° M (fibrils) vs. D3: 1.3*¥10”7 M (fibrils). In comparison to other cyclic peptides,
cD3p2k showed higher affinity for fibrils.

In this work, it was possible to show that the cyclisation of D3 does not interfere with the
binding to AB(1-42) monomers, oligomers or fibrils. Although cD3z lost one amide group
because of the head-to-tail connection, the affinity was very similar in comparison to D3. The
results using ¢cD3r and cD3p2k showed that the addition of one amino acid can compensate
for the loss of the amide group and even enhance the affinity when compared with the results
for D3. For cD3a and cD3p, a compensation for the reduced affinity due to the loss of the

amide group was not observed and not expected.
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Figure R13: Interactions of cyclic D3 derivatives to different AP assembly states. A-C Interaction
of cD3z with A) AB(1-42) monomers, B) oligomers and C) fibrils. D-F interaction of cD3a with D)
AP(1-42) monomers, E) oligomers and F) fibrils. G-I interaction of cD3p with G) AP(1-42)
monomers, H) oligomers and I) fibrils. J-L interaction of cD3p2k with J) AB(1-42) monomers, K)
oligomers and L) fibrils. M-O interaction of cD3r with M) AB(1-42) monomers, N) oligomers and O)
fibrils. P) For all peptides, two Kps were estimated by a heterogeneous ligand model (2 binding sites).
The numbers above the bars indicate the Rmax distribution of both reactions [%].Q) Analogous to this,
the affinities were estimated by steady state affinity analysis.
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4.10.5 Interaction of D3 with pE3-Ap oligomers and fibrils

After the feasibility of the creation and correct immobilization of oligomers containing
pE3-AB(3-40) was proven (no permission to show), it was tested, whether D3 is able to
interact with pE3-AB(3-40). For this purpose, oligomers and fibrils containing 90 % pE3-
AB(3-40) were prepared. A high percentage of pE3-AB(3-40), reduces the signal from the
interaction with AB(1-42). Interestingly, the interaction of D3 with such oligomers was just
able to be fitted with a heterogeneous ligand model considering 3 binding sites (Fig. R14).
Nevertheless, the affinity of each hypothetical binding site was in the range of the interaction
of D3 with AB(1-42). The affinities (Kpi-Kp3) for the interactions with oligomers and fibrils
containing 90 % pE3-AB(3-40) were: 4.6¥107 M, 7.7%10° M, 3.5%10° M (oligomers) and
Kpi-Kps: 8.7¥10° M, 5.4%10° M, 1.3*¥10* M (fibrils), which is similar to the affinities (Kpi-
Kp2) of D3 to oligomers and fibrils without pE3-AB(3-40): 1.4%¥10°M, 1.2¥10° M
(oligomers) and 3.3*¥10° M, 1.3*¥1077 M (fibrils). Thus, the presence of a pyroglutamate had
negligible influence on peptide affinity towards Ap.
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Figure R14: Binding of D3 to AP oligomers and fibrils containing 90 % pE3-Ap(3-40). A)
Interaction of D3 to oligomers containing pE3-AB(3-40). B) Interaction of D3 to fibrils containing
pE3-AB(3-40). C) Kps of the interaction with oligomers and fibrils containing pE3-Ap(3-40),
calculated by a kinetic fit based on a 3:1 model.

4.10.6 Thermodynamics of cyclic D3-derivatives
Cyclisation can reduce the entropic term as part of the Gibb’s energy”®, and thus make
binding energetically more favourable. This is possible because the degree of freedom is

reduced, because the amount of possible folding states is reduced and the molecule becomes
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more rigid. With this in mind, the effect of cyclisation may be stronger for longer peptides. In
this study the peptides were cyclised covalently by fusing the C- with the N-terminus; another

possible way could for example involve the introduction of two cysteines.

Table R4: Thermodynamics in comparison to D3. For the cyclic peptides cD3z and cD3r
thermodynamics were estimated by steady state affinity analysis and a kinetic fit based on a 1:1
binding model. @: Mean, SD: Standard deviation.

cD3z cD3r D3
SS-Affinity 7) SD |0 SD |0 SD
AH [kd/mol] -6.7 0.67 |-8.8 097 |-83 1.6

AS[J/(K*mol)] |55.0 2.3 |60.0 3.3 |57.0 53

cD3z cD3r D3
1:1 Kinetics 17 SD |©O SD |©O SD
AH [kJ/mol] -11.0 062 |-120 16 [-9.8 0.83

AS[J/(K*'mol)] |52.0 21 520 54 |53.0 28

To estimate the Gibb’s energy and the content of the enthalpy and the entropy in the equation,
it is necessary to estimate the binding affinity over a (broad) temperature range. If the
interaction requires energy, the value of the Gibb’s energy will have a positive sign.
Otherwise, if energy is released while both partners bind, the sign will be negative. In the first
case, the affinity should increase with temperature, whereas in the second case, the affinity
will decrease with temperature. In this experiment, a measurable impact on the entropic term

for cyclic D3 derivatives was examined.
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Figure R15: Thermodynamics of D3 derivatives to Ap(1-42). A) on-rate, B) off-rate and C) Kp of
cD3z over the temperature range of 4 to 42°C. E) on-rate, F) off-rate and G) Kp of cD3r over a
temperature range of 4 to 42°C. G) on-rate, H) off-rate and I) Kp of D3 over a temperature range of 4
to 42°C. Bar chart of the Kps of cD3z, cD3r and D3 estimated by J) Fitted binding enthalpy (H) and
entropy (S) based on steady-state affinity analysis and K) 1:1 Langmuir kinetics. H./S. and Hq/Sq are
calculated by fitting the on- and off-rates.

The sensorgrams of the peptides D3, cD3z and cD3r were fitted by steady state affinity
analysis and a 1:1 Langmuir binding model. Both models were compared in Fig. R15 and
Tab: R4. For all peptides the enthalpy was negative and if considering the standard deviation,
there was no measurable difference among the peptides. In the case of the steady state affinity
analysis, the mean enthalpy was -7.9 kJ/mol, with the kinetic fitting model an enthalpy of -

10.9 kJ/mol was determined. The entropy values showed even less deviation among the
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peptides. Here, the mean entropy was 57.3 J/K*mol with the steady state affinity model and
52.3 J/K*mol for the kinetic fitting model. In conclusion, it was possible to show that the
interaction of D3 is an exergonic reaction. However, using SPR analysis it was not possible to
confirm whether cyclisation is able to alter the entropic term. An explanation may be that the
amount of possible folding states of a 12 amino-acid peptide, such as D3, is too low. The
difference in comparison to cyclised D3 derivatives will be too low to estimate with this

technique.

4.10.7 Affinity prediction of multivalent D3-derivatives

For many of the characterized peptides, it should be possible to create affinity predictions of

hypothetical multivalent D3-derivatives based on the measurements.
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Figure R16: Affinity predictions of D3 derivatives to Ap(1-42). The theoretically achievable affinity
of each peptide was plotted in dependency to the number of binding sites. For this the mean affinity
(weighted Kps) of the interactions with monomers, oligomers and fibrils (mean) were calculated.

In this work, for all D3-derivates a model with two partial reactions was used for fitting. To
keep the predictions simple, both Kps were used for calculation of a weighted total Kp (Kw)

according to the following simple equation:

xii. K, =YY", gf;—m «Kp ;
Y Ryax: total Rma for all partial reactions
Rnmax_i: Tesponse at equilibrium of ..
Kp ;: affinity constant of ..

.. the current partial reaction (two partial reactions for D3-derivatives).
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The so obtained affinities (Kw) for the interactions with monomers, oligomers and fibrils
(according to Tab. S1) were averaged (for robustness) and then used to calculate the predicted
affinities (Fig. R16 and Tab. R4) based on a model of avidity. For homo-multivalent agents

this can be done with the following equation:

1 1 . .
X. — = )2, — (see introduction)
Kp Kpi

This approach is not perfect, because secondary effects are not considered, but helps to get an
idea of the effectivity of addition of binding sites. For RD2RD2 and D3D3 the estimated,
weighted, and averaged Kps were 1.0%¥10° (SD: 0.04*10°°) and 0.9%10° (SD: 0.4%107)
respectively. If considering the standard deviation of the predictions, the match is within the

expected range.

Table R4: Affinity predictions of D3 derivatives to Ap(1-42). The theoretically achievable affinity
of each peptide was calculated in dependency to the number of binding sites (Sites). For this the mean
affinity (weighted Kps) of the interactions with monomers, oligomers and fibrils (mean) and standard

deviations (SD) were calculated.

Sites

cD3a

7]

SD

cD3p

17

SD

cD3p2k

7]

SD

cD3r

7]

SD

-t

Sites

C WO NOOOGLSAH WDN =

2.2*10°
1.1*105
7.2*10
5.4*10°
4.3*10°®
3.6*10°®
3.1*10°
2.7*10°
2.4*10°
2.2*10°

1.5*10°
7.3*10°¢
4.9*10®
3.7*10°
2.9*10°¢
2.4*10°
2.1*10°
1.8%10°
1.6*10°
1.5*10°

cD3z

7]

SD

3.9*10°
1.9*10°
1.3*10°
9.7*10°¢
7.7*10°
6.5*10¢
5.5*10°
4.8*10°
4.3*10°
3.9*10°¢

7}

1.5*10°
7.7*10°
5.1*10°
3.8*10¢
3.1*10°
2.6*10¢
2.2*10°
1.9*10°
1.7*10°¢
1.5¥10°

D3

SD

3.3*10°
1.6*10°
1.1*10°
8.2*10°®
6.6*10°
5.5*10¢
4.7*10°
4.1*10°
3.7*10°
3.3*10°¢

1.6*10°
7.8*10°®
5.2*10°
3.9*10°
3.1*10°
2.6"10°
2.2*10°
1.9*10°
1.7*10°®
1.6*10°

DB4

7}

SD

1.1*108
5.6*10¢
3.7*10°
2.8*10¢
2.2*10°
1.9*10%
1.6*10®
1.4*10%¢
1.2¥10%¢
1.1*10°¢

RD2

17

8.2*10°
4.1*10®
2.7*10°
2.1*10°®
1.6*10°®
1.4*10°
1.2*10°®
1.0"10°
9.1*107
8.2*107

SD

—h

O WO NOOOGLAH, WN=

2.9*10°
1.4*10°
9.6*10°®
7.2*10°
5.7*10°¢
4.8*10°
4.1*10°%
3.6*10°
3.2*10°
2.9*10°

2.3*10°
1.1*10°
7.6*10°®
5.7*10°
4.6*10°
3.8*10°
3.3*10°
2.9*10°
2.5*10°
2.3*10°

1.2*108
5.8*10¢
3.9*10¢
2.9*10¢
2.3*10¢
1.9*10°
1.7*10°¢
1.4*10%¢
1.3*10°
1.2*10°¢

8.7*10°
4.4*10°
2.9*10¢
2.2*10°
1.7*10°¢
1.5*10°
1.2¥10¢
1.1*10°¢
9.7*107
8.7*107

7.0%108
3.5*10°8
2.3*10°8
1.7*10°8
1.4*10'8
1.2*10'8
1.0*10°
8.7*10°
7.7*10°
7.0*10¢

4.5*10°
2.2*10°
1.5*10°
1.1*10°
8.9*10°
7.4*10°%
6.4*10°
5.6*10°
5.0*10®
4.5*10°

3.4*10°®
1.7*10°®
1.1*10°
8.6*107
6.9107
5.7*107
4.9*107
4.3*107
3.8*107
3.4*107

7.6*107
3.8*107
2.5*107
1.9*107
1.5*107
1.3*107
1.1*107
9.6*10°®
8.5*10¢
7.6*10®
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5. Discussion

5.1 Surface characterization with scFv-1C16

A comparison of the obtained kinetic rates and overall affinities for scFv-IC16 and A species
revealed that for each AP assembly state (C-terminally biotinylated monomers, 10 % N-
terminally biotinylated oligomers and fibrils) there is one interaction component present with
nearly identical properties among all three assembly states (Fig. R4 and Tab. R1). The
attained association and dissociation rates for the high affinity site of scFv-IC16 binding to
AP monomers, oligomers and fibrils are 2.3*¥10* Ms™! and 1.7¥102 s, 2.7%¥10* Ms! and
1.0%102 s-1, 3.0%10* Ms™! and 0.9%102 s}, respectively. Based on these rate constants, it is
tempting to speculate that the same binding epitope for scFv-IC16 is present in each of the
studied AP assembly states. Because this epitope is missing in purely N-terminally
biotinylated monomers, but existing for purely C-terminally biotinylated monomers, one can
conclude that this epitope contains the very N-terminal residues of AP. Moreover, the affinity
of the slower binding reaction of scFv-IC16 binding oligomers and fibrils was nearly one
order of magnitude weaker (Kpz-values in Tab. R1). Based on this observation it was
concluded that AP generates a secondary binding site for scFv-IC16 when forming higher
assembly states like oligomer and fibril structures. Remarkably, fitting of sensorgrams
obtained with scFv-IC16 binding monomeric AB(1-42) to the heterogeneous ligand binding
model, as used for oligomers and fibrils, did not yield a second binding component similar to
the oligomer and fibril data. Instead, an unlikely apparent Kp of 9.9%¥10"'* M in concert with
an Rmax value of 1.6 supports the notion that scFv-IC16 binding data for monomers follows a
1:1 Langmuir interaction, which confirms that the A monomer preparation was extremely
homogeneous, and that the secondary binding epitope present in oligomers and fibrils is
clearly not a fitting artefact.

Taken together, an approach allowing interaction studies with different homogeneous AB(1-
42) assembly states by SPR was established. SEC and DGC purification of AP species prior to
streptavidin-biotin coupling ensures sample homogeneity and minimal surface alterations,
which are major limitations of SPR experiments involving AB. In addition, a monoclonal
antibody-derived scFv was employed for the direct verification of successfully immobilized

higher AP assembly states.
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5.2 Mechanism for the interaction between D3 and AP(1-42)

In the results, an alignment with D3-derivatives was performed (Fig. R10). Five amino acids
of D3 at the positions 3, 5, 7, 9, 10, and 11 were found to influence binding and affinity. In
D3, all these amino acids are basic. It was shown that replacing these amino acids with
uncharged or acidic amino acids leads to a decrease in binding affinities. Additionally, it was
possible to illustrate complementation on these examples.

A closer look at the sequence of AP indicates an accumulation of acidic amino acids at two
distinct areas. Because of this, two hypothetical binding sites at the position 1-11 (S1) and 22-
23 (S2) are suggested (Fig. D1). It seems reasonable that the interaction of D3-derivatives and
AP is stabilized by hydrogen bonds. Because of the spatial distance of ten amino acids
between S1 and S2, it seems plausible that a heterogeneous ligand model (considering two
binding sites) can be applied for the description of the binding kinetics of all D3-derivatives

in this work.

Binding sites: S1 S2

Hydro-
philic

Hydro-
phobic

[ B ] ] 1] L= R O] o L oo J |- w w = w J |- @ 1] o] ]

2z g el /2 EEes iz aldEa
Figure D1: Hydropathy plot of AB(1-23). Acidic amino acids in AP(1-42) are marked in red and
distributed in the first 23 amino acids. The hypothetical binding sites are expected at position 1-11 (S1)

and at position 22-23 (S2). Color code Acidic, , Basic, , Polar.

Moreover, the fits of all D3-derivatives (Tab. S1) showed a distinct distribution pattern
regarding the content of each partial reaction. This is visible on the values of the partial
responses Rmaxi and Rmax2. Remarkably, the high affinity site deviated in all cases between
~10 and ~35 % (based on the total Rmax), which is expected using the suggested

heterogeneous ligand model with two binding sites.

5.3 Why does RD2 have a higher affinity than D3?

In this work the affinities of RD2 and D3 to A monomers, oligomers and fibrils have been
compared. Results showed a higher affinity for RD2. RD2 possesses an accumulation of basic

amino acids at the C-terminus and a cluster of aliphatic amino acids at the N-terminus.
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Figure D2: Subsequent injection of RD2 after injection of D3 over a surface coated with Ap
fibrils. Both peptides consist of the same amino acid composition; however the order of the amino
acids differs.

It is possible that RD2 interacts over the neutral N-terminus with another, yet unknown
binding locus on AB(1-42). In D3 such interactions are not as well stabilized, because the
distribution of the basic amino acids within the sequence is equal. As a consequence, an
increased surface activity should be observable for RD2 in comparison to D3. Such behavior
will be visible on the Rmax values and on the shape of the sensorgram (certainly slower
dissociation).

Remarkably, both effects, an increased Rmax and a higher affinity, were observed frequently.
However, such measurements are only reliable and interpretable in SPR spectroscopy if RD2
1s injected directly after D3 has been tested (as in: Fig. D2). Otherwise, secondary effects like
dissociation of the immobilized fibrils, impaired surface activity due to aging, and related
processes could hide these differences between the two low molecular weight agents. If this
model is really true, such interactions may be impaired with non-ionic detergence, e.g.
Surfactant P20. However, this was not tested explicitly in the thesis, because high molecular

assembly states such as AP fibrils may get destabilized in such buffer conditions.

5.4 How is D3 overcoming the plasma membrane?

The ability of peptides to permeate through membranes decreases with increasing mass.
However, properties like the presence of basic clusters have been found to influence the
uptake of the compound into the cell very efficiently by plasma-membrane pore formation'*”
140 A famous example is the HIV-1 related protein Tat!37!1*8140 This mechanism could be
driven by the guanide groups and yields an explanation of D3’s ability to overcome the blood-
brain barrier'*!"'*2, A comparison between the protein Tat and D3/RD2 is given in Fig. D3.
There are similarities in other regions too, but the highest similarity occurs in the basic

cluster, which mediates Tat’s functionality to mediate membranes.
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Tat: 53 RQRRRAH
D3: 1 RPRTRLH

* Kk Kk %

Tat: 52 RRQORR
RD2: 8 RRRRR

*x k% k%

Figure D3: Alignment of D3/RD2 with HIV-1 protein Tat. Both peptides have a high similarity to
one highly charged cluster of the virus protein Tat.

This is interesting, because usually the ability of a drug to permeate membranes scales
roughly with its solubility in fat, but decreases rapidly with the hydrophilicity. Additionally,
drugs with a higher hydrophobicity are more likely the target of enzymes, which decreases
their bioavailability'**. D3 is a peptide and thus passes the gastrointestinal tract efficiently.
Additionally, D3 combines a high solubility (>> 10 mM) and enzymatic stability with the

ability to pass plasma membranes likely due to an arginine driven mechanism.

5.5 Multivalency in D-peptides

In this work it was possible to demonstrate, that dimerization of peptides increases always the
affinity to AP (Tab. S1). Unfortunately, fitting with a 1:1 Langmuir binding model yielded
high fitting errors (more than 20 % of the Rmax) and may not correctly describe the interaction
with the ligand (see: Mechanism for the interaction of D3 with Af). A comparison of
estimated and predicted Kp, based on the interaction of the peptides D3, RD2 and their
tandem peptides with AP is given in Tab. R4 and Fig. R16. In comparison to D3, the
predicted Kp of RD2 was closer to the estimated one.

If the interaction of D3 is driven mainly by the arginine residues, differences between the
peptides D3 and RD2 would be expected. In the case of D3, the basic amino acids are more or
less equally distributed in the sequence. RD2 possesses an accumulation of basic amino acids
at the C-terminus, and thus RD2RD2 may behave as having two binding sites with less

cooperativity in comparison with D3D3.

5.6 Combinations with the Ap binding site D7

D7 (sequence: “htrfeyyvyhms”) contains three tyrosines and one phenylalanine, which
renders this peptide hydrophobic and reduces solubility in water. RD2 has a condensation of
charges at its C-terminus (sequence: “ptlhthnrrrrr”) and is very hydrophilic. The

combination of RD2 with D7 seemed to cause an increase in affinity to AB. The Rmax
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increased by the factor of ~8, the mass however, just doubled. This observation could be
caused by i) oligomerization or ii) micelle like formation'** and/or as a consequence of the iii)
presence of two different binding sites.

Regarding the hypothesis 1), D7RD2 and RD2D7 may form oligomers. However, the
solubility of D7 is much lower and neither binding kinetics, nor Rmax indicate the presence of
oligomers for concentrations up to 12.5 uM. Nevertheless oligomer formation seems possible,
because hydrophobic regions of RD2D7 and D7RD2 are longer in comparison with D7. For
RD2D7, the arginine rich region is in the center of the peptide and thus a different

performance in comparison to D7RD2 would be expected.

D7RD2

Hydro-
philic

Hydro-
phobic

His
Thr
Arg
Fhe
Glu
Tur
Tyr
Wal
Tur

Hydro-
philic

Lo —
o .=
=
T & 5 % 5 5 %6
A\ =kl =m
Figure D4: Hydropathy plot of D7RD2 and RD2D7. Both peptides contain the same composition of
binding sites, but a different arrangement. Color code Acidic, , Basic, , Polar.

Thus, both peptides, D7RD2 and RD2D7 were expected to show a difference in Kp. Indeed,
the kinetic fits showed a noticeable difference in the Kp. A prediction for micelle formation
would be that interactions with the dextran matrix should be greatly increased. Dextran
possesses hydroxyl groups and the cluster of basic amino acids in both, RD2D7 and D7RD?2,
should interact with different affinities towards the dextran matrix. However, unspecific
binding with the matrix was similar for both peptides. In conclusion, micelle formation is very
unlikely, but oligomer formation may be present. Oligomer formation of the analyte
obfuscates affinity estimation. Because of avidity the estimated Kps would be smaller than the
true affinities for the monomeric peptide. Furthermore, sample heterogeneity increases the
complexity of the kinetics. The most certain indicator of oligomer formation would be an Rmax
value which is higher than possible for non-aggregated RD2D7 or D7RD2. For RD2D7 and
D7RD?2 the Rmax values increased drastically in comparison to RD2 or D7, but remained lower

than the theoretical maximum. This is an indicator but not a proof of peptide oligomerization.
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DLS measurements provide evidence of oligomeric species, but do not allow the accurate
quantification of them. However, this would facilitate the evaluation of the fits.

With two different binding sites for one epitope, one could increase the agent concentration at
the target as long as there are no steric hindrances (for small peptides they would be low in
comparison to IgGs). In the case of radiotherapy it would be possible to create higher local
radiation dosages with less side-effect. The short half-life time of peptides in the body would
be an additional advantage. Unfortunately, the combination with D7 led to oligomer

formation, as determined by DLS measurements.

5.7 Cyclisation of D-peptides

Cyclisation of compounds was intended to make interactions energetically more favorable by
decreasing the entropy. Cyclisation of peptides removed one net charge. It was possible to
demonstrate that compensation of the removed charge by insertion of an arginine could
increase the affinity to Ap.

Estimation of thermodynamic properties showed that enthalpy and entropy of linear and
cyclic D3-derivatives are similar. However it was not possible to demonstrate a decrease in
entropy. One possibility is that there really is no decrease in entropy. Another explanation is
that the fitting error increased with the temperature. This is reasonable because the affinity
decreases with increasing temperature, as the interaction is exergonic. This leads to a
reduction of sensorgram curvature. The easiest alternative for estimating thermodynamics
would be application of ITC, because this technique is not dependent on the size of the
interactants. Unfortunately, for ITC both AB and D3 have to be in solution at high
concentrations (mM range). However, AP is hard to solubilize and forms oligomeric particles
spontaneously. Use of soluble fragments like AB(1-16) to AB(1-28) would overcome the low

solubility, but raises new questions regarding comparability with AB(1-42).

5.8 Peptides as drugs and optimization strategies for D3

In the following sections, some brief suggestions to enhance the properties of peptide based
drug candidates like D3 and it derivatives are given and discussed. In general, optimization
should enhance existing properties without impairing existing advantages. This is the reason

why some strategies are preferred in comparison with others in the following sections.

5.8.1 Is adding binding sites useful?

Predictions of polyvalent D3-derivates seem possible, as comparisons with D3- or RD2-

tandem peptides revealed and allow estimation of the binding affinity. One option of peptide
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optimization is to rapidly increase the affinity by adding additional binding sites. However it
is questionable whether multimerization makes D-peptides more effective for AD therapy.
This is because of mainly three reasons. 1) The dependency of the Kp to the number of
binding sites is proportional only under ideal conditions. Secondary effects which perturbs
this interaction are e.g. rotational and translational entropy, which shows a weak correlation
with the mass, the conformational entropy of linkers (if present) and the effects of
cooperativity between binding sites (if present)!?!. ii) The biggest advantage of peptide drugs
in comparison to proteins is their size. Because of this, synthesis is possible and makes
production scalable and cost effective. The addition of binding sites reduces this advantage,

because the efficiency of synthesis and purification decays with the length.

5.8.2 How to enhance the plasma half-life time?
Because peptides are known for fast renal clearance (in the timescale of minutes), one should

focus on optimization of the half-life time of D3-derivatives'®.

Renal tissue contains
glomeruli with a pore size of around 8 nm, which corresponds to a cut-off size of
approximately 5 kDa. Most particles below 5 kDa are cleared very fast'®. In contrast, proteins

145 However, there are some

with sizes above 50-70 kDa remain efficiently in the bloodstream
exceptions, some peptides with long half-life times are able to interact with huge plasma
proteins.

Consequently, the easiest way to optimize the half-life time would be to increase the size.
This could be achieved by linking to polymers like 1) PEG, ii) plasma proteins with long half-
life times, or iii) binding domains of serum albumins'#’. Linking to lipophilic groups such as
iv) triglycerides is a common procedure to increase the membrane permeability of small
molecules and for peptide drugs it could increase the size which would be beneficial for the
half-life time. Unfortunately, for D3-derivatives this would remove some of the positive
properties, such as solubility and may cause micelle formation. Adding a PEG-tag would not
reduce solubility, but the chance of the compound to permeate membranes might suffer. The
same problem might appear when D3 is linked to a large protein. The best might be coupling
to a (small < 20 amino acids) albumin binding domain'*®. This would keep the compound

small, soluble, the ability to permeate membranes would be maintained, and it ensures a

prolonged plasma half-life time.

5.9 Future perspective of peptide design

Within this work, the main mechanisms of the interaction of D3 and related peptides with AP

were evaluated and discussed. Here, I will give the sequence of an optimized D3-derivative.

74



Previous work revealed the consensus sequence “DICLPRWGCLW” for an albumin binding L-
peptide!*S. For compatibility with the existing D-peptide system it is necessary to translate
this sequence into a D-peptide sequence with preserved arrangement of side chains. To
achieve this, the sequence can be translated into a retro-inverso D-peptide sequence. The idea
was already explained in the introduction and preserves elements of the structure (see:
Fig. I3). The result is the D-peptide sequence “wlcgwrplcid”. This peptide has the same
arrangement of side chains. Unfortunately, the direction of the C- and N-terminus is inverted.
However, literature indicates that the impact of this circumstance is neglectable for peptides
in this length scale'"’.

A more critical point in peptide design is the production efficiency. The aim is to keep the
peptide as small as possible, which is important for properties like trans-membrane transport
too. Consequently, the suggested binding site “wlcgwrplcid” could be tagged to the gently
truncated RD2(3-12) sequence “hthnrrrrr”. The result is demonstrated in Fig. D5. The
suggested peptide may have a better plasma half-life time. Additionally, the affinity to AP
could be increased by additional interaction potential through the N-terminal aliphatic region.

Similar was observed already when comparing RD2 with D3.

o3 |mn| »|a|lw| o|s|o|lo o w|c|o|c| o o] bl oo oo
T I N e e S I T = O (e R o R e R A I IS S I i B
VE |l 2| dO|low| gl ol |J |0kl Flxjlc| c|lde|c | c|ac

Figure DS: Hydropathy plot of a 20 amino acid D-peptide for AD therapy. This example consists
of a truncated RD2 binding site and the retro-inverso sequence of a serum albumin consensus
sequence. Color code Acidic, , Basic, , Polar,

Hydro-
philic

Hydro-
phobic

Obviously, the pharmacokinetics of this suggested peptide will change. In the organism, there
will be an equilibrium reaction of binding and dissociation from the serum albumins. The
affinity of the peptide to the serum albumins will have a direct impact on the 1) half-life time
and the ii) availability for the main target Ap. Only the free (unbound) peptide will be able to
pass the blood brain barrier and bind extracellular Ap.

Future work is necessary to elucidate the necessity of a linker or the introduction of additional
amino acids between or around the two binding sites. Moreover, the affinity of the albumin

binding site should be well tuned, considering the points i) and ii).
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6. Summary

The market for peptide based drugs is continuously growing because peptides can be
produced in a scalable and cost efficient way, and may offer a possibility for treatment of
Alzheimer’s disease (AD). Peptides fulfill versatile roles in nature. Often they act as signal or
transmitter molecules. A drawback of L-peptides is their propensity for degradation. In
contrast, D-peptides possess enhanced enzymatic stability. In this work, D-peptides for AD
therapy were characterized by SPR spectroscopy with the aim of property and sequence
optimization.

Homogenous purification and immobilization of different AP species is crucial for in-vitro
SPR experiments. TEM and AFM micrographs proved the feasibility of the applied
purification protocols for the selected AP species. For characterization of the SPR sensor
surfaces, the monovalent analyte scFv-IC16 was chosen. scFv-IC16 was able to prove the
existence of oligomeric/fibrillar AP species after immobilization. Results of scFv-IC16
indicate the existence of an additional binding site for oligomeric and fibrillar AP species. The
D-peptide D3 is able to bind all immobilized AB(1-42) species such as monomers, oligomers,
fibrils and pE3-AB(3-40) oligomers and fibrils with similar affinity. Important spots in the
sequence of D3, which alter the affinity to AP have been localized by alignments of D3-
derivatives. Despite the fact that the D-peptide RD2 possesses the same AA-composition as
D3, it showed a higher affinity to all tested AP(1-42) species. In comparison to the
monovalent peptides D3 and RD2, the corresponding tandem peptides D3D3/RD2RD?2 (and
their permutations) showed an increased affinity to all AB(1-42) species. This observation was
congruent with the suggested model of avidity used for affinity prediction of such tandem
peptides. The interaction of the D-peptide D7 with A displayed in comparison to D3 or RD2
a different association and dissociation pattern. In contrast to the expectations, the RD2/D7
tandem peptides showed a greatly enhanced surface activity and increased interaction
complexity. These observations are explainable by oligomerization (but not precipitation) of

the tandem peptides with each other.
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7. Zusammenfassung

Peptide spielen in der Natur vielfiltige Rollen und dienen beispielsweise als Signal- oder
Transmittermolekiile. Einer der Vorteile von Peptiden im Vergleich zu Proteinen ist ihre
einfache und skalierbare Produktion. Nicht zuletzt deswegen werden Peptide verstirkt als
Medikamente eingesetzt. Mittlerweile ist auch der Einsatz zur Behandlung von Morbus
Alzheimer (AD) denkbar, da einige Peptide in der Lage sind die Bluthirnschranke zu
iiberwinden. Allerdings werden L-Peptide leicht enzymatisch abgebaut. D-Peptide sind im
Vergleich stabiler. In dieser Arbeit wurden D-Peptide mit SPR-Spektroskopie mit dem Ziel
der Sequenz- und Eigenschaftenoptimierung charakterisiert.

Die homogene Aufreinigung und Immobilisierung von AB-Monomeren, -Oligomeren und —
Fibrillen fiir SPR-Spektroskopie ist von entscheidender Bedeutung fiir die Verldsslichkeit von
in-vitro Assays. TEM und AFM Aufnahmen untermauern die Notwendigkeit der verwendeten
Aufreinigungsprotokolle. Die so hergestellten Sensoroberflichen wurden mit scFv-IC16
charakterisiert. Dadurch war es moglich hohermolekulare AB(1-42)-Spezies nachzuweisen
und von AP(1-42)-Monomeren zu unterscheiden. Momentan wird die Rolle von pE3-Af-
Oligomeren bei AD diskutiert. Eine Moglichkeit der Herstellung und Immobilisierung von
pE3(3-40)-AB-Oligomeren/Fibrillen wurde demonstriert. D3 war in der Lage alle
untersuchten AP(1-42)-Spezies und pE3-AP(3-40)-Oligomere/Fibrillen mit vergleichbarer
Affinitdt binden kann. Durch Alignements von D3-Derivaten konnten Bereiche in der
Sequenz von D3 und AB(1-42) ausfindet gemacht werden, die die Affinitit der Interaktion
beeinflussen. Im Vergleich zu D3, zeigt RD2 eine hohere Affinitdt zu allen untersuchten
APB(1-42)-Spezies, obwohl die die AA-Zusammensetzung beider Peptide identisch ist. Die
Tandempeptide D3D3/RD2RD?2 zeigten im Vergleich zu D3 bzw. RD2 eine erhohte Affinitét
gegeniiber allen untersuchten AP(1-42)-Spezies. Diese Beobachtung entspricht dem
verwendeten Modell zur Berechnung der Affinitét basierend auf Aviditit. Die Interaktion von
D7 und AP(1-42) besitzt im Vergleich zu D3 oder RD2 andere Assoziations- und
Dissoziationsverldufe. Die abgeleiteten Tandempeptide auf Basis von D7 und RD2 wiesen
eine deutlich stirker erhohte Oberfldchenaktivitit auf, als bei anderen Tandempeptiden
festgestellt wurde. Dieser Effekt war nur durch die Oligomerisierung der Tandempeptide

untereinander erklarbar.
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9. Supporting Information

Table S1: Comprehension of the binding kinetics. k,: binding velocity in Ms™, kq: dissociation
velocity in s, Kp: ka/k, in M, Rinax: Maximum response at equilibrium, y2 Error of the fit.

ka1 ka1 ka2 kq2 Kb+ Ko2| Rmaxt RBmax2| X?

cD3a-F| 1.3*10® 23*10-1 1.6*10° 2.010°| 1.3*10° 1.8*107 75.8 12.3| 05
cD3a-M| 55%*10* 24*10° 2.3*10° 3.7710"| 4.3*10° 1.7*10%| 161.8 58.9| 13.6
cD3p-F| 7.3*10* 20*10° 3.3*10° 6.8*102| 2.8*10° 2.0*107 88.2 8.6 2
cD3p-M| 4610 2.1*10° 2.0*10° 3.5*107| 4.7*10° 1.8*10°| 159.8 57.9| 47
cD3p-0O| 3.0%10* 1.8*10° 1.7*10* 2.6*102| 6.1*10° 1.6*10° 38 3.8 03
cD3p2k -F| 7.710* 1.3*10° 1.2*10® 4.3*10*| 1.7*10° 3.4*10°| 109.1 13.5| 115
cD3p2k - M| 2.3*10* 1.1*10° 6.7*10 1.4*102| 4.7*105 2.1*10°| 168.8 33.2( 6.9
cD3p2k - 0| 1.2*10* 6.3*107  4.7*10° 1.0*10*| 5.1*10° 2.2*10° 42.9 72| 14
cD3r-F| 3510 23*10% 6.9*10* 1.1*10°| 1.6*10° 6.810°| 120.6 34| 148
cD3r-M| 5.9%102 29%*104 2.0%105 6.2*10"| 3.010® 4.9*107| 168.7 53| 60.7
cD3r-0O| 3.1*10* 6.8*10" 2.5*10* 1.5*10%| 2.2*10° 6.1*108 51 91| 22
cD3z-F| 1.1*10* 56*10" 2.0*10° 3.9*10°| 5.2*10° 1.9*10°® 28.7 77.7 4
cD3z-M| 4.2*10* 1.8*10° 1.510° 2.3*10"| 4.4*10° 1.6*10°% 68.2 138.3| 34.6
cD3z-0| 8.4*105 3.0410° 1.1*10* 6.9*10"| 6.5*10° 3.5*10°® 39.7 75| 0.9
D3D3-F| 7.4*10* 4.4*102 59105 1.3*10%| 5.9107 2.2*10° 55.4 204 29
D3D3-M| 5.3*10° 1.5*10% 4.8*10* 6.2*102| 1.3*10® 2.8*10°| 233.8 356| 32.2
D3D3-0| 7.0110* 9.6*102 55*108 4.9*102| 1.4*10°% 8.9*10""| 184.6 421| 25.3
D3-F| 1.4*105 1.8*102 2.0*105 6.6*10"| 3.3*10% 1.3*107| 114.2 233| 15
D3-M/| 6.2*10* 3.6*10% 1.1*107 2.3*102| 2.1*10° 5.8*108 82.1 34| 05
D3-0| 3.0710* 4.1*10" 1.1*107 1.3*10'| 1.4*105 1.2*10® 50.3 10.9| 0.6
D7-F| 2.1*108 227102 1.6*10% 2.2*10%4| 1.1*10% 1.4*107 53.3 45| 27

D7 -M| 1.0710° 9.3*10% 2.4*10° 3.6*10*| 1.5*107 9.3*108 37.4 275| 1.3
D7-0| 6.6*10* 1.5*102 4.5*10% 4.010*| 2.3*107 8.9*108 14.7 19.2| 0.5
DB4-F| 1.7¢10* 3.9*10" 1.7*10* 1.2*10%| 2.2*105 7.1*10° 68.4 35| 24
DB4-M| 1.5*10* 1.6*10° 9.9*10%° 29*10%| 1.1*10% 3.0107| 165.1 25 04
DB4-0| 3.6*10* 3.0110° 7.4*10° 6.8*10*| 8.2*10° 9.2*108| 111.5 29| 03
RD2-F| 9.2¢10* 29*10' 8.9*10* 1.7103| 3.2*10% 1.9*10% 131 19.4| 6.9
RD2-M/| 2.9*10* 1.4*10" 56*10* 6.2*10*| 4.810® 1.1*108| 124.7 15.4 4
RD2-0O| 8.0%10* 8.2*10% 2.9*10* 1.1*10"| 3.7*10% 1.010%| 104.6 15.9| 4.4
RD2RD2 - F| 3.0110* 3.3*102 1.9*10° 1.6*10%| 1.1*10® 8.4*10°| 180.1 76.4| 35.3
RD2RD2 - M| 3.8*10° 2.8*10® 4.4*10* 3.8*102| 8.7107 7.3*10°| 157.7 339]| 21.8
RD2RD2 - O| 5.010* 4.6*102 4.7*10° 3.5*103| 9.3*107 7.5*10° 100 17.4| 7.7
D3RD2-M| 3.9%10* 7.6*102 15108 1.2*10%| 1.9*10% 8.1*10°1° 105 8| 85
D3RD2-O( 3.7710° 8.3*10* 4.2*10* 7.27102| 2.3*10° 1.7*10° 135 1275 7.7
RD2D3 - M| 6.01108 3.7*10" 4.3*10* 6.1*102| 6.2*10° 1.4*10°® 13.6 92.8| 14.3
RD2D3-0O| 4.210* 4.7102 6.0105 8.8*10%| 1.1*10® 1.510°| 113.9 17.4| 10.7
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Table S1: Comprehension of the binding kinetics. k.: binding velocity in Ms™, kq: dissociation
velocity in 5™, Kp: ka/ky in M, Riax: Maximum response at equilibrium, y2: Error of the fit.

Ka1 ka1 Kp1  Rmax1 ) &
D7RD2 - M| 6.70*105 3.90102 5.90*10® 241 62.5
D7RD2 - O| 3.90*10° 1.60*10* 4.20*10® 360 39.9
D7RD2-F| 1507104 5.10*10% 3.40108 212 330

RD2D7 - M| 1.20*105 5.30*105 4.50*10"° 125 46.5
RD2D7 - O| 4.20*10% 3.60*10° 8.40*107 176 26.7
RD2D7 - F| 1.40%105 1.40*107 1.00*10'2 170 111
Ka2 ka2 Kp2 Rmax2
D7RD2 - M| 5.90%10° 1.80*10* 3.00*10% 442
D7RD2-0O| 1.20105 1.10*102 8.80*108 219
D7RD2 - F| 1.50*10* 5.40*107 3.60*10" 172
RD2D7 - M| 5.90*10°® 3.10*10% 5.30*107 219
RD2D7 -O| 9.30*10* 1.10*10“% 1.10*10°® 96
RD2D7 - F| 2.70*10% 2.20*10°% 8.30*107 190
Ka3 ka3 Kbz  Rmax3
D7RD2 - M| 2.00*10* 1.40*10"' 7.00*10® 508
D7RD2-0O| 7.80*10% 1.80*10" 2.30*105 607
D7RD2 - F| 4.30%10® 1.30*102 3.00*10% 463
RD2D7 - M| 3.90*10¢ 5.70*102 1.50*10® 377
RD2D7 - O| 3.10*10* 5.70*102 1.80*10% 279
RD2D7 - F| 7.30%10% 2.10*102 2.90*10% 367
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