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Abstract 

The overall risk for any individual of developing dementia is approximately 10 to 12 %. 

The most common type of dementia, Alzheimer´s disease (AD), is number 6 of the top 10 

leading causes of deaths in the United States and the only one which cannot be 

prevented, retarded or cured. Therefore, alternative approaches are demanded for the 

development of AD therapy. Based on the amyloid cascade hypothesis, the aggregation 

of amyloid-beta (Aβ) has been manifested as the major hallmark of AD. We hypothesize 

that stabilization of Aβ monomers in its intrinsically disordered protein (IDP) like 

conformation will sequester them from the aggregation cascade and simultaneously 

eliminate pre-formed cytotoxic Aβ oligomers. To validate and confirm this strategy, the 

lead compound D3, a peptide consisting of twelve D-enantiomeric amino acid residues, 

was selected by mirror image phage display with monomeric Aβ(1-42) as target and 

intensively characterized in vitro and in vivo regarding its efficacy as a potential 

therapeutic agent for AD.  

Pre-clinical results approved that D3 as a D-peptide is characterized by a high oral 

bioavailability and long plasma half-lives due to increased metabolic stability as compared 

to the L-enantiomer. Additionally, a free fraction of 8 % was determined in plasma for D3 

which is mainly attributed to low binding affinity to human serum albumin. 

Additionally, the lead compound D3 was optimized regarding its efficacy and potency for 

AD therapy. Two different strategies were applied which were either rational or systematic 

yielding several D3 derivatives. We found out that increased net charge, cyclization and 

design of multivalent derivatives are suitable modifications to further increase the potency 

of D3. Those strategies yielded up to 75-fold increased affinity to Aβ which was linked to 

increased oligomer elimination efficacy and subsequent rescue of cytotoxicity. 

Furthermore, peptide microarrays turned out to be a powerful tool for systematic 

compound optimization. Derivatives derived from those were especially characterized by 

increased potency. Thus, two compounds were investigated in detail regarding their 

interaction with Aβ in order to gain a clearer understanding of the molecular mechanism. 

Kinetics, stoichiometry and epitopes were studied using surface plasmon resonance 

(SPR). The results suggest an additional contribution of hydrophobic interactions to Aβ in 

the case of the optimized compounds in comparison to the mostly electrostatic Aβ 

interaction of the lead compound. These findings were supported by thermodynamic 
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profiles of complex formation which indicated an increase in entropy for the interaction 

between optimized compounds and Aβ monomers. 

Recently, N-terminally modified pEAβ is getting more and more in focus due to its high 

prevalence in senile plaques of AD patients and increased aggregation propensity as 

compared to full-length Aβ. To further study the suitability for AD therapy involving this 

aggressive isoform of Aβ, the effects of D3 and its tandem version D3D3 on pEAβ were 

analyzed. Quantitative affinity determinations revealed a high cross-reactivity of the 

compounds for pEAβ and thus, D3D3 was able to rescue pEAβ-derived cytotoxicity. 

Based on the present work, we could extent the knowledge of the molecular mechanism 

of interaction between Aβ and D3 and its derivatives. Lead optimization strategies were 

established and validated in vitro and in vivo. From a scientific point of view, promising 

candidates were developed and merit further pre-clinical investigations.  

 



VII 
 

Zusammenfassung 

Das Risiko eines Jeden von uns an einer Demenz zu erkranken, beträgt ca. 10 bis 12 %. 

Die üblichste Art der Demenz, die Alzheimer-Demenz (AD), ist auf Platz 6 der zehn 

häufigsten Todesursachen in den Vereinigten Staaten von Amerika und die einzige, die 

nicht vorgebeugt, aufgehalten oder geheilt werden kann. Daher herrscht eine große 

Nachfrage nach alternativen Ansätzen um eine Therapie für die AD zu entwickeln. 

Basierend auf der Amyloid-Kaskaden-Hypothese hat sich die Aggregation von Amyloid-

beta (Aβ) als der wahrscheinlichste Auslöser der AD manifestiert. Wir haben die 

Hypothese aufgestellt, dass die Stabilisierung von Monomeren in ihrer IDP-ähnlichen 

Konformation diese von der Aggregation abhält und gleichzeitigt schon gebildete 

zytotoxische Aβ-Oligomere eliminiert. Um diese Strategie zu validieren und bestätigen, 

haben wir den Leitwirkstoff D3, ein Peptid bestehend aus D-enantiomeren Aminosäuren, 

mittels Spiegelbild-Phagen-Display mit monomerem Aβ(1-42) selektiert und intensiv in 

vitro und in vivo hinsichtlich seiner Wirksamkeit als potentielles Medikament für die AD 

charakterisiert. 

Präklinische Ergebnisse bestätigten, dass D3 als ein D-Peptid von hoher oraler 

Bioverfügbarkeit und langer Halbwertszeit im Plasma als eine Folge von gesteigerter 

metabolischer Stabilität im Vergleich zu dem L-Enantiomer gekennzeichnet ist. Weiterhin 

wurde eine freie Fraktion von 8 % im Plasma für D3 bestimmt, was hauptsächlich der 

geringen Affinität zu humanem Serumalbumin zugeschrieben werden kann. 

Zusätzlich wurde der Leitwirkstoff D3 hinsichtlich seiner Wirksamkeit für die Behandlung 

von der AD optimiert. Dabei wurden zwei verschiedene Strategie angewendet, welche 

entweder rational oder systematisch waren, und verschiedene D3-Derivate ergaben. Wir 

haben herausgefunden, dass die Erhöhung der Nettoladung, Zyklisierung und das 

Entwerfen von multivalenten Derivaten geeignete Modifikationen sind um die Wirksamkeit 

von D3 weiter zu erhöhen. Diese Strategien ergaben eine bis zu 75-fach erhöhte Affinität 

für Aβ, welche an erhöhte Effizienz für Oligomer-Eliminierung und anschließende 

Aufhebung der Zytotoxizität gekoppelt war. Weiterhin haben sich Peptid-Mikroarrays als 

ein wirksames Instrument für systematische Wirkstoff-Optimierung herausgestellt. Die 

Derivate, die davon abgeleitet wurden, waren besonders von gesteigerter Wirksamkeit 

gekennzeichnet. Deswegen wurden zwei Wirkstoffe detailliert hinsichtlich ihrer Interaktion 

mit Aβ untersucht, um ein klareres Verständnis von dem molekularen Mechanismus zu 

bekommen. Kinetik, Stöchiometrie und Epitope wurden mittels Oberflächenplasmonen-
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resonanz untersucht. Die Ergebnisse lassen für die optimierten Wirkstoffe einen 

zusätzlichen Anteil von hydrophoben Wechselwirkungen vermuten im Vergleich zu dem 

hauptsächlich elektrostatisch-getriebenen Leitwirkstoff. Dies wurde von dem 

thermodynamischen Profil der Komplex-Bildung unterstütz, welches einen Anstieg der 

Entropie für die Interaktion zwischen optimierten Wirkstoffen und Aβ-Monomeren zeigt. 

Kürzlich ist das N-terminal modifizierte pEAβ aufgrund seines hohen Vorkommens in 

senilen Plaques von AD-Patienten und gesteigerte Aggregations-Tendenz im Vergleich 

zum Volllängen-Aβ mehr und mehr in den Fokus gerückt. Um die Eignung für die 

Behandlung der AD zu testen, wo diese aggressive Aβ-Isoform involviert ist, wurden die 

Effekte von D3 und dem Tandem-Derivat D3D3 auf pEAβ getestet. Quantitative Affinitäts-

Bestimmungen offenbarten eine hohe Kreuzreaktivität der Wirkstoffe für pEAβ und folglich 

war D3D3 in der Lage, pEAβ-induzierte Zytotoxizität aufzuheben.  

Basierend auf der vorliegenden Arbeit konnten wir das Wissen über den molekularen 

Interaktions-Mechanismus zwischen Aβ und D3 und seinen Derivaten erweitern. Es 

wurden Optimierungsstrategien des Leitwirkstoffes etabliert und in vitro sowie in vivo 

validiert. Von der wissenschaftlichen Sichtweise aus wurden vielversprechende 

Kandidaten entwickelt, für welche weitere präklinische Untersuchungen lohnenswert sind. 
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1 Introduction 

 Alzheimer’s disease 1.1

Alzheimer’s disease (AD) was first described in 1907 by the German psychiatrist and 

neuropathologist Alois Alzheimer as a peculiar disease of the cerebral cortex (Alzheimer 

1907). Since 1968, AD is accepted to be the most common cause for senile dementia 

(Blessed et al. 1968). Nowadays, 47 million people suffer from dementia worldwide and 

this number is projected to increase to more than 131 million by 2050 (Prince et al. 2016). 

AD is accounted to 60-70 % of all dementia cases (Alzheimer's Association 2017). 

The clinical manifestation of AD typically begins with subtle failure of memory and slowly 

becomes more severe and incapacitating. Other symptoms include confusion, poor 

judgment, language disturbance, agitation, withdrawal and hallucinations. Death is more 

caused by comorbidities, e.g. general inanition, malnutrition or pneumonia, than by AD 

itself. The typical clinical duration of the disease is eight to ten years and AD prevalence 

increases significantly with age (Bird 1993).  

AD is a heterogeneous disorder with both familial and sporadic forms. Familial AD (fAD) 

covers less than 1 % of all AD cases and develops as a result of dominantly inherited 

mutations (Bekris et al. 2010). Three specific genes are known to be involved. The first 

mutation causing fAD was identified in the amyloid precursor protein (APP) (Goate et al. 

1991). However, this mutation explains only a few familial cases. Instead, mutations in the 

presenilin genes PSEN1 and PSEN2 account for most cases of fAD (Levy-Lahad et al. 

1995, Sherrington et al. 1995, Blennow et al. 2006). Individuals inheriting at least one of 

these mutations on APP, PSEN1 or PSEN2 have a risk of > 95 % to develop AD. fAD is 

typically linked to early-onset AD which starts before age 65 (Alzheimer's Association 

2017).  

The sporadic form of AD (sAD) is highly prevalent and covers the majority of all AD cases 

(Blennow et al. 2006). Risk factors are mostly non-genetic but environmental such as low 

educational level, head injury or cardiovascular diseases (Mayeux 2003). A major genetic 

risk factor for sAD is the apolipoprotein E ɛ4 allele which was found to increase the risk of 

AD by three times in heterozygotes and by 15 times in homozygote carriers (Farrer et al. 

1997). However, ageing is the most important risk factor for the disease (Blennow et al. 

2006). 
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The major pathologies of AD are the progressive accumulation of senile plaques in the 

extracellular space consisting of fibrillar amyloid-beta (Aβ) and neurofibrillary tangles 

inside neurons formed by aggregated hyperphosphorylated tau protein in the brain (Figure 

1) accompanied by a degeneration of the neurons and synapses (Blennow et al. 2006).  

 

Figure 1 Photomicrograph of two senile plaques and a neurofibrillary tangle in between. 

Modified Bielschowsky stain of the temporal cortex of an AD patient, adapted from Perl (2010). (Perl 

2010) 

1.1.1 Amyloid-beta  

Although the underlying disease mechanism is still not clear, the primary role of Aβ in the 

development of AD has been widely accepted (LaFerla et al. 2007). Aβ is an approx. 

4 kDa peptide which was identified by isolation from amyloid deposits in the brain of AD 

and Down´s syndrome patients and subsequently characterized (Glenner and Wong 

1984, Masters et al. 1985).  

Aβ is generated by cleavage and processing of the amyloid precursor protein (APP) 

(Figure 2).  
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Figure 2 Non-amyloidogenic and amyloidogenic pathway of APP processing adapted from 

LaFerla et al. (2007).  

Under physiological conditions, APP is extracellularly cleaved by the α-secretases within 

the Aβ region resulting in the prevalent non-amyloidogenic pathway. In AD, APP is 

cleaved by β- and γ-secretases leading to the release of amyloidogenic Aβ (LaFerla et al. 

2007). Due to imprecise cleavage by γ-secretase, C-terminal heterogeneity of Aβ occurs. 

Hence, various different Aβ isoforms exist but Aβ(1-40) is the most abundant (80-90 %), 

followed by Aβ(1-42) (5-10 %) (Murphy and LeVine 2010). The slightly longer forms of Aβ, 

particularly Aβ(1-42), are more hydrophobic and prone to aggregate and are the principal 

species deposited in senile plaques (Selkoe 2001). Additional posttranslational 

modifications further increase the diversity of Aβ species. N-terminally truncated 

pyroglutamate Aβ (pEAβ(3-42)) gets more and more in focus since it was found together 

with Aβ(1-42) in up to equivalent amounts in senile plaques (Wirths et al. 2009, Gunn et 

al. 2010). In vitro, pEAβ(3-42) was characterized by increased aggregation propensity and 

the resulting assemblies have a stronger cross-seeding potential for other Aβ isoforms 

(Schilling et al. 2006, D'Arrigo et al. 2009).  

The amyloid cascade hypothesis offers broad theory to explain both fAD and sAD 

pathogenesis and has become the most-researched fundamental framework of AD 

(Figure 3).  
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Figure 3 Amyloid cascade hypothesis consisting of major pathogenic events leading to AD. 

The blue arrow indicates that Aβ oligomers may directly injure the synapses and neurites of brain 

neurons, adapted from Selkoe and Hardy (2016). 

Developed in the 1990s, it states that the imbalance between production and clearance of 

Aβ in the brain is the main event ultimately leading to neuronal degeneration (Beyreuther 

and Masters 1991, Hardy and Allsop 1991, Selkoe 1991). Thereby, monomers aggregate 

into soluble oligomers and finally into amyloid fibrils which are found in AD plaques. 

Despite those are a major hallmark of AD, the number of amyloid plaques in the brain 
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does not correlate well with the degree of cognitive impairment and it is controversially 

discussed which Aβ species the toxic ones are leading to AD pathogenesis. At the 

moment, small soluble oligomers are thought to be the most neurotoxic species (Hardy 

and Selkoe 2002, Walsh and Selkoe 2007, Karran and De Strooper 2016). In 2013, a 

revised and updated model of the aggregation cascade of Aβ was published by Cohen et 

al. which reveals a novel source of neurotoxic oligomers (Figure 4).  

 

Figure 4 Schematic model of the self-assembly process of Aβ(1-42) adapted from Cohen et al. 

(2013). 

Here, the well-known homogeneous aggregation of monomer units into oligomers and 

fibrils is called primary nucleation and the model is expanded by the rate-limiting 

secondary nucleation process. This is a positive feedback loop where the surface of 

formed fibrils shows autocatalytic functions and serves as a template for further 

generation of oligomers. As compared to the primary nucleation, the secondary nucleation 

is a very rapid and efficient process and small critical concentrations of formed fibrils are 

sufficient to induce this pathway (Cohen et al. 2013). Thus, secondary nucleation is 

thought to be the major oligomer source and a promising target to intervene selectively in 

toxic oligomer formation on a critical microscopic level (Cohen et al. 2015).  

1.1.2 Diagnosis  

Nowadays, clinical diagnosis of AD is most commonly based on a complex testing 

procedure by physicians obtaining family history and history of cognitive and behavioral 

changes with input from family members. Consulting cognitive tests accompanied with 

physical and neurologic examinations help to assess cognitive impairment of the patient 

(Blennow et al. 2006, Alzheimer's Association 2017). Thereby, the mini-mental state 

examination (MMSE) which is a 30-point questionnaire plays an important role but allows 

diagnosis of dementia only (Folstein et al. 1975). Additionally, biomarkers and imaging 

techniques such as computed tomography (CT) or magnetic resonance imaging (MRI) are 

consulted. Those enable to visualize the morphology of the brain with regards to a 
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possible atrophy but seem to be too expensive to conduct as a standard procedure 

(Dubois et al. 2014, Knight et al. 2016).  

At the moment, the most studied and best validated biomarkers are Aβ(1-42), total and 

phosphorylated tau in CSF and amyloid imaging by positron emission tomography (PET) 

(Blennow et al. 2006, Vlassenko et al. 2012). For this, the 11C-labeled PET tracer 

Pittsburgh compound B (PiB) is widely used. PiB is a derivative of Thioflavin T and binds 

specifically to Aβ plaque depositions in the brain of AD patients (Klunk et al. 2004). 

Another common PET tracer is the glucose analog 18F-labeled fluorodeoxyglucose (FDG) 

which monitors glucose metabolism in the brain (Newberg et al. 2002). Since cerebral 

metabolic rates of glucose were found to correlate with AD progression and 

histopathological diagnosis, FDG was approved for the diagnosis of AD (Mosconi et al. 

2010). A hypothetical model for the course of AD biomarker level over disease 

progression can be obtained from Figure 5.  

 

Figure 5 A hypothetical temporal model for the course of AD biomarkers over disease 

progression adapted from Selkoe and Hardy (2016). (Selkoe and Hardy 2016) 

The diagnosis of AD based on a combination of clinical and pathological examinations is 

accurate in 71-87 % of cases and reads “possible AD” or “probable AD” only (Jack et al. 

2011, Beach et al. 2012). Up until now, definite diagnosis of AD can only be made post 

mortem by demonstrating the senile plaques and neurofibrillary tangles in the brain after 

an autopsy (Ballard et al. 2011). A huge demand on reliable biomarkers exist which cover 

the full range of disease stages from the asymptomatic through the most severe stages of 

AD to ensure accurate diagnosis followed by early therapeutic intervention (Dubois et al. 

2007, Jack et al. 2011). 
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Also increasing numbers of clinical studies for AD therapy need to be accompanied with 

sensitive and valid detection of AD biomarkers. Only thus, clinical study individuals can 

involve patients with the brain changes that treatments target (McKhann et al. 2012). 

Furthermore, the outcomes of clinical trials can be certainly analyzed and compared with 

each other (Golde et al. 2011). Therefore, much effort is made for the identification and 

validation of specific biomarkers in cerebrospinal fluid (CSF) or plasma of AD patients 

(Blennow et al. 2010). Additionally, highly sensitive and selective detection methods are 

required to quantify very low amounts of potential biomarkers in biological samples.  

1.1.3 Therapy 

Despite intensive research, no curative or preventive care exists for AD patients and the 

current therapies are palliative only. That means slowing down the progression of the 

symptoms without changing the underlying disease mechanism (Alzheimer's Association 

2017).  

Nowadays, pharmacologic treatment temporarily improves symptoms by increasing the 

amounts of neurotransmitters in the brain (Francis 2005). Thereby, cholinergic and 

glutamatergic pathways are affected. For treatment of mild to moderate AD, the 

acetylcholinesterase inhibitors donepezil, rivastigmine and galantamine are approved by 

the U.S. Food and Drug Administration (FDA) and currently used. Memantine is an 

N-methyl-D-aspartate (NMDA) receptor antagonist and used to treat moderate to severe 

AD, also in combination with donepezil (Noetzli and Eap 2013, Alzheimer's Association 

2017). Non-pharmacologic therapies, e.g. memory training or music therapy, are often 

used to reduce behavioral symptoms and maintain cognitive functions and the overall 

quality of life. Both pharmacologic and non-pharmacologic therapies have not been shown 

to alter the course of AD (Alzheimer's Association 2017). Therefore, much effort is made 

to look beyond treating symptoms and develop preventive or even curative care for AD. 

Most of the strategies are based on intervention in the Aβ aggregation cascade or Aβ 

generation, clearance or redistribution from the brain to systemic circulation. Therefore, 

common targets are β- and γ-secretases or Aβ itself with inhibitors, antibodies or 

aggregation modulators. Additionally, anti-tau therapeutics are under development which 

reduce tau phosphorylation by inhibiting tau kinases, (Hardy and Selkoe 2002, Blennow et 

al. 2006, Selkoe and Hardy 2016). 
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 Peptides as potential drugs 1.2

In recent years, peptides received a revival of interest, especially as potential therapeutics 

(Marx 2005). Those peptides can be derived from three different sources: isolated from a 

genetic or recombinant library, selected from a synthetic library or derived from nature 

such as bioactive peptides or protein fragments (Vlieghe et al. 2010). Due to the high 

diversity of natural occurring amino acids, peptides are characterized by very high affinity 

and specificity to their targets which leads to high biological activity and low toxicity in vivo 

(Sun et al. 2012, Khazanov and Carlson 2013, Otvos and Wade 2014). If the size is 

between 5 and 50 amino acid residues, the peptide might be suitable for synthetic 

production. This has the advantage of less limited access as compared to recombinant 

biologics and the diversity increases due to unnatural amino acids and pseudo-peptide 

bonds (Vlieghe et al. 2010).  

However, peptides show a variety of favorable characteristics, also some limitations for 

the use as therapeutics are known. The most challenging problem is the proteolytic 

instability in plasma which can lead to the clearance of peptides within a few minutes after 

application (Vlieghe et al. 2010). As a consequence of pre-systemic degradation, peptides 

suffer from low oral bioavailability (Hamman et al. 2005). Furthermore, peptides often 

have hydrophilic features. Therefore, they might not cross membranes and the blood brain 

barrier. Thus, they often cannot reach targets in the in the cytoplasm or in the central 

nervous system (Witt et al. 2001, Joo 2012).  

1.2.1 D-peptides 

Although the majority of proteins derived from nature consists of L-amino acid residues 

only also naturally occurring D-amino acid residues were described (Neuberger 1948). 

The main sources are bacteria where D-enantiomers were found in the peptidoglycan 

(Stevens et al. 1951, Radkov and Moe 2014). Furthermore, D-serine is known to be an 

important neurotransmitter in the mammalian brain (Wolosker et al. 2008). The above 

described unfavorable characteristics of peptides as therapeutics belong to peptides 

consisting of L-enantiomeric amino acid residues only. In order to overcome some of 

these disadvantages, the stereoisomers in D-enantiomeric configurations are a suitable 

alternative. D-peptides are characterized by increased stability against proteolysis in vivo 

as compared to their L-enantiomeric equivalent due to high stereoisomeric selectivity of 

most proteases (van Regenmortel and Muller 1998, Hamamoto et al. 2002). This results 

in reduced immunogenicity and increased bioavailability of D-peptides (Dintzis et al. 1993, 
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Werle and Bernkop-Schnurch 2006). Therefore, the suitability of peptides as a class of 

therapeutics is highly increased by replacing L-amino acid residues with less naturally 

abundant D-amino acid residues.  

1.2.2 Further optimization strategies 

In addition to the improvement of clinical parameters, further strategies exist to optimize 

the potency of therapeutic peptides. Various techniques aim for higher affinity and thus 

specificity with the therapeutic target molecule. One promising rational strategy is the 

cyclization of peptides between termini and side chains (Hummel et al. 2006). In 

comparison to linear peptides, the decrease in conformational flexibility reduces the 

entropic contribution to Gibbs free binding energy leading to enhanced binding affinities to 

the target (Joo 2012). The rigidity of cyclic compounds further increases membrane 

permeability and cyclization involving the free termini reduces the risk of proteolysis. 

Blocking the N-terminus by acylation and the C-terminus by amidation or pegylation also 

contributes to increased bioavailability (Edman 1959, Horton et al. 2000, Vlieghe et al. 

2010). Another optimization strategy is the design of multivalent peptides, e.g. bivalent 

tandem peptides. Thereby, homodimers are supposed to show increased affinity due to 

avidity effects similar to antibodies whereas heterodimers are able to bind two different 

targets resulting in improved potency and selectivity (Duggineni et al. 2013, Liu et al. 

2017). 

A systematic screening approach to improve therapeutic efficacy of peptides based on 

increased binding affinity to the target can be rapidly realized by a high-throughput 

screening, i.e. a peptide microarray approach (Lin et al. 2009). By N- or C-terminal 

truncations or consecutive deletions, the minimum active sequence can be ascertained. 

Additionally, peptide microarrays are a convenient tool to conduct an alanine scan in order 

to identify important amino acid residues for the interaction with the target molecule or 

even create a complete amino acid substitution profile (Vlieghe et al. 2010).  

1.2.3 D-peptides for therapy of AD 

Within the last years, several therapeutic strategies have been reported involving D-

peptides for the treatment of AD. Thereby, Aβ monomers are a highly validated target for 

early intervention resulting in the inhibition of the Aβ aggregation process (Kumar and Sim 

2014).  
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A variety of Aβ-targeting approaches include D-peptides which were designed based on 

the key amyloidogenic motif KLVFF of Aβ (residues 16 to 20) in order to interfere with 

potential aggregation sites (Lowe et al. 2001). These peptides are discussed to underlie a 

β-sheet breaking mechanism which turned out to be highly efficient for the inhibition of Aβ 

aggregation and subsequent reduction of Aβ-mediated cytotoxicity (Soto et al. 1996, 

Tjernberg et al. 1997, Findeis et al. 1999, Chalifour et al. 2003). Arai and coworkers were 

able to further increase the potency of Aβ-targeting D-peptides by cyclization (Arai et al. 

2014). Interestingly, most of these studies revealed that the D-peptides show increased 

potency in the investigated properties as compared to the L-enantiomeric equivalents. 

Therefore, a heterochiral stereoselectivity of naturally occurring L-Aβ for inhibitory D-

peptides might exist and should be considered for the development of AD therapy 

(Chalifour et al. 2003).  

1.2.4 D3 as a lead compound 

To develop a curative therapy for AD, we hypothesize that the stabilization of monomers 

in order to prevent further aggregation and simultaneous elimination of pre-formed 

cytotoxic Aβ oligomers by D-peptides might be a promising strategy. To address this, 

mirror image phage display was performed using soluble low-molecular weight Aβ(1-42) 

species as target yielding the lead compound D3 (Schumacher et al. 1996, Esteras-

Chopo et al. 2008, van Groen et al. 2008). D3 is a polycationic peptide with the sequence 

rprtrlhthrnr in D-enantiomeric configuration. In vitro, it was shown that D3 indeed binds to 

monomeric Aβ(1-42) with micromolar affinity driven by electrostatic interactions, as 

suggested by in silico studies (Olubiyi and Strodel 2012, Olubiyi et al. 2014). It inhibits the 

aggregation into cytotoxic species in a concentration-dependent manner (van Groen et al. 

2008). Additionally, pre-formed oligomers are eliminated by D3 and recovered in high 

molecular-weight co-precipitates which are non-fibrillar and non-toxic. Thus, oligomer-

induced cytotoxicity is abolished (van Groen et al. 2008, Funke et al. 2010, Brener et al. 

2015). Based on a cell culture model, it was shown that D3 is efficiently transported 

across the blood brain barrier by transcytosis (Liu et al. 2010).  

In double transgenic APP/PS1 mice, treatment with D3 reduces Aβ plaque deposition and 

inflammation and improves cognition, also in aged mice with full-blown AD pathology 

without adverse side effects (van Groen et al. 2008, van Groen et al. 2012, van Groen et 

al. 2013). Even after oral administration of D3, improvement in cognitive paradigms was 

reported (Funke et al. 2010).   
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2 Objective 

Despite intensive efforts, a causative therapy for AD is not yet available. In order to 

address this in our institute, the D-peptide D3 was previously selected by mirror image 

phage display using Aβ(1-42) as target. D3 as the lead compound was characterized in 

detail regarding the efficacy in vitro and in vivo and optimized during the drug 

development process. Thereby, rational design and systematic approaches were applied 

resulting in a variety of D3 derivatives. 

The aim of this work was the detailed biophysical characterization of the interaction 

between Aβ(1-42) and optimized D3 derivatives in order to gain a deeper understanding 

of the molecular mechanism of interaction in comparison to the original compound D3. 

This was realized by biophysical methods such as surface plasmon resonance (SPR) and 

biolayer interferometry (BLI). Details on the interaction, e.g. affinity, kinetics, 

stoichiometry, epitopes and thermodynamics, as well as potency characteristics such as 

Aβ oligomer elimination and toxicity neutralization efficacy were investigated. These data 

were used to analyze the influence of positive net charge, rigidity, valence and 

hydrophobicity and allowed to conclude successful lead optimization strategies for D3.  

Additionally to Aβ(1-42), the N-terminally truncated pyroglutamate-modified isoform 

pEAβ(3-42) got more and more in focus because it was found to play a critical role in the 

development of AD. Due to promising perspectives of D3 and derivatives to modulate 

Aβ(1-42)-mediated progression of AD, the potency of D3 and its tandem variant D3D3 to 

interfere with pEAβ-induced AD should be investigated. Therefore, cross-reactivity of D3 

and D3D3 for pEAβ(3-42) was analyzed by affinity determination followed by further in 

vitro and in vivo investigations. 
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1. SI Methods 

Analytical RP-HPLC: To evaluate the compounds´ purity of > 95%, analytical reversed-

phase high performance liquid chromatography (RP-HPLC) was used. 20 µL of a 20 µM 

compound solution in H2O were injected on a Zorbax 300SB-C8 column (4.6 mm × 250 

mm, 5 µm, Agilent, Germany) connected to an Agilent 1260 Infinity system and analyzed 

isocratically at 14% acetonitrile containing 0.1% trifluoroacetic acid (TFA) at 21°C and a 

flow rate of 1 mL min-1. Absorbance was measured at 214 nm and the data were analyzed 

using ChemStation (Agilent, Germany). 

 

Cell viability assay: MTT based cell viability assays were performed as described in the 

manuscript. Here, the cytotoxicity of the compounds D3COOH, D3CONH2, cD3, or cD3r 

themselves were investigated. During the assay the cells were exposed to a final 

concentration of 5 µM compound.  

Statistical analysis: Data were averaged and represented as mean ± standard deviation 

(SD). For plotting and statistical evaluation OriginPro 8.5G (OriginLab, USA) was used; p 

> 0.05 was considered as not significant (n.s.).  

Cell viability assay: Data were not normally distributed (Shapiro-Wilk test: p > 0.05). 

Kruskal-Wallis ANOVA and Bonferroni corrected Mann-Whitney U-test were applied. 

Buffer and all compounds: n = 5. 
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2. SI Figures 

 

Figure S1: RP-HPLC chromatograms of D3COOH, D3CONH2, cD3, or cD3r.  

The purity of D3COOH (A), D3CONH2 (B), cD3 (C), and cD3r (D) was evaluated using analytical reversed-phase 

high performance liquid chromatography (RP-HPLC). Absorbance was measured at 214 nm and the data 

were analyzed using ChemStation (Agilent, Germany). 
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Table S1: Purity of the compounds analyzed by peak integration of RP-HPLC chromatograms. Peaks which 

show > 95% of the total peak area represent the respective compound. 

Compound Peak no. 
Retention time 

[min] 
Peak area [%] 

D3COOH 

1 3.78 1.1 

2 4.15 97.2 

3 4.58 1.7  

D3CONH2 

1 3.79 0.7 

2 4.07 98.2 

3 4.42 1.1 

cD3 

1 4.59 3.1 

2 5.27 0.9 

3 5.51 96.0 

cD3r 

1 4.14 1.5 

2 5.48 2.9 

3 5.84 95.7 
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Figure S2: MTT based cytotoxicity test of the compounds D3COOH, D3CONH2, cD3, or cD3r.  

As a control experiment, the cytotoxicity of 5 µM compound was examined based on the MTT assay principle 

using SH-SY5Y cells. The data represent mean ± SD of one experiment with n = 5 for each compound, 

normalized to the buffer control. Kruskal-Wallis ANOVA (p = 0.098) with Bonferroni corrected Mann-Whitney 

U-test were not significant (p > 0.05) for all compounds. Gray, buffer control; blue, D3COOH; red, D3CONH2; 

green, cD3; orange, cD3r.  
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Table S1| Raw data of sbsmono values obtained from the first generation peptide microarray.  

 
r p r t r l h t h r n r 

a -0.28 0.08 -0.28 0.06 -0.35 -0.30 0.00 0.47 0.26 -0.18 -0.06 0.17 

d -0.18 -0.15 -0.29 -0.32 -0.35 -0.62 -0.26 0.12 0.34 -0.10 0.26 0.00 

e 0.36 -0.08 -0.41 -0.29 -0.35 -0.34 -0.13 0.04 0.24 0.15 -0.11 -0.02 

f 0.49 0.51 -0.30 0.30 -0.23 -0.17 -0.03 -0.22 0.09 0.67 0.09 -0.22 

g -0.03 0.22 -0.31 -0.02 -0.44 -0.08 -0.08 0.00 0.57 0.31 -0.12 0.17 

h 0.27 0.09 -0.10 -0.11 0.81 0.94 -0.02 0.00 0.11 0.50 0.02 -0.07 

i 0.32 0.00 -0.30 1.48 0.08 -0.21 0.15 0.36 0.04 1.47 -0.03 -0.02 

k 0.00 1.86 -0.29 0.36 0.87 0.00 0.04 0.42 1.20 1.39 1.61 0.85 

l 0.08 0.75 -0.18 -0.18 -0.22 -0.21 0.00 0.41 0.10 -0.26 0.02 -0.05 

m -0.08 0.22 -0.21 -0.13 -0.16 0.06 0.00 0.28 0.36 -0.04 0.23 0.19 

n -0.07 -0.27 -0.34 -0.01 0.20 -0.03 -0.25 0.18 0.23 0.11 0.44 0.06 

p -0.45 -0.19 -0.40 0.57 0.32 -0.27 0.13 0.15 0.07 0.29 -0.03 0.19 

q -0.17 -0.04 -0.41 0.49 0.06 -0.24 0.17 0.18 -0.16 0.01 0.55 0.00 

r -0.17 0.32 -0.24 0.24 0.10 0.19 0.20 0.03 -0.06 0.25 0.30 0.00 

s -0.06 -0.18 -0.30 -0.11 0.18 -0.11 -0.18 0.44 0.14 0.19 0.44 0.23 

t -0.28 -0.03 -0.37 0.64 -0.12 -0.02 0.43 0.32 -0.17 0.84 0.57 0.07 

v 0.15 -0.09 -0.14 0.96 0.43 -0.03 0.81 0.41 -0.15 0.67 0.26 0.00 

w 0.00 0.14 -0.06 -0.32 0.01 -0.04 -0.10 0.25 0.16 1.42 0.00 0.10 

y 0.00 0.28 0.00 0.51 -0.43 0.08 -0.11 0.53 0.30 0.41 0.63 0.25 

∆ -0.37 -0.39 -0.34 -0.46 -0.27 -0.02 -0.34 0.54 -0.20 0.29 -0.06 0.26 

η -0.33 -0.27 -0.28 0.34 -0.40 0.01 1.34 -0.11 -0.05 0.56 0.32 0.15 

θ -0.16 -0.08 -0.23 0.31 0.10 -0.20 0.39 0.65 -0.04 0.29 0.23 0.17 

ι -0.31 0.11 -0.36 0.06 0.11 -0.20 0.47 0.95 0.32 0.19 0.25 -0.02 

κ -0.15 -0.11 -0.39 -0.23 0.10 -0.12 -0.03 0.35 0.10 0.12 0.06 0.17 

λ -0.87 0.00 -0.24 0.28 0.10 -0.10 1.26 0.23 -0.26 0.47 0.59 0.04 

μ -0.13 -0.01 -0.13 0.83 -0.06 -0.24 0.51 0.48 0.03 0.26 0.25 0.08 

ξ -0.44 -0.09 -0.21 -0.05 -0.05 -0.19 0.06 0.55 0.38 0.29 0.30 0.22 

ο -0.32 -0.23 0.15 -0.17 -0.15 -0.09 0.48 -0.02 0.62 -0.12 0.12 0.19 

π -0.21 -0.17 -0.10 0.09 0.28 -0.13 0.26 0.57 0.06 0.44 1.02 0.16 

σ -0.50 -0.06 -0.34 0.39 -0.16 -0.25 1.25 0.13 0.32 0.12 0.83 0.35 

Φ -0.14 -0.31 0.00 0.52 -0.07 -0.36 0.44 0.41 0.37 0.73 0.83 0.28 

Ψ -0.66 0.91 -0.42 -0.27 0.15 -0.33 0.37 0.27 0.17 0.11 0.18 0.04 
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Figure S1| Non-proteinogenic amino acids used within the two-step peptide microarray procedure. 

To increase the variability of D3 derivatives, 13 non-proteinogenic amino acids were introduced. 

The amino acids were in D-enantiomeric conformation, if possible, except of trans-4-fluoro-L-

proline. 
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Figure S2| Size distribution of FITC-Aβ(1-42) monomers (A) and oligomers (B) after size 

exclusion chromatography and additional 1 h incubation at room temperature. Aβ species were 

verified by density gradient centrifugation, fractionated within 14 fractions, visualized by SDS-

PAGE and detecting the FITC tag by fluorescence. 
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Figure S3| Heterogeneous fit curves of one representative interaction study using biolayer 

interferometry (BLI). Since heterogeneous binding curves were observed for ANK peptides, the 

data were fitted using a heterogeneous ligand fit model (ForteBio Data Analysis 8.0). A) ANK1; B) 

ANK2; C) ANK3; D) ANK4; E) ANK5; F) ANK6; G) ANK7. 

 

Table S2| Mean values of fit results of three independent interaction studies obtained from the 

heterogeneous ligand binding model. With few exceptions, obtained KD2 values were outside the 

instrument specification (10
-12

 M). In these cases, mean values and SD could not be determined.  

 KD1 [M] SD [M] KD2 [M] SD [M] 

ANK1 8.70E-07 1.03E-06 <1.0E-12  

ANK2 1.58E-07 6.69E-08 <1.0E-12  

ANK3 2.10E-07 1.28E-07 <1.0E-12  

ANK4 1.35E-06 1.76E-06 <1.0E-12  

ANK5 1.27E-06 1.29E-06 <1.0E-12  

ANK6 2.33E-06 2.87E-06 3.99E-07 1.37E-07 

ANK7 1.95E-06 2.36E-06 <1.0E-12  
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Figure S4| Steady state fit curves of one representative interaction study using biolayer 

interferometry (BLI). Apparent equilibration dissociation constants of peptide-Aβ(1-42) 

interactions were determined applying Langmuir´s 1:1 binding model. A) D3; B) ANK1; C) ANK2; 

D) ANK3; E) ANK4; F) ANK5; G) ANK6; H) ANK7. Corrected R
2
 values represent the goodness 

of the fit.  
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Figure S5| Effects of ANK1 to ANK7 on Aβ(1-42) assemblies. 80 µM pre-incubated Aβ (4.5 h at 

21 °C, 600 rpm) was co-incubated with 10 µM D3 or ANK1 to ANK7 (40 min, 21 °C, 600 rpm). 

Afterwards, the different Aβ aggregates were separated via density gradient centrifugation, 

fractionated into 15 fractions and quantified via RP-HPLC according to their Aβ content. 

Fractions 1 and 2 represented monomeric Aβ and fractions 4 to 6 oligomeric Aβ. Aβ oligomer 

concentrations present in fractions 4 to 6 are shown in the inlet. Mean value and SD of four 

independent experiments are shown. 
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Figure S6| Controls for cell viability assay. The influence of 5 µM D3 and 5 µM ANK1 to ANK7 

without Aβ on the cell viability was determined. Cell viabilities were measured by measuring the 

absorption of MTT at 570 nm subtracted by the absorption at 660 nm and normalized to non-

treated cells. As a negative control, the influence of 0.125 % Triton X-100 on the cell viability was 

measured. Mean values and SD are shown.  
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Figure S7| Effect of D3 or ANK6 on the Aβ seeding potential. 10 µM Aβ(1-42) monomers were 

seeded with 2 % fibrils in the presence or absence of 10 µM D3 or ANK6. The aggregation was 

monitored for 21 h at 37 °C by ThT fluorescence. Three technical replicates are presented and the 

data are exemplary for three independent experiments.  
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Figure S8| Effects of treatment on general activity or anxiety studied via A) open field test and B) 

zero maze test. A) A squared arena was divided into the center and the side near the walls. B) A 

circular maze was divided into four parts with equal size. Two parts have nonvisible walls (closed) 

and two parts have open arms (open). For both tests, the time the mice spent in both parts was 

compared between both groups. For statistical analysis, Mann-Whitney U-test was performed. 
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Figure S9| Morris water maze performance of saline and ANK6 treated tg-APPSwDI mice. The 

time spend in the water until they found the hidden platform was investigated daily over a period of 

five days. The mean values ± SEM are shown. For statistical analysis, a Friedman-ANOVA was 

performed. Both groups significantly learned within this training interval; p = 1.04 x 10
-6

 for saline 

and p = 1.33 x 10
-5

 for ANK6. 
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Figure S10| Aβ plaque loads of saline- and ANK-treated tg-APPSwDI mice at the hippocampus and 

dorsal cortex. After behavioral studies, the mice were sacrificed and brain slices were analyzed 

according to the Aβ plaque load. For statistical analysis, a t-test was performed.   

 

Table S3| Summary of important quantities of the in vivo study. 

Group control ANK6  

Infusion saline ANK6 peptide 

Number n = 11 n = 11 

Body weight [g]   

Before treatment 35.4 ± 5.2 33.2 ± 4.6 

After treatment 31.8 ± 2.9 25.8 ± 3.7 

[a] Intraperitoneal (i.p.) Alzet pumps, treatment with 3.696 mg / 4 weeks 

[b] Number of animal per group 
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SI Methods 

Tricine-SDS-PAGE. Tricine-SDS-PAGE was performed according to Schagger
1
. In brief, all 

samples were mixed with 4x Tris-Tricine loading buffer (4 % SDS (w/v), 12 % glycerol (v/v), 

50 mM Tris, 2 % β-mercaptoethanol (v/v), 0.01 % SERVA BlueG (w/v), pH 6.8), boiled for 5 min, 

and the proteins were separated on a 16 % Tricine-SDS-Gel at 100 V constantly. The ultra-low 

range Color Protein marker (C6210, Sigma-Aldrich, St. Louis, USA) was used as a size standard. 

For visualization, the Chemidoc MP system (Biorad, Hercules, USA) was used. 

Heterogeneous fitting of BLI data. Performance of biolayer interferometry (BLI) measurements 

and data processing were described in the Methods section of the main manuscript. For kinetic 

evaluation of the BLI data according to a heterogeneous binding model, the data were fitted using 

the heterogeneous ligand fit model implemented in the ForteBio Data Analysis Software, 8.0. In 

brief, this fit model assumes the presence of two independent 1:1 binding sites or binding modes of 

the analyte on the ligand surface. Therefore, two different rate constants are given, one for each 

site:   

𝐴 + 𝐵1

𝑘𝑜𝑛1

↔
𝑘𝑜𝑓𝑓1

A𝐵1    (S1) 

 

𝐴 + 𝐵2

𝑘𝑜𝑛2

↔
𝑘𝑜𝑓𝑓2

A𝐵2    (S2) 

with A as analyte concentraton, B the immobilized ligand, kon the association rate constant, koff the 

dissociation rate constant and AB the complex. B1 and B2 are either two different epitopes on the 

same ligand or two different ligands on the surface. The corresponding equilibrium dissociation 

constants (KD1 and KD2) are calculated separately for each binding site by the following equations:  

𝐾𝐷1 =
𝑘𝑜𝑓𝑓1

𝑘𝑜𝑛1
    (S3) 

 

𝐾𝐷2 =
𝑘𝑜𝑓𝑓2

𝑘𝑜𝑛2
    (S4) 
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Abstract 

Inhibition of the self-assembly process of amyloid-beta and even more the destruction of 

already existing toxic amyloid-beta assemblies represents a promising therapeutic 

strategy to prevent Alzheimer´s disease. To approach this aim, we selected a 

D-enantiomeric peptide by phage-display based on the interaction with amyloid-beta 

monomers. This lead compound was successfully optimized by peptide microarrays with 

respect to its affinity and specificity to the target resulting in D-peptides with both 

increased hydrophobicity and net charge. Here, we present a detailed biophysical 

characterization of the interaction between these optimized D-peptides and amyloid-beta 

monomers in comparison to the original lead compound in order to obtain a more 

thorough understanding of the physico-chemical determinants of the interactions. Kinetics 

and stoichiometry of complex formation were studied using surface plasmon resonance. 

Potential modes of binding to amyloid-beta were identified and the influence of ionic 

strength on complex stability was investigated. The results elucidate a very different mode 

of interaction of the optimized D-peptides based on a combination of electrostatic and 

hydrophobic interactions as compared to the fully electrostatically driven interaction of the 

lead compound. These conclusions were supported by the thermodynamic profiles of the 

interaction between optimized D-peptides and Aβ monomers, which indicate an increase 

in binding entropy.  
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Introduction 

Alzheimer´s disease (AD) is a neurodegenerative disorder with progressive loss of 

memory and cognitive decline as major symptoms. Although the precise etiology remains 

unclear, aggregation of amyloid-beta (Aβ) is a hallmark of AD. This aggregation process is 

characterized by oligomeric precursors, which are considered to be the most neurotoxic 

species, and highly ordered, insoluble amyloid fibrils, which make up the basis of amyloid 

plaques (1-4). Therefore, inhibiting the Aβ oligomer formation or even more the 

destruction of already existing Aβ oligomers is a promising and widely pursued strategy 

for a causative therapy. However, the unstable and transient nature of Aβ oligomers 

renders them very challenging to study and hence to target. Aβ monomers, on the other 

hand, are easier to study and targeting monomers could be a promising early intervention 

strategy, preventing the formation of toxic oligomers and pursuing the destabilization of 

preformed oligomers (5,6). We hypothesize that specific interactions with monomeric Aβ 

can shift the equilibrium away from oligomeric states and simultaneously inhibit further 

aggregation. To test this hypothesis, the D-enantiomeric peptide D3 (D-peptide, amino 

acid sequence rprtrlhthrnr) was selected as the first representative of a novel class of 

therapeutics. D3 was found to bind to Aβ monomers and inhibit Aβ amyloid fibril formation 

in vitro (7-9). Additionally, preformed oligomers were eliminated by D3 resulting in a 

rescue effect of oligomer induced cytotoxicity. The molecular mechanism of the inhibitory 

effect was shown to be the D3-induced formation of off-pathway non-toxic, amorphous co-

precipitates (10). This is in contrast to most known inhibitors such as chaperones or 

antibodies that mostly slow down the formation of amyloid fibrils and do not open 

additional aggregation channels (11-13), and therefore represents a novel mode of 

inhibition of amyloid fibril formation. In vivo, D3 improved cognition of transgenic AD mice 

and reduced Aβ plaque load as well as cerebral inflammation (7,10,14). In order to 

increase drug efficacy, this lead compound was systematically optimized regarding the 

affinity and specificity to Aβ monomers by peptide microarrays. The seven D-peptides with 

strongest binding signatures to monomeric Aβ are represented by the ANK D-peptides 

(15). In vitro, it was shown that these D-peptides indeed show improved efficacy as 

compared to D3, i.e., increased binding affinity as well as efficacy in eliminating Aβ 

oligomers and in neutralization of toxicity, indicating a successful lead optimization 

process. Regarding the binding mode, it was observed that the interaction with Aβ 

monomers changed from a homogeneous interaction to a heterogeneous one without 

quantitatively describing the kinetics. One component of the interactions between Aβ and 

the ANK D-peptides might be based on electrostatics which was previously found to be 
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the major driving force of D3 interaction with Aβ (9,16) and we hypothesize, that ANK 

binding might additionally be driven by hydrophobic interactions, consistent with the 

increased sequence hydrophobicity. Here, we address this question by studying the 

influence of charge and hydrophobicity of the D-peptides on the interaction with Aβ 

monomers in detail. The binding kinetics and stoichiometry were determined, as well as 

affinities to Aβ fragments in order to identify potential epitopes. The influence of the ionic 

strength of the solution, and hence the role of electrostatic interactions on the interaction 

was investigated by stepwise increasing the salt concentration in the buffer. The 

conclusions from these experiments were confirmed by performing aggregation assays of 

Aβ under the same ionic strength conditions. Furthermore, thermodynamic profiles 

including enthalpic and entropic contributions were analyzed which provide further insights 

into the driving forces for the binding of the D-peptides to Aβ, information that is relevant 

for decision making in the lead optimization process (17-19). Since Aβ species, especially 

Aβ oligomers, are converted into non-amyloid, non-toxic amorphous co-precipitates in the 

presence of ANK D-peptides, solution-based techniques are not easily applicable for 

accurate interaction analysis between Aβ monomers and D-peptides. Thus, the surface-

based sensing technique surface plasmon resonance (SPR) has been used with Aβ 

monomers attached to the surface matrix in order to prevent D-peptide-induced 

aggregation. This method enables the reliable analysis of binding affinity, kinetics and 

stoichiometry to surface-bound Aβ monomers (20). Additionally, the thermodynamic 

signature of the interaction can be examined by performing a van´t Hoff analysis where 

the change in affinity over a temperature range is investigated.  

Since the ANK D-peptides are highly similar in sequence and also in efficacy in vitro, only 

a representative selection was included in this study. Two D-peptides out of seven were 

chosen: ANK3 and ANK6. The physico-chemical characteristics including sequence, 

charge and hydrophobicity in comparison to D3 are depicted in Table 1. ANK3 is one of 

the D-peptides with highly increased hydrophobicity due to an exchange of four polar to 

hydrophobic amino acid residues whereas the net charge of the D-peptide is the same as 

for D3. ANK6 exhibits the highest number of positive charges. However, hydrophobicity is 

only slightly enhanced as a result of two polar to aliphatic substitutions which were mainly 

compensated by introducing hydrophilic lysine residues. Therefore, a direct comparison 

between D3 and ANK3 provides further insights into the role of hydrophobicity on the 

interaction with Aβ whereas ANK6 is characterized by both increased net charge and 

slightly enhanced hydrophobicity.   
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Results 

Kinetics and stoichiometry of complex formation between surface-bound Aβ and 

D-peptides 

The interactions of different D3, ANK3 and ANK6 concentrations with immobilized Aβ 

molecules were measured by SPR (Figure 1). Deduced from the sensorgram shape it was 

assumed, that D3 bound homogeneously to Aβ with single rate constants whereas ANK 

D-peptides exhibited a second association and dissociation phase, indicating a 

heterogeneous interaction consisting of two kinetic rate constants. Hence, the 

sensorgrams were globally fitted using three different models; a homogeneous interaction 

model which considers a single type of interaction on the surface, a two-state reaction 

model considering a conformational change which stabilizes the complex upon binding, 

and a heterogeneous interaction model where D-peptides are allowed to interact 

heterogeneously with surface-bound Aβ via two independent binding modes (Figure 1). 

The goodness of the respective fit was expressed as χ2 values. The homogeneous fit 

model was sufficient to describe the binding curves of D3 since χ2 values were only 

slightly decreased by applying a more complex model (Figure 1A, D, G). In contrast, this 

simple fit model and the more complex two-state reaction model were not able to describe 

ANK3 (Figure 1B and E) and ANK6 sensorgrams Figure 1C and F). However, the 

heterogeneous fit model described the entire data sets of ANK D-peptides with minimal χ2 

values (Figure 1H and I), yielding two ligand binding modes with two pairs of rate 

constants. The quantitative description of the kinetics was very reproducible with low 

deviation between replicates (Figure 2A). For D3, a very fast association rate constant 

(kon) of 5·104 M-1s-1 and also a very fast dissociation rate constant (koff) of 7·10-1 s-1 were 

determined, indicating that the complex is rapidly formed but not very stable. Both kinetics 

of ANK3 and ANK6 were very similar to each other. For binding mode 1, kon values of 

2·104 M-1s-1 and 3·104 M-1s-1 and a koff of 1·10-1 s-1 were determined and binding mode 2 

was characterized by a kon of 2·105 M-1s-1 and koff values of 2·10-3 s-1 and 4·10-3 s-1. The 

resulting equilibrium dissociation constants (Kd) were 14 µM for D3, 7 µM (binding mode 

1) and 13 nM (binding mode 2) for ANK3 and 3 µM (binding mode 1) and 28 nM (binding 

mode 2) for ANK6. In general, binding mode 1 was characterized by affinity in the low 

micromolar range for all D-peptides and binding mode 2 represented a high affinity site for 

ANK3 and ANK6 with a Kd in the low nanomolar range. Thus, binding kinetics of ANK3 

and ANK6 were comparable. However, by evaluation of the fitted saturation levels (Rmax) 

of the two binding modes it was observed that the extent of the high affinity binding mode 

differed between these two D-peptides. For ANK6, this site represented 13% of the total 
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binding while for ANK3 the high affinity binding mode was more pronounced and 

amounted to 26% (Figure 2B). Regarding the stoichiometry, a substoichiometric binding of 

all three D-peptides to the quantity of Aβ attached to the sensor surface was observed 

(Figure 2B). For D3, an overall binding of 0.19 molecules per Aβ molecule was 

determined meaning that one molecule of D3 bound per 5.3 attached Aβ molecules. The 

low affinity binding mode of ANK3 showed the same stoichiometry as compared to D3 but 

including the high affinity site increased the total stoichiometry to 0.28 ANK3 molecules 

per Aβ molecule, leading to a final ratio of one molecule ANK3 per 3.6 Aβ molecules. For 

ANK6, a lower stoichiometric ratio was determined for both binding modes; 0.12 

molecules bound to one Aβ molecule on the low affinity binding mode and 0.02 molecules 

per Aβ molecule on the high affinity binding mode. This resulted in a total stoichiometry of 

0.14 molecules ANK6 per Aβ molecule, meaning that one ANK6 molecule bound to 7.0 

Aβ molecules.  

Identification of epitopes  

In order to analyze whether a distinct epitope on the Aβ sequence is responsible for the 

heterogeneous binding, especially of ANK3, an epitope mapping approach was 

conducted. Seven Aβ fragments were designed with 15 amino acids in length with an 

overlap of ten amino acids and a frame shift of five amino acids (Figure 3A). Only 

fragments 6 and 7 had a frame shift of two amino acids to investigate the affinities to the 

two isoforms Aβ(1-40) and Aβ(1-42) separately. Interestingly, the binding of the ANK 

D-peptides to all Aβ fragments could be fitted with the homogeneous model, which 

allowed the determination of a single Kd value for each fragment (Figure 3B), facilitating 

convenient comparison. D3 and ANK6 bound to the fragments 1 to 5 with a Kd ranging 

from 14 to 85 µM and 3 to 16 µM, respectively. Both D-peptides showed no binding to 

fragments 6 and 7 in the applied concentrations. ANK3 bound to all seven fragments with 

a Kd ranging from 1 to 41 µM. Thus, the D-peptides did not exhibit a well-defined epitope 

and the effective Kd values determined for the full length Aβ sequence are likely to stem 

from a combination of multiple indistinct binding modes on the Aβ sequence and resulting 

avidity effects. D3 and ANK6 bound to all fragments, which contained negatively charged 

residues located on the N-terminal part of the sequence. ANK3 also bound to these 

fragments but interestingly, it additionally bound to the hydrophobic C-terminal region 

which does not include any negative charges, except the C-terminal carboxyl group. None 

of the D-peptides distinguished between Aβ(1-40) and Aβ(1-42), since they all bound 

similarly to fragments 6 and 7, i.e., either not detectably (D3 and ANK6) or with the same 

affinity (ANK3).   
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Influence of ionic strength on the interaction  

As the epitope mapping approach suggested that the interaction of ANK3 with Aβ might 

be driven not only by electrostatic interactions, the binding to Aβ was analyzed at 

increased ionic strength in order to screen electrostatic interactions and strengthen 

hydrophobic interactions simultaneously (21). A constant D-peptide concentration was 

brought into contact with Aβ at four different sodium chloride concentrations, i.e., 150 mM, 

300 mM, 600 mM and 1200 mM. 50 µM D3 showed a clear binding signal at 150 mM 

NaCl, which was already reduced by 80% at 300 mM (Figure 4A). At higher ionic strength 

(600 mM and 1200 mM), no binding could be detected, indicating high NaCl sensitivity of 

D3 binding. Binding of 25 µM ANK6 was also strongly affected by the increased ionic 

strength (Figure 4C). At 300 mM, the signal was reduced by 60% as compared to 150 mM 

and at 600 mM and 1200 mM, only 10% remained. This result revealed that the main 

contribution of the interaction of ANK6 with Aβ was sensitive to NaCl as well but that 10% 

of the interaction was independent of salt concentration, possibly representing the 

hydrophobic contribution. Contrary to D3 and ANK6, 60% of the binding signal from 25 µM 

ANK3 at 150 mM NaCl was still detected at 1200 mM NaCl, indicating that ANK3 

interaction is highly stable at increasing NaCl concentrations (Figure 4B). All 

measurements at different NaCl concentrations were performed on the same sensor chip 

and the immobilized Aβ was stable under these conditions (Figure S1).  

In addition to probing the interactions with Aβ by SPR, the D-peptides were also tested 

with respect to their function as inhibitors of Aβ amyloid fibril formation at different ionic 

strength. Aβ fibril formation kinetics were monitored by Thioflavin-T (ThT) fluorescence in 

the presence or absence of the respective D-peptide at 150 mM, 300 mM, 600 mM and 

1200 mM NaCl (Figure 5A-D). It was observed that the absolute ThT fluorescence levels 

of 10 µM fibrillar Aβ decreased with increasing salt concentrations, most probably due to 

interference of NaCl with ThT binding to mature fibrils (22). This is plausible due to the 

fact that the electrostatic interactions between Aβ (negatively charged) and ThT (positively 

charged) are favorable. At 1200 mM, the kinetic data was of poor quality but still allowed 

qualitative statements regarding the inhibitory function of the D-peptides. At 150 mM NaCl, 

D3 inhibited Aβ fibril formation by 30% as judged from the final ThT intensity but at 

300 mM NaCl, the inhibition efficacy was already reduced to 15%. At 600 mM and 

upwards no inhibitory effect by D3 was observed. ANK6 nearly completely inhibited Aβ 

fibril formation at 150 mM NaCl indicating a higher efficacy as D3 but at 300 mM, the 

efficacy was reduced to 60%. At 600 mM and 1200 mM, ANK6 was also not able to inhibit 

Aβ fibril formation. In contrast, ANK3 showed a complete inhibition of Aβ fibril formation at 
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all tested salt concentrations, even at 1200 mM. Thus, Aβ fibril formation assays were in 

very good agreement with SPR-derived data at different NaCl concentrations and 

indicated that ANK3 is an efficient inhibitor of Aβ amyloid fibril formation independently of 

the ionic strength. 

Thermodynamics of the interactions 

To further investigate the physico-chemical mechanism and its driving forces, the 

thermodynamic signatures of the interaction of the D-peptides with Aβ were studied. First, 

the solution-based technique isothermal titration calorimetry (ITC) was applied which is 

the method of choice for thermodynamic analysis of interactions due to the fact that it can 

simultaneously yield the free energy, enthalpy and entropy of interaction (23, 24). 

However, the measured heat signal from the titration of D3 into Aβ solution was not 

distinguishable from background heat (Figure S2). If no heat signal is recorded in an ITC 

experiment, either the binding event is entirely entropy-driven or no binding occurs. The 

second appeared unlikely as direct interaction was demonstrated by SPR. Thus, SPR-

based van´t Hoff analyses were performed, which have been reported in the past to 

correlate well with ITC experiments (25, 26). 

Kd values of the homogeneous D3 and heterogeneous ANK interactions with Aβ 

monomers were determined at different temperatures ranging from 11 to 39°C. Based on 

a linear relationship between the logarithm of the dissociation constants and the inverse 

absolute temperature (R2 > 0.9) (Figure S3), the analysis of enthalpic (∆H) and entropic 

(-T∆S) contributions at 25°C of Gibbs free energy of binding (∆G) was performed 

according to van´t Hoff as described in the experimental procedures. The low affinity 

binding mode 1 with a Kd in the micromolar range corresponded to a free energy of 

binding of around -20 kJ mol-1 for all D-peptides (Figure 6A). However, the enthalpic and 

entropic contributions differed between D3 and ANK D-peptides. D3 binding was 

characterized by a slightly negative but very low enthalpy (-4 kJ mol-1), which resulted in a 

nearly completely entropy-driven binding. Interestingly, the binding enthalpy of the low 

affinity binding mode 1 of ANK D-peptides changed from negative to positive resulting in 

an increase in entropy as compared to D3. The profiles of the high affinity binding mode 2 

of ANK3 and ANK6 were very similar for both D-peptides Figure 6B). The Kd values in the 

nanomolar range corresponded to a free energy of binding of around -40 kJ mol-1 with an 

enthalpic contribution of around +40 kJ mol-1 and entropic contribution of -80 kJ mol-1, 

respectively.  
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Discussion 

The process of drug discovery often starts with a rather hydrophilic lead compound where 

hydrogen bonding and electrostatic interactions are likely to contribute significantly to 

affinity, often resulting in micromolar binding affinity to the target protein. The process of 

lead optimization typically includes a high-throughput screening and yields lead 

derivatives with increased hydrophobicity, leading to increased affinity of hit compounds 

and entropy-driven binding (27-30). This strategy was successfully applied to our target 

Aβ. The hydrophilic polycationic D-peptide D3 as lead compound was systematically 

modified by peptide microarrays, resulting in optimized D-peptides (15). In order to gain a 

more detailed understanding of the physico-chemical determinants of interaction with Aβ, 

D3 and two of the optimized D-peptides were included in the current study: ANK3 and 

ANK6. We showed that D3 rapidly interacts with Aβ involving all negatively charged amino 

acid residues and the interaction was strongly dependent on the ionic strength of the 

solution. As a consequence, the inhibitory effect on Aβ amyloid fibril formation by D3 

decreased with increasing ionic strength. At concentrations > 300 mM NaCl, neither 

binding nor inhibitory action was observed. It was demonstrated that the interaction 

between D3 and Aβ was principally driven by electrostatic interactions and that the 

binding event of D3 was indeed responsible for the inhibitory action. Quantitative analysis 

of the SPR-derived kinetics of the interactions with Aβ revealed a low affinity binding 

mode in the micromolar range for ANK3 and ANK6 as well. The rate constants and 

resulting Kd values of this low affinity binding mode were all of comparable magnitude as 

those determined for D3. Thus, increased hydrophobicity of ANK3 and increased net 

charge of ANK6 had a very little influence on this mode of interaction. However, ANK3 

and ANK6 binding curves showed heterogeneous binding behavior to Aβ and global fitting 

revealed an additional high affinity binding mode with affinity in the nanomolar range, 

which differed in the stoichiometry from the low affinity binding mode. For ANK6, this high 

affinity binding mode amounted to 13% of the total binding and this corresponded to the 

proportion of ANK6 binding which was resistant to increased ionic strength. Therefore, we 

concluded that the high affinity binding mode was driven by hydrophobic rather than 

electrostatic interactions. Nevertheless, the proportion of 13% was not sufficient to inhibit 

Aβ fibril formation at NaCl concentrations higher than 300 mM and we concluded that 

electrostatic interactions were relevant for the inhibitory function of ANK6. In the case of 

ANK3, it was shown that increased hydrophobicity resulted in an increased proportion of 

the high affinity binding mode (26%) and, in contrast to D3 and ANK6, ANK3 additionally 

showed interactions with the hydrophobic C-terminus of Aβ beginning at S26. This region 
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of Aβ is known to be part of the fibril core and thus, plays an important role in the self-

assembly process (31-33). Despite the fact that the hydrophobic contribution of ANK3 

binding to Aβ amounted to 26%, 60% of the binding signal remained stable at NaCl 

concentrations > 1 M and this interaction was sufficient to completely inhibit Aβ amyloid 

fibril formation. Thus, targeting the hydrophobic C-terminus of Aβ might be a relevant 

feature for increased efficacy of drug candidates for AD. 

All D-peptides were characterized by a substoichiometric binding to Aβ monomers, 

possibly suggesting cross-linking or bridging of multiple Aβ monomers by one polyvalent 

D-peptide molecule which might be attributed to the high number of positively charged 

residues and hydrophobic interaction sites for ANK3. For a standard Biacore CM5 sensor 

chip it was described that 100 RU of immobilized ligand corresponds to a bulk 

concentration of 1 mg ml-1 in the surface matrix (34,35). Based on this value, an 

immobilization level of 1800 RU is equivalent to a local Aβ concentration of 4 mM which 

corresponds to an average distance between Aβ molecules of less than 8 nm, rendering 

at least partial cross-linking of surface-bound Aβ by the D-peptides plausible. The fact, 

that Aβ is rapidly converted into amorphous co-precipitates in the presence of D3 and 

ANK D-peptides in solution supports this proposed mechanism (15). A further possible 

explanation for the substoichiometry is that a certain fraction of the Aβ molecules is not 

accessible to the D-peptides. This could be either due to the fact that the Aβ is partly 

attached to the surface in oligomeric form, or that the attachment to the dextran matrix of 

the SPR sensor renders some Aβ molecules inaccessible, potentially due to reduced 

mobility of the positively charged D-peptides within the negatively charged dextran matrix. 

Furthermore, the referencing procedure, whereby the signal from D-peptides that bind 

non-specifically to the dextran matrix is subtracted from the signal in the presence of 

surface-attached Aβ, could be incomplete in this case. Despite these potential 

complications stemming from the use of a surface-based biosensing technique, SPR has 

the advantage that the surface-bound Aβ is stably attached and hence a reliable binding 

constant can be established, because the same number and conformation of Aβ 

molecules are exposed to the various D-peptide concentrations. 

In order to further validate these results, we analyzed the thermodynamic profiles of the 

individual binding modes which revealed that all binding modes are entropy-driven. The 

thermodynamic profile of D3 interaction with Aβ showed a slightly negative enthalpic 

contribution to the Gibbs free energy of binding which resulted in a nearly completely 

entropy-driven interaction. This type of thermodynamic signature has already been 

described for purely electrostatic interactions, for example in the case of the interaction 
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between DNA and polyvalent cations, i.e., lysine, Mg2+ and polycationic proteins (36,37). 

The enthalpic contributions of these interactions are explained by the counterion 

condensation theory which describes the partial release of counterions to the bulk 

solution, resulting in cratic entropy gain, as proposed by Manning (38,39) as well as by 

Privalov et al. (40). In contrast to this, the mechanism of binding mode 1 changed from a 

weakly exothermic to a weakly endothermic process for ANK D-peptides suggesting that 

the net effect of ANK binding to Aβ involved breakage of energetically favorable 

noncovalent interactions, e.g., van der Waals contacts and hydrogen bonds. This enthalpy 

gain was compensated by a corresponding entropy gain. Furthermore, the high affinity 

binding mode 2 of ANK D-peptides was also entropy-driven and it is well-established that 

hydrophobic interactions are mainly entropic in nature, at least in the case of small 

hydrophobes (41). Thus, the thermodynamic analysis of the binding modes supported the 

idea that the second binding mode of ANK might be based on hydrophobic interactions. 
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Conclusion 

The present study provided new insights into the physico-chemical determinants of the 

interactions between the lead compound D3 and optimized D-peptides ANK3 and ANK6 

with their target, the Aβ peptide. We conclude that D3 interacts with Aβ via electrostatic 

interactions, leading to micromolar affinity. In addition to this mode of interaction, ANK3 

and ANK6 exhibited a second binding mode with nanomolar affinity. This second binding 

mode was more pronounced in the case of the hydrophobic D-peptide ANK3 than for 

ANK6 which is more positively charged and involved hydrophobic interactions with the 

C-terminus of Aβ, the latter being known to play an important role in the self-assembly 

process. Therefore, both electrostatic and hydrophobic interactions significantly 

contributed to the driving force for binding of ANK3, leading to a more robust complex 

formation with Aβ. A decomposition of the free energy of binding into enthalpic and 

entropic contributions supported these findings. In vivo, increased hydrophobicity is linked 

to improved pharmacokinetic and pre-clinical ADMET (absorption, distribution, 

metabolism, excretion and toxicity) properties resulting in increased chances of success in 

drug development (17,42,43). Thus, ANK3 is highly relevant for further fit-for-purpose 

studies in vivo investigating if increased hydrophobicity indeed leads to an optimized drug 

for the treatment of AD.  
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Experimental procedures 

D-peptides  

D3, ANK3 and ANK6 consisted of D-enantiomeric amino acids and were purchased from 

peptides&elephants (Germany) with C-terminal amidation and > 95% purity.  

Hydrophobicity calculation 

The grand average of hydropathy (GRAVY) of the D-peptides was calculated according to 

Kyte and Doolittle (44) using the online tool ProtParam. The higher the GRAVY score, the 

more hydrophobic the D-peptide. Amidation of the C-terminus was not taken into account 

for the calculation and the unnatural amino acid phenylglycine (λ) was substituted by 

phenylalanine for the calculation of the GRAVY score of ANK3. Since all D-peptides 

consist of twelve amino acid residues, the GRAVY scores represent not only hydropathy 

but also hydrophobicity of the D-peptides.   

Aβ samples and their preparation 

To ensure the monomeric state of full-length Aβ, recombinant Aβ(1-42) (Isoloid, Germany) 

and N-terminally biotinylated Aβ(1-42) (Bachem, Switzerland) were dissolved in 

hexafluoroisopropanol (HFIP), aliquoted and lyophilized. As required, Aβ was dissolved in 

2 mM NaOH to a concentration of 1 mg ml-1, diluted in HBS (20 mM HEPES, 150 mM 

NaCl, pH 7.4) and directly used.  

N-terminally biotinylated Aβ fragments (peptides&elephants, Germany) were dissolved in 

dimethylformamide (DMF) and diluted in HBS for the SPR coupling procedure. Fragments 

5 and 7 were heated up to 50°C for better solubility. 

Kinetic interaction analysis 

Kinetic analysis of the interaction between Aβ(1-42) and D-peptides was performed by 

SPR using a Biacore T200 instrument (GE Healthcare, Sweden) at 25°C. N-terminally 

biotinylated Aβ(1-42) (Bachem, Switzerland) was coupled on Series S SA Sensor chips 

(GE Healthcare, Sweden) at a concentration of 10 µg ml-1 to final levels of 1500-1800 RU. 

The Aβ flow cell and a reference flow cell without ligand were quenched with biotin. 

Titration series of D-peptides ranging from 3.2 µM to 50 µM for D3 and from 1.6 µM to 25 

µM for ANK D-peptides were prepared in HBS including 150 mM NaCl, unless otherwise 

stated, and injected over the sensor surface. For experiments at higher NaCl 

concentrations, the D-peptide concentrations were adapted to the Kd values for D3 
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(6.3 µM - 200 µM) and ANK6 (3.1 µM - 100 µM). After each cycle, a conditional 

regeneration step using 2 M GdnHCl was implemented. For evaluation, the curves were 

double referenced using a buffer cycle and the reference flow cell and fitted according to 

the homogeneous 1:1 fit model, the two-state reaction model and the heterogeneous 

ligand model with RI = 0, respectively (Biacore T200 Evaluation Software 2.0, GE 

Healthcare). 

Stoichiometry  

The fitted saturation levels were taken from kinetic interaction analysis to estimate the 

stoichiometry of the complexes by the following equation: 

NL = 
𝑅maxML

RMA
 

where NL is the valency of the ligand, Rmax is the fitted saturation level of the analyte, R is 

the immobilization level of Aβ, ML is the molecular weight of Aβ, MA is the molecular 

weight of the D-peptide. 100% ligand activity and accessibility were assumed.  

Aβ fibril formation kinetics  

The Aβ fibril formation kinetics were measured in 20 mM HEPES buffer, pH 7.4, including 

150 mM (HBS), 300 mM, 600 mM or 1200 mM NaCl. All buffers were supplemented with 

5 µM Thioflavin-T dye and 10 µM of the respective D-peptide (D3, ANK3 or ANK6). 

Recombinant Aβ(1-42) was dissolved in the presence or absence of D-peptides to a final 

concentration of 10 µM. The fluorescence intensity (λEx = 440 nm, λEm = 490 nm) was 

recorded in black non-binding 96-well plates (Greiner, Austria) every 450 s at 37°C over 

27 h under quiescent conditions. The curves were corrected for buffer and D-peptide 

background. 

Affinity determination for Aβ fragments  

To evaluate the affinities for Aβ fragment binding, SPR experiments were conducted as 

described in the `Kinetic analysis` section but using N-terminally biotinylated Aβ fragments 

as ligands. For the coupling reactions, the concentrations were increased to 

70 - 100 µg ml-1. The analyte concentrations ranged from 3.1 µM to 100 µM for D3 and 

ANK6 and from 1.6 µM to 50 µM for ANK3. Obtained signals below 10 RU from the 

highest concentration were considered as non-binding. Since the sensorgrams of ANK3 

and ANK6 showed less signatures of heterogeneous binding to the fragments as 
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compared to the full-length Aβ, Kd values for a 1:1 interaction were calculated, which 

provided fits of satisfactory quality. For evaluation, the final responses at the end of the 

association phase were plotted against the applied concentrations and fitted with the 1:1 

steady state affinity model (RI = 0) (Biacore T200 Evaluation Software 2.0, GE 

Healthcare). 

Thermodynamics  

The thermodynamic profiles of the interaction between the D-peptides and Aβ monomers 

were determined by van´t Hoff analysis. For equilibrium thermodynamics, the van’t Hoff 

equation states: 

∆G = -RTln (
1

Kd
)  = RTln(Kd) 

where ΔG is the Gibbs free energy of binding, R is the gas constant, T is the absolute 

temperature, Kd is the equilibrium dissociation constant. 

Substituting in the expression 

∆G = ∆H-T∆S 

and rearranging yields: 

ln(Kd) = 
∆H

RT
-

∆S

R
 

where ΔH is the standard enthalpy, ΔS is the standard entropy. 

Kd values were analyzed in HBS by SPR-based affinity determination as described above 

at different temperatures ranging from 11°C to 39°C. For D3, the homogeneous 1:1 fit 

model was applied (RI = 0) and for ANK D-peptides, the heterogeneous ligand model 

(RI = 0) (Biacore T200 Evaluation Software 2.0, GE Healthcare). By plotting ln(Kd) against 

the reciprocal temperature, ΔH and ΔS were extracted from the slope (ΔH/R) and 

intercept on the y-axis (-ΔS/R) of the linear regression. 
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Tables and figures 

Table 1 Physico-chemical characteristics of the D-peptides involved in the study. All 

D-peptides were purchased in D-enantiomeric configuration with an amidated C-terminus which 

was considered for the calculation of net charge at neutral pH. ANK3 contains the unnatural amino 

acid phenylglycine (λ). Hydrophobicity was determined according to Kyte and Doolittle (46) as 

described in the experimental procedures and expressed as GRAVY score. 

Compound Sequence Net charge GRAVY score 

D3 rprtrlhthrnr +6 -2.6 

ANK3 rkrirlλyhwnr +6 -1.6 

ANK6 rkrirlvtkkkr +9 -1.8 
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Figure 1 Real-time interaction between the D-peptides and Aβ monomers and corresponding 

fits. SPR sensorgrams of a titration series of D3 (A, D, G), ANK3 (B, E, H) and ANK6 (C, F, I) 

binding to immobilized Aβ monomers. Data were globally fitted according to a homogeneous (A-C), 

a two-state reaction (D-F) and a heterogeneous binding model (G-I). Sensorgrams are 

representative for seven independent kinetic measurements. χ
2
 values present the goodness of the 

respective fit. 
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Figure 2 Kinetic rate constants and stoichiometry of the interaction of the D-peptides with 

Aβ. Kinetic rate constants of D3, ANK3 and ANK6 interactions with Aβ monomers were analyzed 

by SPR (A). Association rate constants (kon) and dissociation rate constants (koff) of D3 derived 

from global homogeneous fits while ANK3 and ANK6 were fitted heterogeneously, leading to two 

pairs of rate constants. Closed symbols represent binding mode 1 and open symbols binding 

mode 2. Equilibrium dissociation constants (Kd) resulting from koff divided by kon are depicted as 

dotted lines. The stoichiometry of saturated complexes was analyzed separately for each binding 

mode based on SPR data and shown as D-peptide to Aβ ratios (B). The numbers indicate the 

proportion of each binding mode. Presented data are mean values ± SD from seven independent 

measurements on various sensor surface preparations. 
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Figure 3 Epitope mapping of D3, ANK3 and ANK6. Aβ(1-42) sequence was divided into seven 

peptides with a length of 15 amino acids and an overlap of ten amino acids (A). The affinity of D3, 

ANK3 and ANK6 to the fragments 1 to 7 (F1 – F7) was determined by SPR (B). D3 and ANK6 

showed no binding to fragments 6 and 7 in the applied concentrations. Presented data are mean 

values ± SD of three independent experiments. 
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Figure 4 Interaction of the D-peptides with Aβ at different NaCl concentrations. The influence 

of ionic strength on the interaction of 50 µM D3 (A), 25 µM ANK3 (B) and 25 µM ANK6 (C) with Aβ 

monomers was analyzed by SPR at four different NaCl concentrations: 150 mM, 300 mM, 600 mM 

and 1200 mM. Sensorgrams are representative for two independent measurements. For 

quantitative analysis of the two data sets, the responses were normalized to the response at 

150 mM and plotted as mean values ± SD over the NaCl concentration (D). 
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Figure 5 Inhibition of Aβ fibril formation by D3, ANK3 and ANK6 at different NaCl 

concentrations. The efficacy of D3, ANK3 and ANK6 to inhibit Aβ fibril formation was investigated 

at increasing ionic strength, adjusted by NaCl, 150 mM (A), 300 mM (B), 600 mM (C) and 1200 mM 

(D). All experiments were performed using 10 µM Aβ in the presence or absence of 10 µM 

D-peptide. The aggregation kinetics were monitored using Thioflavin-T fluorescence. Presented 

curves are mean values of three experiments. 
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Figure 6 Thermodynamic analysis of the interaction with Aβ. The binding energies including 

Gibbs free energy of binding (∆G), enthalpy (∆H) and entropy (-T∆S) at 25°C were determined by 

van´t Hoff analysis. Due to heterogeneous binding of ANK D-peptides, thermodynamic profiles were 

separately analyzed for binding mode 1 (A) and binding mode 2 (B). Presented data are mean 

values ± SD of four independent analyses. 
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Supplemental data 

  

Figure S1 Control of immobilized Aβ after high salt conditions by SPR. Binding of 100 µM D3 

was analyzed on a sensor chip directly after the immobilization procedure of Aβ monomers (before) 

and after more than 30 cycles with salt concentrations higher than 1 M NaCl (after). Since the 

response levels were the same, it was assumed that Aβ monomers are stable on the surface under 

these assay conditions. 
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Figure S2 Titration curve of D3 into Aβ solution by ITC. Representatively, one isothermal 

titration calorimetry (ITC) experiment is shown for the titration of 300 µM D3 in 100 µM Aβ(1-40) 

solution at 25°C. The titrations of D3 in buffer (HBS) and buffer in Aβ solution were performed as 

control experiments and subtracted from the titration curve. Based on van´t Hoff analysis, very low 

entropy of -4 kJ mol
-1

 was expected which was not detected with this system. 
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Figure S3 Temperature dependence of Kd values (van´t Hoff plot). Kd values of D3, ANK3 and 

ANK6 were determined at different temperatures using SPR. At each temperature, binding curves 

of D3 were homogeneously fitted whereas ANK D-peptides were analyzed heterogeneously, which 

resulted in two binding modes with two Kd values. Logarithm of dissociation constants were plotted 

against reciprocal temperature and fitted with a linear regression model. Closed symbols represent 

binding mode 1 (A) and open symbols binding mode 2 (B). Presented data are representative for 

four independent experiments. 
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4 Summary and conclusion 

AD is a neurodegenerative disorder with progressive loss of memory and cognitive decline 

as major symptoms. Although the precise etiology remains unclear, aggregation of Aβ has 

become the fundamental framework of AD (LaFerla et al. 2007). This aggregation process 

is characterized by monomers, oligomeric precursors which are considered to be the most 

neurotoxic species and highly ordered, insoluble amyloid fibrils (Cohen et al. 2013). To 

develop a curative therapy for AD, we hypothesize that stabilization of monomers and 

sequester them from the aggregation cascade will shift the thermodynamic equilibration 

away from oligomer generation and simultaneously eliminate pre-formed cytotoxic Aβ 

oligomers. To validate this strategy, the lead compound D3, a D-peptide, was selected by 

mirror image phage display and intensively characterized in vitro and in vivo regarding its 

efficacy and potency as a potential therapeutic for AD (see 1.2.4). These results 

evidenced that D3 is ready for further fit-for-purpose studies including pre-clinical 

parameters  

In the present study, the pharmacokinetic profile of tritium-labeled D3 was analyzed for 

different administration routes to study its distribution in vivo and the metabolic stability in 

ex vivo material. Additionally, plasma protein binding was analyzed in vitro in order to 

estimate the unbound fraction of compound in plasma.  

After validating suitable pre-clinical properties for D3, this lead compound was further 

optimized regarding its efficacy and potency for AD therapy. Two different strategies, 

rational and systematic approaches, were applied resulting in various D3 derivatives. 

Those were characterized in vitro regarding their efficacy to bind Aβ monomers, eliminate 

oligomers and Aβ-induced cytotoxicity. Additionally, two compounds resulting from peptide 

microarrays, ANK3 and ANK6, were analyzed in detail regarding their interaction with Aβ 

in order to gain a better understanding of the molecular mechanism. Kinetics, 

stoichiometry, epitopes and thermodynamics of complex formation were studied using 

surface plasmon resonance (SPR). Thereby, the main driving forces of D3 and optimized 

compounds binding to Aβ were identified.  

Due to high prevalence of pEAβ(3-42) in senile plaques of AD patients, this 

posttranslationally modified Aβ isoform is thought to play an important role in triggering 

neurodegeneration (Wirths et al. 2009). pEAβ(3-42) is characterizes by increased 

aggregation propensity as compared to Aβ(1-42) and the resulting assemblies have a 

stronger cross-seeding potential for other Aβ isoforms (Schilling et al. 2006, D'Arrigo et al. 
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2009). Therefore, the cross-reactivity of D3 and derivatives for pEAβ(3-42) was further 

investigated and the suitability of those compounds for pEAβ-directed therapy evaluated.  

Certain D3 derivatives derived from rational or systematic optimization strategies were 

further tested in transgenic AD mice with respect to improvement of neurodegeneration. 

An overview of investigated compounds involved in this thesis can be found in Table 1.  

Table 1 Overview of D3 and its derivatives involved in this thesis. D3 yielded from phage 

display (PD) and derivatives from either rational design (RD) or systematic peptide microarray (MA) 

approaches. All compounds were in D-enantiomeric configuration with an amidated C-terminus, if 

not other stated. Net charge was calculated at neutral pH. Certain ANK compounds contain 

unnatural amino acid residues. λ, phenylglycine; μ, 4-fluorophenylalanine. 

Compound Source Sequence Charge Comment 

D3 PD rprtrlhthrnr +6  

D3COOH RD rprtrlhthrnr +5 D3 with free C-terminus 

cD3 RD rprtrlhthrnr +5 head-to-tail cyclization of D3 

cD3r RD rprtrlhthrnrr +6 cD3 with additional arginine residue 

D3D3 RD rprtrlhthrnrrprtrlhthrnr +11 tandem head-to-tail version of D3 

DB3 MA rpitrlrthqnr +5  

DB3DB3 RD rpitrlrthqnrrpitrlrthqnr +9 tandem head-to-tail version of DB3 

ANK1 MA rkrirlvyhinr +6  

ANK2 MA rkrirlλyhinr +6  

ANK3 MA rkrirlλyhwnr +6  

ANK4 MA rkrirlvyhwnr +6  

ANK5 MA rkrvrlvyhkkr +8  

ANK6 MA rkrirlvtkkkr +9  

ANK7 MA rkrvrlμthikr +7  

 Pre-clinical parameters of D3 4.1

The pharmacokinetic profile of tritium-labeled compound revealed high oral bioavailability 

and long plasma half-lives for D3 which might be based on very high metabolic stability as 

shown for the D-peptide in comparison to the L-enantiomer. Therefore, D3 exhibits all 

favorable characteristics of D-peptides which were mentioned in 1.2.1. Furthermore, 

constant levels of D3 in the target organ brain were detected indicating that D3 can cross 

the blood brain barrier in vivo.  
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Binding of D3 to human serum albumin (HSA) and α1-acid glycoprotein (AGP) was 

analyzed in vitro in order to calculate the unbound fraction in plasma. HSA comprises 

40 % of the total plasma proteins and AGP accounts for 1-3 % (Mandic 2012). Therefore, 

the majority of human plasma proteins are covered by investigating those two proteins. 

For AGP, a KD value of 1.8 µM was determined and for HSA, the KD was over the 

detection limit of the assay which was 1.4 mM. Therefore, plasma protein binding was 

mainly affected by AGP binding which was expected since it is known that acidic and 

lipophilic drugs mainly bind to albumin whereas basic drugs have higher affinity to AGP 

(Hage et al. 2011). Accounting AGP and HSA binding, the estimated free fraction of D3 in 

plasma was calculated to be approx. 8% which is typically not considered as high protein 

binding for drugs (Liu et al. 2014). 

 Rational optimization of D3 4.2

Due to a high content of positively charged amino acid residues, charge of D3 obviously 

plays a central role in the mechanism of action. Therefore, the effect of net charge was 

investigated as an optimization strategy for D3. Furthermore, the well-known tool for 

peptides optimization, cyclization, was applied to D3 (1.2.2). Indeed, in vitro 

investigations, i.e. affinity determination to Aβ(1−42), elimination efficacy of cytotoxic 

oligomers and subsequent neutralization of oligomer-induced cytotoxicity, elucidated that 

the efficacy of D3 can be already optimized by charge increase. Most probably, the 

electrostatic driven interaction of D3 with negatively charged residues of Aβ is enhanced 

by this. Additionally, cyclization implied another optimization step with a similar degree of 

optimization. By applying both modifications, D3 was successfully upgraded into the 

superior compound cD3r. Furthermore, the design of multivalent compounds, e.g. bivalent 

peptides, was emphasized to yield a high grade of optimization. In the study investigating 

pEAβ-targeting therapy, the KD values of D3 and D3D3 to non-modified Aβ(1-42) were 

analyzed. Here, a 16-fold increase in affinity was observed by developing the head-to-tail 

tandem version. For DB3, this effect was even more pronounced. The KD values of DB3 

and DB3DB3 indicated a 75-fold improvement. Increased affinity of tandem compounds 

were further linked to increased characteristics such as oligomer elimination efficacy and 

subsequent rescue of cytotoxicity. Most probably, the high number of positive charged 

residues results in avidity effects. 
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 Systematic optimization of D3 4.3

Peptide microarrays were proven to be a powerful tool for systematic peptide optimization. 

Attributed to relatively high throughput, several parameters can be investigated in parallel 

(1.2.2). We have applied peptide microarrays for systematic optimization of D3 regarding 

its affinity and specificity to Aβ(1-42) monomers using oligomers and fibrils as counter 

targets. The most promising derivatives derived from this approach were the seven ANK 

compounds. As compared to D3, all compounds exhibit higher hydrophobicity and were 

characterized by enhanced binding affinity, oligomer elimination efficacy and 

neutralization ability of Aβ-induced cytotoxicity. However, the net charge of the ANK 

compounds ranges from +6 (as for D3) to +9. Therefore, the influence of charge and 

hydrophobicity on the interaction with Aβ was investigated in a detailed biophysical study 

involving ANK3 and ANK6. In comparison to D3, the binding mode changed from a 

homogeneous interaction with a KD in the micromolar range to a heterogeneous one with 

an additional binding mode in the nanomolar range for both compounds. The proportion of 

this high affinity binding mode correlates with the hydrophobicity. Additionally, an epitope 

mapping approach showed that this binding mode involves the hydrophobic C-terminus of 

Aβ which is known to play an important role in the self-assembly process (Colvin et al. 

2016, Walti et al. 2016). The Aβ interaction of the more hydrophobic compound ANK3 was 

characterized by a high resistance to ionic strength (> 1 M) resulting in highly efficient 

inhibitory function of Aβ aggregation under these conditions. The thermodynamic profiles 

supported these findings by an increase in entropic contributions. Thus, we concluded that 

D3 interacted with Aβ via electrostatic interactions only and the hydrophobic contributions 

of ANK6 interaction were too low to benefit from this. In contrast to this, electrostatic and 

hydrophobic interactions were both substantially involved in the binding process of ANK3. 

 pEAβ-directed therapy with D3 and a derivative 4.4

Quantitative KD determinations revealed a comparable binding affinity of D3 to Aβ(1-42) 

and pEAβ(3-42) indicating that D3 is characterized by high cross-reactivity. However, the 

effect of bivalent D3 differed for both isoforms. For Aβ(1-42), affinity increased by 

factor 16 and this effect was double for pEAβ(3-42). High affinity of D3D3 to pEAβ(3-42) 

was confirmed by cell viability assays where it was able to completely rescue pEAβ-

derived cytotoxicity in a concentration range where D3 showed no significant effects. 

Thus, D3 but especially D3D3 show a high therapeutic potential for pEAβ-driven 

neurodegeneration. 
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 Correlation between in vitro and in vivo outcome 4.5

After all, high potential in vitro requires to be validated in vivo. Indeed, certain D3 

derivatives were already significantly proven to be therapeutically active in transgenic AD 

mice. Although various other mechanisms of action might underlay the observed potency, 

the elimination of Aβ oligomers is one potential mechanism.  

Treatment with cD3r yielded spatial cognition and memory improvement in Tg-SwDI mice 

without changing Aβ plaque load or inflammation markers. Previously, also D3 was shown 

to improve cognition, reduce Aβ plaque load and inflammation in APP/PS1 mice (1.2.4). 

The potency of D3 and D3D3 for pEAβ-induced neurodegenerative phenotype was 

confirmed using the transgenic mouse model TBA2.1. Both compounds D3 and D3D3 

were able to stabilize the motor coordination and reduce phenotype progression down to 

non-significant levels. Thus, D3 and D3D3 were proven to be therapeutically active by 

stopping pEAβ-driven phenotype progression after treatment. In contrast, ANK6 which is a 

highly promising candidate regarding its in vitro performance only showed a non-

significant tendency for cognitive improvement so far. However, performed in vivo studies 

cannot be compared with each other regarding their outcome due to various variable 

parameters. The mentioned studies differed in mouse model, age and gender of mice, 

dosage, duration and application route of treatment. Thus, each compound can only be 

assessed qualitatively within one study by comparing compound-treated with placebo-

treated animals.  

 General conclusion and perspectives 4.6

Pre-clinical results validated that D-peptides in general are characterized by favorable 

characteristics and especially that D3 is a promising candidate for further evaluation. 

Furthermore, detailed biophysical characterization of the interaction between optimized 

compounds and their target Aβ(1-42) elucidated that not only charge but also 

hydrophobicity is a crucial characteristic in the lead optimization process of D3. 

Additionally, we gained a deeper understanding of the molecular mechanism of interaction 

in comparison to the original compound D3 regarding kinetics, stoichiometry, epitopes and 

thermodynamics. This information was crucial and partially associated with potency 

characteristics such as Aβ oligomer elimination and toxicity neutralization efficacy.  
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After systematic optimization of D3 leading to highly potent ANK compounds, rational 

optimization tools such as increase of charge, cyclization and multivalence can be applied 

Those are readily implemented and might provide high potential to further increase the 

therapeutic effect since they were already proven to be efficient for D3. For example, a 

cyclic version of ANK3 might be more potent as compared to the linear one or a 

heterodimer of ANK3 and ANK6 might combine the positive effects of both compounds. 

Furthermore, in vivo efficacy and pre-clinical parameters of ANK compounds would be 

interesting, especially for ANK3 since hydrophobicity is supposed to positively influence 

ADMET properties resulting in increased chances of success in drug development (Testa 

et al. 2000, Klebe 2015).  
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