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Abstract 
 
It has been a century since the first Alzheimer’s disease (AD) patient was described and reported by 

the German psychiatrist Alois Alzheimer. The disease is receiving increasing attention both due to 

its complex pathophysiology and the great socioeconomic burden following the global ageing trend. 

Currently there are around 50 million people suffering from dementia worldwide. AD is the most 

common cause of dementia, contributing to over 60% of all cases. The aggregation of amyloid-β (Aβ) 

into toxic oligomers and fibrillar structures in the brain has been recognized as one of the hallmarks 

of the disease. The accumulation of various Aβ aggregates in the central nervous system occurs early 

in the progression of AD and induces functional and structural damages to the brain at multiple levels. 

The central role of Aβ aggregation in the etiology of AD has made it a pivotal target for disease 

intervention.  

A lot of physiological or non-physiological factors have been documented to be able to affect the 

aggregation pathway of Aβ. For example, zinc ions (Zn2+), the second most abundant trace element 

in human body, was found to enrich around the amyloid plaque in Alzheimer’s brains. However, the 

detailed influence of Zn2+ on the fibril formation of Aβ remains controversial. In chapter I, we 

investigated the influence of Zn2+ on the aggregation of Aβ42, the major toxic isoform of Aβ products 

in the brain, by applying analytical ultracentrifugation (AUC) and other biophysical techniques. We 

found that stoichiometric Zn2+ shifts the aggregation of Aβ42 toward non-fibrillary aggregates with 

reduced β-sheet structures and amyloidogenic activity. The interaction between Zn2+ and Aβ42 is 

rapid and can be reversed by adding metal ion chelators such as EDTA. AUC was combined with 

atomic force microscopy (AFM) to elucidate size distributions and morphologies of Aβ42 aggregates 

formed with or without Zn2+. 

Several non-physiological factors, including two D-enantiomeric peptides (D-peptides) and three 

commercially available monoclonal antibodies (mAbs) against Aβ were also studied to characterize 

how they interact with Aβ42 and impact the aggregation process (chapters II-IV). Based on the 

strategy that stabilizing monomeric Aβ in unstructured conformations could prevent them from the 

oligomerization and even eliminate existing cytotoxic Aβ species, a series of all-D-enantiomeric 

peptides were developed and characterized regarding their effects on AD pathology. D3 and RD2 

are two of the D-peptides investigated in the present study (Chapters II and III). We first demonstrated 

that D3 and RD2 bind to Aβ42 monomers with nanomolar affinities via microscale thermophoresis 

(MST). The high affinity binding leads to the formation of Aβ42 and D-peptides complexes at 1:1 

and other stoichiometries, as revealed by fluorescence based analytical ultracentrifugation and 

molecular dynamics simulations. MST measurements revealed an enhancement in the interaction 

between D-peptides and Aβ42 when reducing the ionic strength of the buffer, indicating the 

involvement of electrostatic interaction between these two molecules. By employing thioflavin T 

(ThT) assay, circular dichroism (CD) spectroscopy and AFM, we demonstrated that D3 and RD2 

significantly retard the secondary structure transition and the fibrillation of Aβ42 by interfering with 

the nucleation process and retaining Aβ monomers in unstructured conformations. Our research 

showed for the first time that D3 and RD2 are able to interact with monomeric Aβ42, which leads to 

the formation of highly flexible complexes at various stoichiometries. Our study substantiates the 
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versatile effects of D-peptides on regulating Aβ aggregation and envisions the promising application 

of D-peptides in Aβ aggregation related pathologies. 

In chapter IV, the interaction between three commercially available anti-Aβ antibodies and Aβ42 

was characterized using fluorescence based AUC and MST measurements. All three antibodies, 

6E10, 4G8 and 12F4, are able to interact with Aβ42 monomers with low nanomolar affinities, 

irrespective of the difference in epitopes. The KD values are consistent with reported values from 

surface plasmon resonance (SPR) studies on antibodies and Aβ monomers. Besides, the affinity for 

12F4 and Aβ42 monomer was quantified for the first time. The results on Aβ42 monomers and 

antibodies also validate that fluorescence based AUC and MST are useful and rigorous methods for 

the study of the interaction between aggregation-prone proteins and their binding partners. 

To summarize, this work characterized how several binding partners interact with Aβ42 and further 

affect its fibrillation process. In particular, our study figures out that the interaction and complex 

formation between D-peptides and Aβ monomers could be an important and early event of the whole 

interaction process, and that D-peptides play a diverse role in modulating the aggregation of Aβ 

through interfering with Aβ nucleation and eliminating toxic Aβ assemblies. These findings 

demonstrate that both Aβ monomers and oligomers can be involved in the interaction with D-peptides 

and highlight the potential of D-peptides as drug candidates for the intervention of AD. Our study 

may also aid to understand the interaction between small ligands and intrinsically disorder proteins. 
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Introduction 
 
Alzheimer’s disease, a general introduction 
 

Epidemiology and risk factors 
 

The continuous increase in the quality of life owing to dramatic improvements in modern science 

and technologies helps us live longer and healthier than before. The increase in the average life 

expectancy comes with the growth of the global geriatric population. A report from the National 

Institute of Ageing showed that currently there are about 8.5% of people worldwide (~620 million) 

aged 65 and above [1]. As shown in Fig. 1, the percentage is estimated to double by 2050, leading to 

approximately 1.6 billion people over the age of 65 [1]. The gradually ageing world is followed by 

an increasing prevalence of dementia. The population of people affected by dementia is over 50 

million and the total number keeps rising [2, 3]. Alzheimer’s disease (AD) accounts for the majority 

of dementia cases in the world. It is believed that 50% - 75% of the dementia cases are caused by 

AD [4]. The prevalence of AD increases along with the global ageing trend and has caused great 

socioeconomic impacts. 

 

 

Figure 1. Global ageing and the prevalence of dementia worldwide. Percentage of population aged 

65 and over and children under 5 (A), modified from He et al., 2015 [1]. These two age groups will 

continue to change in opposite directions. The global ageing trend is featured by an increasing 

prevalence (%) of dementia among aged population worldwide (B), modified from Reitz et al., 2014 

[5].  

Alzheimer’s disease was first described by the German psychiatrist Alois Alzheimer. He observed 

brain atrophy, neuronal loss, the formation of amyloid deposits and neuronal argyrophilic fibrillary 

tangles in the brain autopsy following the death of his patient Auguste Deter, who had paranoia and 

memory loss [6, 7]. The pathological signs, together with the clinical symptoms, were soon termed 

as “Alzheimer’s disease” [8]. Numerous research studies have been accumulated in the past century 

to deepen our understandings on this disease. AD is a chronic neurodegenerative disease 

characterized by progressive decline in memory and cognitive abilities associated with behavioral 

functions [9, 10]. In addition to these clinical symptoms, there are two typical histopathological 

changes in AD (Fig. 2), namely amyloid plaques formed by amyloid-β (Aβ) proteins and 

neurofibrillary tangles (NFT) composed of hyperphosphorylated microtubule-associated protein 

(MAP) tau [11]. A variety of other pathologies, such as synaptic dysfunction, the depletion of 
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cholinergic neurons in basal forebrain, cerebrovascular impairments, oxidative stress and 

neuroinflammatory response, and calcium dysregulation are also present in the central nervous 

system of AD patients [11, 12]. AD can be divided into two categories according to the age of onset. 

A small fraction of the AD cases (~10%) shows clinical phenotypes such as memory impairments 

and neurological symptoms under 65-year old. This type of AD is called early-onset Alzheimer’s 

disease (EOAD) [13]. While most of AD cases display memory dysfunction after the age of 65, and 

have complex etiologies. This is termed as late-onset Alzheimer’s disease (LOAD). AD could also 

be categorized into familial Alzheimer’s disease (FAD) and sporadic Alzheimer’s disease (SAD). 

FAD is most likely caused by gene mutations closely related to AD [13]. It is usually early-onset and 

highly heritable among the family, but affects only a small group of population. The sporadic form 

accounts for more than 90% of all AD cases and is thought to be induced both by genetic and 

environmental factors [14].  

 

 

Figure 2. Typical pathological changes in brains of Alzheimer’s patients. AD is histologically 

featured by the deposition of neuritic plaques (A) which consist of amyloid-β proteins, and the 

formation of neurofibrillary tangles (B) containing paired helical filaments of hyperphosphorylated 

tau proteins in the central nervous system. Neuritic plaques were stained by an anti-human Aβ 

protein monoclonal antibody using diaminobenzidine and hematoxylin counterstain. Neurofibrillary 

tangles were visualized by Gallyas silver stain. 2500-fold magnification, taken from Cummings et 

al., 2002 [15]. 

There is increasing evidence that AD is a complex and multifaceted syndrome. The complexity of 

the disease makes it difficult for researchers to identify exact etiologies, however, multiple risk 

factors have been found to participate in the pathogenesis of AD. Ageing is the most significant risk 

factor as the incidence rate of AD is positively correlated with the advance of age in the elderly 

population [16, 17]. Other non-modifiable risk factors include the presence of ε4 allele of the 

apolipoprotein E gene (APOE4) [5, 18], mutations in amyloid precursor protein (APP) and presenilin 

(PSEN) genes [5, 19]. ApoE protein transports cholesterol to neurons via interacting with apoE 

receptors in the brain [20]. The APOE gene has three alleles and is able to produce ε2, ε3, and ε4 

isoforms, respectively [21]. Epidemiological studies demonstrated that more than 40% of the AD 

patients are APOE4 allele carriers [22-24]. The risk for individuals with one and two APOE4 alleles 

will increase by three-fold and eight- to twelve-fold, respectively [5, 25]. APP and presenilins are 

closely involved in the production of Aβ proteins and are commonly found to have mutations in FAD 

patients [5]. Other genes have also been revealed to participate in the pathogenesis of AD (Fig. 3). 

Triggering receptor on myeloid cells 2 (TREM2) is a transmembrane protein responsible for 

microglial phagocytosis in the central nervous system [26, 27]. The function of TREM2 highlights 

its role in regulating CNS immune response and the clearance of Aβ species [28, 29]. The mutation 
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of TREM2 is rare, nevertheless the common mutation (R47H) increases the risk of SAD by two-fold 

[30]. Other genetic risk factors identified by genome wide association studies include CR1 and CD33 

which are related to immune response; PICALM and BIN1 that play roles in the endocytosis; CLU 

and ABCA7 which encode lipoproteins and deliver lipids [19, 31]. 

 

Figure 3. Genetic risk factors for AD and their population frequency. Many of the genes have 

physiological functions in human beings, while they may also increase the severity of the disease or 

advance the onset of AD, depending on their roles in AD related pathologies. The area of each circle 

is correlated with the gene’s population attributable fraction. The larger the area, the stronger the 

gene will influence the population. Taken from Robinson et al., 2017 and Guerreiro et al., 2013[19, 

31]. 

Non-genetic risk factors are mostly linked with the lifestyle or the physical health of individuals. 

Elderly people with cerebrovascular disease, traumatic brain injuries, high blood pressure or with 

obesity are more likely to develop AD than those without such conditions [5, 32]. Individuals 

suffering from type II diabetes, hyperlipidemia, hyperhomocysteinemia or other metabolic 

syndromes confer a higher risk of dementia [33, 34]. Lifestyle factors like physical exercise, smoking, 

intellectual activities and social engagement might also influence the risk of developing Alzheimer’s 

disease [35, 36].  

 

Pathological changes of Alzheimer’s disease 
 

Owing to advances in clinical imaging techniques and novel tracers, scientists have been able to 

determine how diverse pathological events of AD develop temporally and spatially during the 

progression of the disease. As depicted in Fig. 4, the abnormal accumulation of Aβ starts at early 

ages and might be the first detectable AD-related pathology [37, 38]. Tau pathology occurs almost 

at the same time as Aβ pathology and could be accelerated by elevated Aβ levels and the existence 

of misfolded Aβ species [39-41]. The development of Aβ pathology and tauopathy will further 

induce oxidative damages and inflammation in the central nervous system, leading to cholinergic 

dysfunction and synaptic toxicities [42]. Aβ aggregates and hyperphosphorylated tau proteins might 

also directly impair neuronal functions via multiple pathways [42]. At this stage the brain might show 

significant Aβ deposits and (or) neurofibrillary tangles, while individuals could still maintain their 
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cognitive functions [43, 44]. This stage is generally recognized as preclinical Alzheimer’s disease 

(PCAD) [43]. The gradual loss of neurons in brain regions like hippocampi and prefrontal lobes is 

irreversible and will finally reduce the gray matter density [45]. The cortical atrophy, which can be 

accurately assessed by magnetic resonance imaging (MRI), can be detected in patients with mild 

cognitive impairment (MCI) [46, 47]. Individuals at this stage start experiencing memory problems. 

Recent research proposed that MCI patients with positive AD-related biomarker profile (Aβ and tau 

pathologies) can be diagnosed as prodromal AD [48]. It is an intermediate stage between the PACD 

and AD type dementias and has been regarded as a vital time window for the diagnosis and 

intervention of AD [49]. Without effective interventions, most of the prodromal AD patients will 

proceed to AD type dementia [49]. The disease will not only continue exacerbating cognitive 

functions, but also induce psychiatric disorders at late stages [50, 51]. The rates of progression of 

AD vary among individuals and show high heterogeneities depending on the genetic backgrounds of 

the patients and the involvement of interventions [52, 53]. 

 

 

Figure 4. A model showing dynamic biomarkers of AD pathological cascade and clinical disease 

stages. Aβ is detected by measuring cerebrospinal fluid (CSF) content or positron emission 

tomography (PET) imaging. Abnormal Aβ accumulation is followed by synaptic dysfunction and tau 

induced neuronal damages. All pathologies contribute to subsequent changes in brain structures and 

morphologies which can be measured by magnetic resonance imaging (MRI). Finally, clinical 

symptoms such as cognitive impairments and behavioral alterations manifest in patients. Taken from 

Sperling et al., 2011[43]. 

The prevalence of AD worldwide and its massive socioeconomic influence have made it a global 

priority to develop both diagnostic and interventional strategies to slow down the progression of AD, 

or even to cure the disease [54]. The cognition and behavioral abilities can be evaluated by 

neurological examinations and mental status tests [55]. Various genetic tests can be performed to 

evaluate the susceptibility of an individual to develop AD, as well as to complement the clinical 

diagnosis [56, 57]. Aβ pathologies and tauopathies can be measured by analyzing the CSF, or by 

applying non-invasive imaging techniques like PET [57]. The morphological and functional changes 

in the brain can be determined via MRI and electroencephalograms (EEG) [58, 59]. Nevertheless, 

the confirmatory diagnosis of Alzheimer’s disease can only be made based on the post-mortem 

autopsy of patients’ brains [60].  
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Interventions for Alzheimer’s disease  
 

Nowadays there are only five agents that have been approved by the Food and Drug Administration 

to treat AD induced memory and cognitive problems [61]. Three of the five agents, namely donepezil, 

galantamine and rivastigmine, are cholinesterase inhibitors (ChEIs) [62]. These drugs were 

developed on the basis of a loss of cholinergic neurons and a deficiency in acetylcholine activity in 

AD patients [63]. By inhibiting the activity of acetylcholinesterases (AChEs) in synaptic clefts the 

concentration of acetylcholine will be preserved, thus leading to an improvement in cognitive 

functions in AD patients [62]. Memantine is an N-methyl-D-aspartate (NMDA) receptor antagonist. 

It has been found that several Aβ species and abnormal tau proteins are able to modulate NMDA 

receptors and produce the widely known neuronal excitotoxicity [64]. Memantine interacts with 

NMDA receptors and blocks the neuronal calcium overload triggered by excess glutamate in synaptic 

clefts, thus protecting neurons from Ca2+ induced cellular damages [65, 66]. The fifth agent is a 

combination of donepezil and memantine and has been approved for mild to moderate AD [67]. It 

has to be mentioned that all the approved agents can only temporarily rescue the cognitive and 

behavioral symptoms and have modest clinical effects [68].  

The ongoing clinical trials can be grouped into symptomatic treatments and disease modifying 

treatments (DMTs) according to their mechanisms of actions (Fig. 5) [69]. A lot of symptomatic 

treatments are developed based on the dysregulation of neurotransmitters in Alzheimer patients’ 

brains and target primarily the cognitive and behavioral symptoms [70]. The disease modifying 

treatments cover a wide range of mechanisms and aim directly on key events in the pathogenesis of 

AD [71]. Agents that can modulate the metabolism or the aggregation of Aβ proteins have been 

widely investigated [72]. Therapies aiming on hyperphosphorylated tau proteins also attract lots of 

research interests [72]. Other ongoing DMTs include neuroprotective agents which could promote 

the neuronal regeneration, or chemicals that can suppress neuroinflammation and oxidative stress 

[73]. Aβ and tau immunotherapies are particularly attractive because of their promising outcomes in 

animal studies and some clinical trials [74, 75]. However, the clinical efficacy of these 

immunotherapies is still debatable since up to now there is no successful phase III clinical trial. 

Additionally, the safety and tolerability of antibodies and vaccines are also of high importance [74]. 

Scientists and pharmaceutical companies are now putting more emphasis on the preclinical and 

prodromal stages of AD, hoping that immunotherapies could slow down the progression of the 

disease [72]. Several physically based interventions are also proposed and evaluated in animals or in 

AD patients. High frequency deep brain stimulation (DBS) was originally introduced to treat 

movement disorders [76]. This treatment requires the patients to be implanted with a neurostimulator 

at specific brain regions. The electrical impulses generated by the neurostimulator will be transferred 

to the targeted brain regions and modulate local neuronal activities [77]. Now it is also applied to 

AD subjects to investigate its efficacy on memory and cognition. Nir et al. developed a non-invasive 

DBS method in 2017 to regulate neurons at depth by using temporally interfering electric fields [78]. 

Recently a novel non-invasive deep magnetic stimulation (DMS) approach designed by a Chinese 

research group showed positive effects on AD mouse models. Their animal studies demonstrated 

that low field magnetic stimulation was capable of improving overall AD pathologies in AD mice 
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[79]. Regardless of the exciting benefits, these physical approaches still require in-depth research to 

elucidate their effects on AD.  

 

Figure 5. A summary of agents under clinical trials for the intervention in AD. The agents are 

classified according to mechanisms of action and clinical phases. Taken from Cummings et al., 2018 

[73]. 

In all, the high prevalence of AD and its growing healthcare burden call for the development of 

preventative therapeutics or disease modifying treatments which can help us control the progression 

of the disease.  

Amyloid-β protein 
 

Biogenesis of amyloid-β protein and the amyloid cascade hypothesis 
 

Amyloid-β proteins are a series of proteolytic products with 37-43 amino acid residues derived from 

the amyloid precursor protein [80]. APP is a widely expressed type I transmembrane protein with a 

long extracellular glycosylated N-terminus, a membrane-crossing domain and a short cytoplasmic 

C-terminus [81]. The APP protein has several isoforms with different length ranging from 695 to 

770 amino acids [82]. APP695 is the most abundant isoform in the central nervous system and is 

mainly expressed by neurons [82]. It has been reported that APP and some of its proteolytic products 

play important roles in regulating synaptic functions and neural plasticity [83, 84]. They might also 

take part in modulating neurogenesis and cellular stress responses [85, 86]. The function of APP 

proteolytic products depends largely on how APP is processed in neurons. In the non-amyloidogenic 
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pathway (Fig. 6A), APP proteins that are anchored on the cell surface will be cleaved by the α-

secretase disintegrin and metalloproteinase domain-containing protein 10 (ADAM10), which is also 

mainly located at the cell surface [87, 88]. The cleavage releases soluble APPα (sAPPα) fragments 

to the extracellular space. While the remaining C-terminal fragments (CTF-α, also known as C83) 

will be processed by γ-secretase complex with successive ε- and γ- cleavages to generate APP 

intracellular domains (AICD) and p3 fragments [87]. The non-amyloidogenic processing does not 

produce Aβ proteins because the first cleavage by ADAM10 occurs within the Aβ region. The 

activation of the non-amyloidogenic pathway via enhancing α-secretase activities is thought to be 

neuroprotective not only because of the reduced formation of Aβ species, but also due to the 

generation of sAPPα, which is beneficial to synaptic functions and can promote the neurite growth 

[89]. The amyloidogenic pathway (Fig. 6B) starts with the internalization of APP to endosomes, 

wherein APP proteins will be cleaved by β-secretases 1 or 2 (BACE1 or BACE2, respectively) [82]. 

The first cleavage results in the formation of soluble APPβ (sAPPβ) and a short C-terminal fragment 

(CTF-β, or C99) [90]. CTF-β fragments are further processed by γ-secretase complexes with 

successive proteolytic cleavages at multiple sites to generate AICD and various Aβ isoforms (Fig. 7) 

[90]. The major products of the amyloidogenic pathway are Aβ40 and Aβ42, which also comprise 

the main components of amyloid plaques in vivo [91, 92]. In vivo, Aβ may also undergo several 

posttranslational modifications or truncations and generate a plethora of proteins with different 

properties. Although Aβ40 is the dominant product of the amyloidogenic processing of APP, Aβ42 

has been found to be more toxic and prone to form aggregates than Aβ40 in cellular and animal 

studies. Besides, an elevation in the amount of Aβ42 in the brain has been reported in familial AD 

patients [93], suggesting the pivotal role of Aβ42 in the progression of AD.  

 

Figure 6. Two proteolytic pathways of APP processing. In the non-amyloidogenic pathway (A), APP 

is cleaved by α-secretase and will not generate Aβ species. While in the amyloidogenic pathway (B), 
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APP is sequentially processed by β- and γ- secretases to produce various Aβ species. Taken from 

Haass et al., 2012 [81]. 

 

Figure 7. Cleavage sites of γ-secretase within the transmembrane domain of APP protein. Modified 

from Haass et al., 2012 [81]. 

 

Aβ has long been speculated as the major cause of Alzheimer’s disease until recent evidence from 

Aβ-targeted immunotherapies showing that elimination of Aβ plaques in the brain has no clinical 

effect on the cognition of AD patients. There is also a temporal lag of about 10 years between brain 

Aβ depositions and clinical syndromes of AD, according to some clinical studies [43]. However, the 

amyloid cascade hypothesis still plays a fundamental role in the field of AD research (Fig. 8) [94]. 

According to the hypothesis, the imbalance between the generation and the clearance of Aβ in the 

CNS increases the content of Aβ proteins in the brain [95-97]. The accumulation of Aβ initiates the 

formation of neurotoxic oligomers, further triggering extensive neuronal damages such as synaptic 

dysfunction, calcium dyshomeostasis, oxidative stress and neuroinflammation [98, 99]. Currently it 

has been recognized that soluble Aβ oligomers are the most neurotoxic species in the brain [98]. The 

aberrant neuronal function might disturb intracellular signaling pathways and alter activities of 

protein kinases and phosphatases, leading to the hyperphosphorylation of tau proteins and later the 

formation of neurofibrillary tangles and neuronal degenerations [100]. Toxic Aβ species may also 

deposit along cerebral blood vessels, impairing cerebrovascular structures and functions [101]. The 

cerebral amyloid angiopathy (CAA) is extremely detrimental to the overall brain function as it breaks 

the integrity of the blood-brain barrier [102]. The persistence of all these pathologies will irreversibly 

contribute to hippocampal and cortical atrophy and significant cognitive decline [103, 104]. In 

addition to the challenges arisen from clinical trials of anti-Aβ immunotherapies that a reduction in 

brain Aβ burden has no clinical effect, the correlation between Aβ plaque burden and cognitive 

function is also less well-defined compared with that of tauopathies [105, 106]. Besides, some 

individuals with significant brain Aβ deposits do not have dementia related phenotypes [106]. 

Nevertheless, the central role of Aβ aggregation in the pathogenesis of AD indicates that it might be 

critical for the early diagnosis and intervention of Alzheimer’s disease.  
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Figure 8. The amyloid cascade hypothesis of AD. The dyshomeostasis in the metabolism of Aβ leads 

to an accumulation of Aβ species in the central nervous system. In both familial and sporadic AD, 

soluble Aβ will aggregate into oligomers and fibrillary structures, which will cause a number of 

pathological changes in CNS. Soluble oligomers are highly toxic to neurons and will impair synaptic 

function, neurotransmission and intracellular signaling. Fibrillary structures of Aβ will deposit in 

brain parenchymal and form amyloid plaques. Taken from Blennow et al., 2010 [107]. 

 

Misfolding and aggregation of Aβ proteins 
 

The formation of toxic Aβ species is believed to be a pivotal trigger for other pathological changes 

in the brain of AD patients [108]. These species also act as clinical biomarkers and targets in drug 

research and development of AD. How do Aβ monomers fold and self-assemble into oligomers and 

fibrils in the brain? Aβ belongs to the family of intrinsically disordered proteins (IDPs) [109]. The 

conformation of Aβ monomer depends largely on environmental conditions [110, 111]. In the present 

study we will mainly discuss the structure of Aβ42 species in aqueous environment. The theoretical 

isoelectric point (pI) of Aβ42 is slightly acidic (5.31), meaning that the protein will be negatively 

charged under physiological condition at pH 7.4 [112]. The monomeric units of Aβ42 usually adopt 

random coil structures in aqueous solutions [113]. It consists of a disordered N-terminus covering 

the first 10 amino acids, a core hydrophobic region from position 12 to position 28, and a 

hydrophobic C-terminus [114]. The last 10 residues at the C-terminus and the area from Lys16 to 

Phe20 have the greatest hydrophobicity while the N-terminal residues are relatively hydrophilic 

[115]. The hydrophobic regions of Aβ are prone to form intra- or inter-molecular β-sheet structures, 

which are essential for the aggregation of Aβ proteins under aqueous conditions (Fig. 9) [116, 117]. 

Information obtained by nuclear magnetic resonance (NMR) experiments suggested that amino acids 

within residues Val24 and Gly29 in Aβ42 are able to form a β-turn structure, maintained by an 

intramolecular salt bridge between Asp23 and Lys28 [118]. The propensity of Aβ42 to form cross β-

conformations facilitates the generation of elongated Aβ aggregates [119]. The aggregation process 
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of Aβ42 has been extensively studied due to its critical role in the pathogenesis of AD, and more 

generally, in understanding protein misfolding. 

 

Figure 9. Sequence of Aβ42 (A) and the proposed conformation of an Aβ42 monomer within amyloid 

fibrils (B). Hydrophobic residues are marked in yellow. Positively charged residues, negative 

charged residues or those with pK values close to neutral pH are presented in blue (+), red (-) and 

green (n), respectively (A). Reproduced from Meisl et al., 2017 [120]. It is generally believed that 

residues 1-17 (grey) of Aβ42 are unstructured while residues 18-42 will form a β-turn-β-fold 

conformation via hydrophobic interactions (green) and a salt bridge between Asp23 and Lys28 

(black dashed line). Side chain interactions (blue dashed line) are also observed within monomers. 

Molecular contacts between Phe19 and Gly38 (red dashed line) and between Ala42 and Met35 

(orange dashed line) are also reported. Taken from Ahmed et al., 2010 [121]. 

Although the molecular mechanism underlying the fibrillation of Aβ is not fully resolved, the major 

microscopic events have been recognized (Fig. 10). The self-aggregation of Aβ proteins is 

accompanied by the conformational change of Aβ monomers in aqueous environment [122, 123]. 

The hydrophobicity of the C-termini drives Aβ monomers to assemble into oligomers ranging from 

a dimer (~9 kDa) to a few hundred kDa [124]. Upon oligomerization the conformation of Aβ protein 

will transform from random coil to β-strand/turn/β-strand structure, as evident by MD simulations, 

CD spectroscopy and NMR studies [125]. These intermediate species are soluble, varying in shapes, 

and act as nuclei for further aggregation. The formation of small oligomers starting from Aβ 

monomers is termed as primary nucleation [126]. Soluble Aβ monomers stack to the surface of 

oligomers via hydrogen bonds (H-bonds) and hydrophobic interactions, leading to the formation of 

elongated protofilaments and protofibrils [127, 128]. Aβ proteins within these pre-fibrillar structures 

adopt in-register parallel β-sheet structures [129, 130]. Some protofilaments may also wrap in pairs 

to form helical structures [119]. Mature Aβ fibrils derive from the lateral assembly of protofilaments 

composed of the addition of Aβ monomers to already formed fibrillar oligomers. The fibrillation of 

Aβ proteins will reach a steady state, as the concentration of Aβ monomers drops to a low level [126, 

131]. The presence of elongated fibrils provides extra surfaces for Aβ monomers in solution, which 

may further initiate the oligomerization of Aβ. This process is referred to as fibril-catalyzed 

secondary nucleation and has drawn growing attention due to its importance in the generation of 

toxic Aβ oligomers [132]. Mature amyloid fibrils may undergo the fragmentation process in 

conditions such as mechanical agitation. The formation of short fragmented Aβ species is thought to 
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enhance the cytotoxicity of Aβ [133]. Besides, it promotes the proliferation of fibrillary structures 

by offering more fibril ends and surfaces for the attachment of Aβ monomers [134, 135]. The kinetics 

of Aβ self-aggregation is commonly monitored via measuring the fluorescence emission of 

Thioflavin T (ThT), a fluorescent dye specific for amyloid fibrils (Fig. 11). ThT is able to bind to the 

β-sheet surface along the side chain channels of the fibrils [136]. The binding of ThT stabilizes the 

rotation of its central C-C bond and dramatically increases the fluorescence emission. The binding 

also leads to significant red shifts in the excitation maximum (from 385 nm to 450 nm) and the 

emission maximum (from 445 nm to 482 nm) of ThT [112, 137]. A characteristic aggregation kinetic 

for Aβ aggregation in the ThT assay includes a step with very low fluorescence known as the lag 

phase, a steeply increasing phase termed as the growth phase, and a final plateau phase [138]. The 

different phases correspond to different dominant microscopic events during the aggregation process 

and can be well reflected by changes in the ThT fluorescence. 

 

Figure 10. Self-aggregation of Aβ and the fibril formation process. The aggregation of Aβ includes 

three phases (A). In the lag phase, Aβ monomers are the dominant species and will form nuclei via 

primary or secondary nucleation (as shown in B). During the growth phase, in which the elongation 

process takes place, the concentration of monomers depletes rapidly. Finally, the concentration of 

Aβ fibrils and monomers reach steady states. Mature fibrils may disassemble into Aβ fragments. The 

presence of short fragments is able to accelerate the self-aggregation of Aβ by shortening the lag 

phase (C). Taken from Zeineddine et al., 2015 [139]. 
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Figure 11. Thioflavin T (ThT) and its application in monitoring the fibrillation of Aβ. A scheme of 

Thioflavin T with dimensions and the rotation of C-C bond (A). It is commonly used to detect the 

fibrillation of Aβ since the fluorescence emission of ThT is significantly enhanced when bound to 

amyloid fibrils with cross-β-sheet structures (B). β-sheet interactions among Aβ proteins are 

mediated by side chain interactions (left, C) and hydrogen bond interaction (right, C). ThT binds to 

the surface of amyloid fibrils (D). Hydrophobic amino acid residues along the side chains of the 

fibril axis are marked in Green and orange circles. Taken from Noël et al., 2013 [138]. 

 

Morphologies and structures of Aβ fibrils 
 

The structures of Aβ fibrils are challenging to characterize because of the heterogeneity and 

polymorphism of these species. Morphologies of Aβ fibrils are mostly determined through atomic 

force microscopy (AFM) or electron microscopy (EM) imaging. It has been shown that mature Aβ 

fibrils in general have a length of over 1 μm, while the lateral width of Aβ fibrils rarely exceeds 25 

nm [140]. Aβ fibrils often display twisted structures and show crossover patterns under TEM 

inspection (Fig. 12) [140]. Kirschner et al. revealed that mature Aβ fibrils have cross-β structures in 

which the individual β-strands are oriented perpendicular to the fibril axis [141]. A more detailed 

study about the 3D structure of Aβ fibrils using NMR methods demonstrated that residues 18-26 and 

residues 31-42 of Aβ42 monomers form two intermolecular β-sheet structures in the fibril, 

respectively [142]. These parallel cross-β structures are stabilized by intramolecular hydrophobic 

interactions and the salt bridge, as abovementioned [142]. Later on, several atomic structures of Aβ42 

fibrils have been resolved by electron cryo-microscopy (cryo-EM). Schmidt et al. observed in their 

fibrillary structures that Aβ42 dimers in the same layer had the same conformation and packed with 

each other in a face to face pattern. The β-strands formed by hydrophobic C-termini are responsible 

for the inter-molecular interaction [143]. A high resolution structure of a disease relevant Aβ42 fibril 

has been published in 2017 (Fig. 13). By combining cryo-EM and NMR, Gremer et al. were able to 

resolve the backbone of all the 42 amino acids and all the side chains in their fibrillar structures. The 

4.0-angstrom (Å) structure has an “LS” shaped topology composed of two intertwined protofilaments 

[144]. The discovery of the structural information on Aβ42 fibrils will undoubtedly aid to understand 

mechanisms of the abnormal aggregation of Aβ.  

 

Figure 12. Morphologies of Aβ40 fibrils obtained using negative TEM imaging. The polymorphism 

of fibrils can be observed by comparing the structure of fibrils 1, 2 and 3. Fibrils 1΄ and 1΄΄ show 

different bending patterns. Taken from Fändrich et al., 2011 [140]. 
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Figure 13. Structure of Aβ42 fibrils determined using cryo-EM and solid state NMR. 3D 

reconstruction of Aβ42 fibrils comprised of two protofilaments showing parallel cross-β structures 

(A and B). A tilted view of EM density map and backbone model (C and D). Atomic view of two Aβ42 

monomers from protofilaments with all amino acid residues assigned (E) and a side view of two 

Aβ42 monomers showing the orientation of these units. Modified from Gremer et al., 2017 [144]. 

 

Hydrodynamics of Aβ assemblies 
 

The heterogeneity in sizes and morphologies of Aβ assemblies (Fig. 14) observed in vivo and in vitro 

correlates with the diversity and complexity of Aβ related neuropathologies in animal and clinical 

studies. It has been recognized that soluble Aβ oligomers are more cytotoxic than insoluble fibrillar 

Aβ assemblies [99]. Therefore it is important to decipher the size information of different Aβ species 

and to clarify the size dependency of the neurotoxicity of Aβ species [145]. The sizes of Aβ species 

are generally characterized by microscopic imaging, size exclusion chromatography (SEC), 

scattering techniques and analytical ultracentrifugation (AUC). Bitan et al. reported in their study a 

hydrodynamic radius (RH) of 1-2 nm for Aβ40 monomers detected by SEC in combination with 

dynamic light scattering (DLS) [146]. Zhang-Haagen et al. calculated the radii of gyration (Rg) for 

Aβ40 and Aβ42 in 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol-D2 (dHFIP) by applying small angle neutron 

scattering (SANS). The Rg values are 1.0 ± 0.1 nm for Aβ40 and 1.6 ± 0.1 nm for Aβ42, respectively 

[147]. These calculated values are consistent with RH value of 0.9 ± 0.05 nm determined by 

fluorescence correlation spectroscopy (FCS) [148]. The soluble Aβ assemblies cover various species 

ranging from < 10 kDa (e.g. Aβ dimers) to > 100 kDa (such as annular protofibrils) [149]. These 

soluble Aβ oligomers are particularly interesting because of their biological relevance. Aβ derived 

diffusible ligands (ADDLs) and Aβ*56 are two of the best known oligomeric entities that have been 

identified to mediate neuronal damages in vivo [150, 151]. Structural analysis from X-ray 

crystallography suggested that Aβ monomers within soluble Aβ oligomers adopt folded β-hairpin 

structures [152]. The dimensions of these oligomers are 1-3 nm in height and 5-10 nm in width or 

length, implying relatively compact shapes [153]. Bitan et al. investigated the size distribution of 

Aβ42 oligomers treated with photo-induced cross-linking of unmodified proteins (PICUP). They 

proposed that the oligomerization of Aβ42 begins with the rapid formation of pentamer/hexamer 
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units, which then will aggregate into large oligomers and protofibrils [146]. Wolff et al. corroborated 

this finding with AUC and SANS experiments showing that the smallest detectable oligomeric 

species in aqueous solutions are Aβ pentamers/hexamers. These pentamers/hexamers are 

characterized by a sedimentation coefficient of 2.56 S and Rg between 2 and 4 nm [154]. The structure 

of Aβ oligomers and their consequent toxicity have made Aβ oligomers a very important drug target 

for disease diagnosis and prevention. 

 

Figure 14. Different Aβ42 assemblies imaged by atomic force microscopy imaging (AFM). The 

formation of amyloid fibrils consists of multiple steps, including the generation of oligomers (such 

as ADDLs), protofilaments and protofibrils. Scale bar: 200 nm. Taken from Klein et al., 2001[155]. 

 

Zinc ions in the aggregation of Aβ protein 
 

A great number of physiological factors can interact with Aβ proteins and modulate its self-

aggregation process. Metal ions like iron (Fe3+/Fe2+), zinc (Zn2+) and copper (Cu2+) and other trace 

elements are widely distributed in vivo and play fundamental roles in regulating physiological 

functions [156]. Endogenous Zn2+ is necessary for the proper functioning of glutamatergic synapses 

that are abundant in cerebral cortex and the limbic system [157]. The homeostasis of Zn2+ is therefore 

essential for the neurotransmission and synaptic activities. It has been found that Aβ plaques in the 

brain of Alzheimer’s patients contain high amounts of zinc and copper ions [158]. The local 

concentration of Zn2+ within Aβ plaques can reach 1 mM, much higher than the physiological 

concentration of Zn2+ in the brain [158, 159], suggesting the dyshomeostasis of Zn2+ in the central 

nervous system of AD. The N-terminus of Aβ monomer has been identified as the major binding 

area for metal ions [160]. In detail, the Asp1, His6, His13 and His14 residues of Aβ42 play major 

roles in coordinating metal ions like Zn2+ and Cu2+ [160]. Amino acids at position 2, 3, 7 and 11 

(Ala2, Glu3, Asp7 and Glu11) were also believed to participate in metal binding [160]. Two different 

binding modes have been proposed in the case of Aβ42-Zn2+ interaction. In the first binding mode, 

Zn2+ coordinates with the imidazole rings of the three Histidine residues. The amine group at position 

1 (Asp1) or the carboxylate group at position 11 (Glu11) might also be involved in the coordination 

process [161]. However, a recent study reported a different binding mode (Fig. 15), in which Zn2+ 

interacts with two His residues (His6, His13 or His14) and the carboxylate groups from Glu11, and 

Asp1 or Glu3 or Asp7 [162]. Both binding modes result in the formation of tetrahedral complexes. 

The dissociation constant of Aβ42-Zn2+ complexes are assessed to be within 1 μM and 20 μM, 

depending on experimental conditions [160]. Despite the moderate binding affinity, Zn2+ could 

significantly influence the self-association of Aβ42, therefore leading to different biological 

outcomes. Evidence from stopped-flow spectroscopy suggests a rapid interaction between Zn2+ and 
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Aβ proteins on a millisecond time scale [163, 164]. The impact of Zn2+ on the aggregation of Aβ42 

is dependent on the applied stoichiometry. The presence of superstoichiometric Zn2+ promotes the 

generation of non-fibrillar, amorphous aggregates with reduced neurotoxicities [165, 166]. However, 

it has also been reported that Zn2+ ions promote the generation of small spherical Aβ oligomers that 

are harmful to neurons [167]. These Zn2+ coupled Aβ oligomers are rich in β-sheets and cross-β 

structures. Abelein et al. demonstrated that substoichiometric Zn2+ slows down the fibrillation of 

Aβ40 via modulating the fibril ends and disturbing the elongation process [168]. The effects of Zn2+ 

on the structures of Aβ proteins are diverse. Some molecular simulation experiments showed that 

Zn2+ ions stabilize β-hairpin structures, a common motif within Aβ oligomers, and facilitate the 

formation of non-fibrillar oligomers [169]. NMR studies revealed at atomic level that the 

coordination of Zn2+ to Aβ40 increases the rigidity of its N-terminus and induces the formation of a 

turn-like conformation at residues Val24-Lys28 [170]. The mobility of the originally rigid C-

terminus is elevated simultaneously in the presence of Zn2+ binding. These conformational changes 

make Aβ monomers more susceptible to form amorphous aggregates, compared with Zn2+ free Aβ 

monomers [170, 171]. The interaction between Zn2+ and Aβ oligomers or fibrils is also of interest as 

these two species are more relevant to disease pathologies than Aβ monomers. Miller et al. 

demonstrated that Zn2+ coordination to Aβ42 oligomers lowers the solvation energy for large Aβ42 

assemblies and increases the aggregation propensity. Besides, Zn2+ coordination favors the formation 

of less structured assemblies, leading to the generation of polymorphic aggregates [172]. Although 

massive research has been accumulated in the field of Zn2+-Aβ interaction, it is still disputable how 

physiological Zn2+ ions influence the aggregation process of Aβ.  

 

Figure 15. Proposed Zn2+ binding sites in Aβ (pH 7.4). Zn2+ forms a tetrahedral complex with Aβ by 

interacting with His residues and carboxylate groups. Modified from Alies et al., 2016 [162]. 

 

Drug developments targeting Aβ 
 

Given the crucial role of Aβ in the pathogenesis of AD, numerous studies have been carried out to 

ameliorate Aβ pathologies, in an attempt to slow down the progression of AD. Aβ pathology-targeted 

therapies can be divided into three categories, according to the respective mechanisms. The first 

category includes agents that can promote the elimination of Aβ species in the brain. Mawuenyega 

et al. compared the production and clearance rates of Aβ40 and Aβ42 in the CNS of AD patients and 

healthy controls by metabolic labeling. They observed that the clearance of Aβ species in AD patients 

is significantly impaired [97]. Antigen-antibody complex formation can boost the elimination of 
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target proteins in vivo and therefore has been utilized to reduce brain Aβ burdens [173]. Both active 

and passive immunotherapies have been applied to eliminate Aβ species in the brain [174]. In active 

immunotherapies, vaccines containing Aβ42 or other Aβ fragments are administered together with 

immune-stimulating adjuvants. AN-1792, the first active anti-Aβ vaccine, was developed in 2000. It 

uses full length Aβ42 as the antigen and QS21 as the adjuvant [175]. However, about 6% of the 

vaccinated AD patients had aseptic meningoencephalitis [176]. The clinical trial was then terminated 

for safety reasons. Other vaccines, including CAD106 and ACC-001 which consist of Aβ1-6 as 

antigens, are under clinical trials [177, 178]. The overall concerns for active immunotherapies focus 

on potential side effects related to the complex immune response. Passive immunotherapy is based 

on the activity and specificity of exogenously administered anti-Aβ antibodies [179]. A series of anti-

Aβ antibodies have been designed to recognize different epitopes of Aβ42, or different forms of Aβ 

aggregates, and some of them have been proceeded to phase III clinical trials. The latest phase III 

study on solanezumab led by Eli Lilly & Co., a humanized IgG1 monoclonal antibody targeting the 

Aβ16-24, did not show any significant effect on the cognitive dysfunction in patients with mild AD 

compared with the placebo [180]. A phase 1b study on aducanumab, a human IgG1 monoclonal 

antibody reacting with soluble Aβ oligomers and insoluble fibrils, showed promising effects on both 

reducing brain Aβ burdens and slowing down the cognitive decline in patients with prodromal or 

mild AD [181]. Other antibodies developed to direct against Aβ species include bapineuzumab, 

gantenerumab and crenezumab. Gantenerumab and crenezumab are still being tested in some 

preventative trials in subjects with AD-inducing mutations [72, 182].   

The second category includes mostly small molecules that can regulate the generation of Aβ proteins. 

The pivotal role of β- and γ- secretases in the amyloidogenic processing of APP has made both 

enzymes important targets in the development of novel inhibitors of Aβ production [183]. However, 

molecules showing inhibitory effects on β- or γ- secretases should be taken with caution because of 

the wide involvement of these two enzymes in regulating other physiological processes. For example, 

β-secretase has been reported to take part in the metabolism of neuregulin 1 (NRG1) which is 

responsible for the myelination of neurons [184]. More complex and broader functions have been 

documented in studies on γ-secretase. Notch protein, for example, is a substrate of γ-secretase and 

determines cell fates and cell signal communications in development [185, 186]. Semagacestat was 

the first non-selective γ-secretase inhibitor that was tested in clinical trials [187]. The phase III 

clinical trial was terminated prior to the designated ending point for significant side effects and the 

lack of clinical effects. Adverse events such as loss of weight, skin cancers and infections and 

hematological disorders have been reported in patients following semagacestat treatment [188]. 

Some selective inhibitors and γ-secretase modulators have been designed to avoid influencing Notch 

proteolysis [189]. Nevertheless, the clinical studies of these Notch-sparing inhibitors are also not 

promising, with respect to the safety and therapeutic effects. So far only a limited number of β-

secretase inhibitors have been investigated in clinical trials. MK-8931 (verubecestat) has a good 

tolerability among healthy volunteers and AD patients in phase I studies. Besides, it also reduces the 

content of CSF Aβ in a dose-dependent manner [190]. Unfortunately, the latest clinical trial revealed 

that verubecestat did not influence the cognitive function of patients with mild to moderate AD, and 

was associated with increased adverse effects [191]. 
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The third category contains compounds that can modulate the self-aggregation of Aβ proteins. The 

rationale behind these compounds is that by shifting the self-aggregation process of Aβ toward non-

toxic, off-pathway aggregates, neuronal damages induced by toxic species might be avoided [192, 

193]. Numerous small molecules have been demonstrated to possess the property to interfere with 

the self-aggregation and lead to the generation of non-toxic species. Polyphenols are widely 

examined because of their good accessibilities and multifaceted effects [194]. Curcumin and 

epigallocatechin gallate (EGCG) are common ingredients in daily diets. In vitro evidence suggests 

that these polyphenolic compounds bind directly to various Aβ species, suppressing the formation of 

ordered fibrils and other toxic intermediates [195, 196]. The anti-amyloidogenic effects of these 

compounds were also supported by animal studies showing that AD animal models receiving 

treatments indeed have decreased Aβ pathologies and elevated cognitive functions [197]. Some 

peptides or peptidomimetics have also been developed to modulate the fibril formation of Aβ. The 

advantages of peptide-based compounds over small molecules are their high selectivity and 

possibility of rational design. For instance, Chen et al. developed a series of cyclic decapeptides with 

strong affinities towards Aβ monomers. These peptides stabilize monomeric Aβ proteins via 

interacting with the N-terminus and thus block the accumulation of toxic oligomers. The side effects 

of these cyclic peptides, such as the hemolysis, could be bypassed through chemical modifications 

[198]. Hoyer et al. found that ZAβ3 stabilizes a β-hairpin conformation of Aβ40 and inhibits its further 

aggregation [199]. Richman and co-workers reported that CP-2, a six-residue cyclic D,L-α-peptide, 

disrupts the oligomerization of Aβ40 by stabilizing small oligomeric Aβ40 species (1-3 mers) in 

parallel β-sheet conformation [200].  

D-enantiomeric peptides are promising drug candidates 
 

Although peptides have a variety of features favoring their clinical application, there are still some 

limitations. One of the linimations of peptidic compounds is their susceptibility to proteolysis. The 

proteolytic stability of peptide-based drugs is particularly important when they are administered 

orally. Utilizing D-enantiomeric peptides (D-peptides) is one of the mostly used and promising 

methods to overcome the in vivo proteolysis. The first D-peptide that is able to bind to Aβ species in 

an AD mouse model was selected via mirror image phage display in 2003 [201]. Wiesehan and 

coworkers identified D3 (Fig. 16), an all-D-enantiomeric twelve-residue peptide, as a novel agent 

against Aβ pathology [201]. This peptide contains five arginine residues and has a theoretical pI of 

12.6. D3 not only suppresses the aggregation of Aβ proteins in a concentration dependent manner, 

but also eliminates toxic oligomers [202]. D3 also shows promising effects in animal studies. The 

administration of D3 in APP/PS1 mouse models significantly decreased brain Aβ loads without 

causing neuroinflammation. Meanwhile, D3 helps to mitigate Aβ related inflammatory responses by 

reducing reactive microglia and astrocytes in the brain [203-205]. The permeability of D-peptides 

through the blood brain barrier (BBB) was confirmed by in vitro and in vivo studies [204, 206, 207]. 

The stability of D3 and its derivatives in conditions mimicking the digestive system has been 

determined by reversed-phase high-performance liquid chromatography (RP-HPLC). The results 

show that the D-enantiomeric form of peptides have far higher stability in gastric and intestinal fluids, 

as well as in liver microsomes, than the corresponding L-enantiomers [208]. In addition to its perfect 

bioavailability, behavioral tests showed that oral treatment of D3 significantly promotes the cognitive 
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performance of AD mouse model [205, 209]. Researchers demonstrated that the protective effects of 

D3 come not only from its elimination of toxic Aβ species, but also from its inhibition on 

neuroinflammation. These findings suggest that D3 have multifaceted effects on AD pathologies.  

 

 

Figure 16. Lewis structures of D-enantiomeric peptides D3 (up) and RD2 (down). The C-termini are 

amidated for both peptides. 

The selection of D3 was carried out via mirror image phage display from a peptide library. D-

enantiomeric Aβ42 (D-Aβ42) at 2 nM was used as a target and repeated biopanning was applied to 

reinforce the screening process [210]. The working concentration of D-Aβ42 was extremely low so 

that most of the Aβ42 molecules could stay as monomers to enable the interaction with potential 

binding partners. However, it is still elusive whether D3 interacts with monomeric Aβ42 since no 

direct information about the binding can be deciphered from the phage display screening. The first 

and foremost evidence showing a direct binding of D3 to monomeric Aβ42 was demonstrated by 

surface plasmon resonance (SPR). Different forms of Aβ species were immobilized on sensor chips 

and running buffer carrying various concentrations of analytes flew through the sensor chip during 

the experiment. D3 preferentially bind to Aβ42 monomers and oligomers in comparison with Aβ40 

species and Aβ42 fibrils [211]. A more detailed characterization of the binding affinities of D3 and 

its analogs to Aβ42 was performed by Ziehm and co-workers. The dissociation constant (KD) of the 

interaction between C-terminally amidated D3 and Aβ42 was 3.8 ± 0.6 μM as determined by SPR 

experiments, implying a strong binding between these two molecules [212]. However, there is still 

no clear image about the complex formation between D-peptides and Aβ species, especially 

monomers. In silico studies showed that the interaction is mediated by electrostatic attraction 

between oppositely charged amino acid residues on D3 and Aβ42, respectively. Asp7, Glu11, Glu22, 

and Asp23 from Aβ42 were identified as potential binding sites for D3 as they had the lowest 

interaction energies as revealed in MD simulations [213]. The contribution of charge effect to the 

interaction between D3 and Aβ was further corroborated by SPR measurements comparing the 

binding of amidated and non-amidated D3 peptides to Aβ42. An increase in positive charges from 

+5 to +6 dramatically enhanced the binding affinities (15 ± 1.5 μM for non-amidated D3, 3.8 ± 0.6 
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μM for amidated D3) [212]. Interestingly, RD2, an optimized derivative of D3 with the same amino 

acids and charges but different sequence (Fig. 16), was also found to strongly interact with Aβ42. 

The KD value determined by SPR experiments was 3.6 ± 0.7 μM for RD2 and Aβ42 [214]. The 

interaction between D-peptides and Aβ monomers is crucial for understanding the in vitro and in vivo 

mechanisms of action of D-peptides on Aβ aggregation. 

It has been demonstrated that D-peptides are effective in eliminating toxic Aβ oligomers, the main 

species responsible for Aβ aggregation related neuropathologies [98]. The interference of D-peptides 

on the size distribution of Aβ aggregates could be quantitatively determined via a combination of 

density gradient centrifugation (DGC) and analytical RP-HPLC, which is termed as quantitative 

determination of interference with Aβ aggregate size distribution (QIAD) [202, 214]. In this 

assessment, pre-incubated Aβ42 samples were treated with different concentrations of D-peptides for 

a certain period of time. The mixtures were subjected to DGC with iodixanol density gradients to 

fractionate species with different sizes. All fractions were harvested and analyzed by RP-HPLC to 

quantify the amount of Aβ42 proteins in each fraction. In the presence of D3 or RD2, the fraction 

corresponding to 7 S Aβ42 oligomers were remarkably decreased, while fractions representing high 

molecular weight Aβ42 species had increased amounts of Aβ42 proteins, indicating a shift in the size 

distribution of Aβ species toward large, non-toxic species [202]. This measurement also 

demonstrated that RD2 is more efficient than D3 in eliminating toxic Aβ42 oligomers [214]. In 

addition to promoting the elimination of toxic oligomers, RD2 can also inhibit the fibril formation 

of Aβ42 in a concentration dependent manner as shown in ThT assays [214]. Similarly, Aβ42 

aggregates formed in the presence of superstoichiometric D3 were also non-fibrillar, amorphous 

structures [209]. In vivo, RD2 successfully reversed cognitive dysfunction and reduced the brain Aβ 

pathology in old-aged AD mouse models. The content of Aβ oligomers in brains of RD2 treated AD 

mice was significantly decreased compared with the mice with placebo treatment [215]. 

To summarize, two D-peptides, D3 and RD2, have been found to bind to monomeric Aβ42 strongly 

and eliminate toxic Aβ oligomers efficiently. In vivo experiments showed that both D-peptides are 

capable of rescuring the cognitive function of AD mouse models without inducing adverse effects. 

D3 and RD2 share similarities on interacting with Aβ species and decelerating the neurodegeneration, 

but they might have distinctive mechanisms of action. These D-peptides are promising disease-

modifying agents for AD related pathologies. 

 

Analytical ultracentrifugation 
 

Theoretical background 
 

Centrifugation is a broadly used technique to separate particles according to their sizes and shapes. 

In the field of biology, the sedimentation of a macromolecule in solution is determined not only by 

the hydrodynamic and thermodynamic properties of the molecule, but also by solvent conditions 

[216]. One of the most significant progress in the field of centrifugation was made by Svedberg and 

his colleagues about one century ago for their work on analytical ultracentrifugation [216].  
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The sedimentation of a particle in a solvent under a gravitational field is determined by three forces 

(Fig. 17).  

 

Figure 17. The forces involved in the sedimentation of a particle in solution during the centrifugation. 

The first force is the gravitational force (𝐹𝑔) which is proportional to the mass, distance from the 

center of rotation, and the acceleration of the rotor.  

 𝐹𝑔 = 𝑚𝜔2𝑟 =
𝑀

𝑁
𝜔2𝑟 eq.1 

In the equation, the mass of a single particle 𝑚 (in g) can be replaced by the molar weight of the 

particle 𝑀 (in g/mol) divided by the Avogadro’s number 𝑁. The acceleration during the spinning is 

determined by the radial position of the molecule (𝑟) and the angular velocity (𝜔, in rad/s). This is 

the driving force which makes the particle sediment along the radius. 

There is also a buoyant force (𝐹𝑏), which according to Archimedes’ principle is determined by the 

weight of the solvent (m0) displaced by the molecule.  

 𝐹𝑏 = −𝑚0𝜔2𝑟 eq.2 

where m0  can be expressed as: 

 𝑚0 = 𝑚�̅�𝜌 =
𝑀

𝑁
�̅�𝜌 eq.3 

Here, �̅� represents the partial specific volume (g/cm3) of the particle and 𝜌 is the density (g/cm3) of 

the solvent.  

When the particle starts to move along the radius in a solvent, it will experience the frictional force 

(𝐹𝑓) that is proportional to its velocity 𝑢: 

 𝐹𝑓 = −𝑓𝑢 eq.4 

where 𝑓 is the frictional coefficient of the particle, depending on its shape and size, and the viscosity 

of the solvent.  

The buoyance and the frictional force act against the gravitational force during the sedimentation. 

All three forces will reach balance within microseconds during the sedimentation process: 

 𝐹𝑔 + 𝐹𝑏 + 𝐹𝑓 = 0 eq.5 
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𝑀

𝑁
𝜔2𝑟 −

𝑀

𝑁
�̅�𝜌𝜔2𝑟 − 𝑓𝑢 = 0 eq.6 

After rearranging the terms and parameters, we have the following equation: 

 
𝑀(1−�̅�𝜌)

𝑁𝑓
=

𝑢

𝜔2𝑟
≡ 𝑠 eq.7 

The equation, known as Svedberg equation, describes the sedimentation coefficient (𝑠) of a particle 

in solvent during the centrifugation process. This value is dependent on experimental conditions, e.g. 

temperature, buffer composition, and solute concentration. The sedimentation coefficient has 

dimensions of seconds and is expressed in Svedberg unit (S). 1 S is equal to 1 × 10−13 s.  

The sedimentation of the solute may create concentration gradient along the centrifuge cell, leading 

to the accumulation of particles at the bottom. Particles at the bottom may diffuse back to the low 

concentration area. The sedimentation and back diffusion act oppositely during the centrifugation 

process [217]. The whole process can be described by appropriate models to evaluate the size 

distribution of a sample. 

Analytical ultracentrifuge and detectors 
 

The centrifuge is specifically designed to enable the recording of radial concentration gradients 

created by the sedimentation of particles at high speed centrifugation. Nowadays AUC has been 

developed to meet the demand of high quality output as well as easy handling. Rotors and cells are 

important parts for a centrifuge (Fig. 18). The maximum speed of AUC is 60,000 rpm (~290,000 g) 

and this requires the rotor as well as cells to be able to withstand such high centrifugal forces. The 

centrifuge is also implemented with a temperature control system and vacuum pump(s).  

 

Figure 18. AUC cells and the 8-hole rotor. An overview of a 12-mm double-sector aluminum cell 

(A). The 8-hole rotor (B) and an analytical ultracentrifuge (C). Modified from 

https://www.ncl.ac.uk/nuppa/services/analytical-ultracentrifugation/#overview [218]. 

There are three detection systems available on the market for the detection of the sedimentation 

process. The first system is the Rayleigh interference optics, which measures the concentration 

gradient of a sample based on the change in refractive indices [219]. This detection system is used 

for samples that are not suitable for absorbance measurements. The second detection system, which 

is probably the most common method in this field, is the absorbance optical system (Fig. 19A). This 

system uses a high intensity xenon flash lamp as the light source, allowing the measurement at 

wavelength between 190 and 800 nm. The detection wavelength can be selected according to the 

absorbance of the sample and the light will be transmitted to samples via a monochromator. The light 

intensity of all samples at different radial position can be recorded with the help of a movable slit 

assembly and the time information of the reference magnet at the bottom of the sample chamber. The 

https://www.ncl.ac.uk/nuppa/services/
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absolute sample concentration at a certain radial position can be accurately determined based on the 

Beer-Lambert law. Generally, the absorbance of the sample at a chosen wavelength should not 

exceed 1.2 OD in an AUC measurement. Absorbance optics has higher sensitivity and reproducibility 

than interference optics, especially in measuring dilute samples [219]. The third detection system 

utilizes fluorescence to monitor the movement of fluorescent labeled particles in solution (Fig. 19B). 

The detection system has a fixed-wavelength laser source at 488 nm, and is equipped with a dichroic 

mirror and a cut-off filter which collects emission lights within 505 nm and 565 nm. The fluorescence 

signals at various radial positions are measured at different time points, enabling the acquisition of 

sedimentation profiles [220].  

 

Figure 19. Schematics of the absorbance detection system (A) and the fluorescence detection system 

(FDS) (B) for analytical ultracentrifugation. BCO, beam collimating assembly; BS, beam splitting 

unit; LPF, long pass filter; D, detector. Modified from Ralston, 1993 and Kingsbury et al., 2011 [219, 

220].  

 

Sedimentation velocity and sedimentation equilibrium experiments 
 

Two types of experiments can be performed with analytical ultracentrifuge, namely the 

sedimentation velocity (SV) experiment and the sedimentation equilibrium (SE) experiment.  

Sedimentation velocity measurement is a precise and absolute method to determine the size 

distribution of a sample in liquid environment [221]. Samples are subjected to a sufficiently high 

angular speed to speed up the sedimentation process. The depletion of the solute generates 

concentration gradient along the radial position, forming sedimentation boundaries (Fig. 20). The 

movement of the boundary over time contains the information about sedimentation coefficients of 

particles of interest [222].  
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Figure 20. Boundary profiles recorded in a sedimentation velocity experiment. Bovine serum 

albumin (BSA) was centrifuged at 40,000 rpm, 20 °C. Data was acquired using the absorbance 

detection system. The sharp spikes on the left and right sides of the profile are the meniscus and 

bottom, respectively. Sedimentation of particles in solution leads to a gradual depletion of solute 

from the meniscus, forming sedimentation boundaries. The broadening of the boundary during 

centrifugation is caused by the diffusion effect. 

It should be noted that sedimentation is not the only process during a centrifugation. One could notice 

the spreading of boundaries during the centrifugation process, which is caused by diffusion [223]. 

The determination of the sedimentation coefficient is based on evaluating the movement of the 

sedimentation boundaries. The velocity of the boundary can be described by the following function, 

assuming that the boundary is sharp: 

 𝑢 = 𝑑𝑟𝑏/𝑑𝑡 eq.8 

where 𝑢 refers to the rate of movement of the midpoint of the boundary  𝑟𝑏 .  

Thus, 

 s ≡
𝑢

𝜔2𝑟
=

𝑑𝑟𝑏/𝑑𝑡

𝜔2𝑟
 eq.9 

This is equal to: 

 ln (
𝑟𝑏

𝑟𝑚
) = 𝑠𝜔2𝑟 eq.10 

where 𝑟𝑚 is the radial position of the meniscus. 

The most critical step of a SV experiment is to determine the movement of sedimentation boundaries 

accurately. In order to quantify the contribution of diffusion to the shape of sedimentation boundaries, 

the diffusion coefficient, 𝐷, has been introduced.  

 𝐷 =
𝑅𝑇

𝑁𝑓
 eq.11 

where 𝑅 is the gas constant, and 𝑇 is the absolute temperature. 𝑓 is the fictional coefficient, and is 

largely dependent on the size and shape of a particle. It can be described by the Stokes's law: 
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 𝑓 = 6π𝜂𝑅𝑠 eq.12 

As can be seen from this equation, 𝑓 is proportional to the viscosity η of the medium, and the Stokes 

radius 𝑅𝑠 of the particle. The frictional coefficient increases when the particle is getting asymmetrical 

[224]. The ratio between a measured 𝑓 and the calculated 𝑓0 based on the molecular weight and 

specific volume by assuming a smooth spherical shape is termed as frictional ratio 𝑓 𝑓0⁄ . The 

frictional ratio is always above 1. Globular particles usually have 𝑓 𝑓0⁄  at around 1.2. The more 

elongated and asymmetrical the particle, the higher the 𝑓 𝑓0⁄  will be [217].  

Lamm developed an equation (the Lamm equation) to describe sedimentation and diffusion of the 

solute in a sedimentation velocity measurement [225, 226]. 

 (
𝛿𝐶

𝛿𝑡
)

𝑟
= −

1

𝑟
{

𝛿

𝛿𝑟
[𝑠𝜔2𝑟2 − 𝐷𝑟 (

𝛿𝐶

𝛿𝑟
)

𝑡
]} eq.13 

The equation describes how the sedimentation boundaries evolve during the centrifugation process. 

It also serves as the mathematical basis for evaluating the sedimentation of particles with relatively 

small s-values. The fitting reports s-values of the solute under a certain experimental condition (𝑠𝑇,𝑏). 

These values are usually standardized to the s-values in pure water at 20 ℃, namely 𝑠20,𝑤, according 

to the following equation: 

 𝑠20,𝑤 =
(1−�̅�𝜌)20,𝑤

(1−�̅�𝜌)𝑇,𝑏

𝜂𝑇,𝑏

𝜂20,𝑤
𝑠𝑇,𝑏 eq.14 

One should be careful when using this model, since it is only valid for dilute samples that are stable 

within the duration of sedimentation. SV analysis is a powerful method for the determination of the 

size and shape information of non-interacting species in solution. Besides, SV has also been applied 

to study self-associating systems and protein-ligand complexation with careful experimental designs 

[227, 228].  

In addition to the continuous distribution Lamm equation analysis, a least-squares direct boundary 

modeling, ls-g*(s), has been developed to analyze non-diffusing particles. The detailed mathematics 

of this model can be found in Schuck and co-workers’ study [229].  

The second type of analysis is the sedimentation equilibrium (SE) measurement. Instead of 

centrifuging samples at a high speed to favor the sedimentation, SE analysis is done at a relatively 

low speed to obtain an equilibrium between the sedimentation and the back diffusion of the solute 

[230]. There is no movement of the boundary when the equilibrium is reached (Fig. 21). The molar 

mass of a solute can be calculated by analyzing the concentration gradient: 

 
𝑑 ln 𝐶

𝑑(𝑟2)
=

𝑀(1−�̅�𝜌)𝜔2

2𝑅𝑇
 eq.15 
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Figure 21. The equilibrium profile in a sedimentation equilibrium experiment using FDS. The 

concentration of the solute along the radial position increases due to sedimentation (indicated in 

black arrow). The diffusion of solute due to the concentration gradient counteracts the sedimentation 

(indicated in open arrow). The concentration distribution is exponential when the sedimentation and 

diffusion are at equilibrium.  

The SE measurement is robust in studying the molecular weights of macromolecules. It can be 

applied to a wide range of molecular sizes. This method does not require the presence of reference 

molecules but takes time to establish equilibrium states during the centrifugation [231]. In addition, 

SE measurements are also applied to evaluate the interaction between two macromolecules, e.g., SE 

experiments with different loading concentrations at several speeds can be performed to determine 

the thermodynamic parameters of a protein-ligand interaction system [232]. 

Currently there are several software packages available for data evaluation. The most commonly 

used programs include Sedfit [233] developed by Peter Schuck et al, and Ultrascan [234] developed 

Borries Demeler. The software contains almost all models/algorithms and functions needed for 

analyzing the sedimentation profiles. 

 

Microscale thermophoresis 
 

Experimental setup 
 

Thermophoresis, also known as Ludwig-Soret effect, was first described by Carl Ludwig in 1856. It 

describes the directed movement of molecules in response to a thermal gradient. Braun and co-

workers quantified for the first time the thermal diffusion of DNA molecules to a temperature 

gradient in aqueous solution in 2002, which then inspired the development of new techniques to 

study macromolecular thermophoresis [235]. Later on, Microscale thermophoresis (MST) was 

introduced by the company NanoTemper Technologies to monitor and quantify the thermophoretic 

behavior of fluorescent molecules in microscopic temperature gradients.  

The instrument (Fig. 22A and B) is composed of optics which can excite fluorescent molecules and 

collect corresponding emission signals of fluorescent samples within μm area. Currently several 

types of filter combinations for different fluorophores are available on market [236]. The instrument 
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uses an infrared (IR) laser with a wavelength of 1480 nm to generate microscopic temperature 

gradient. The IR laser is focused on a diameter of about 50 μm and creates a temperature difference 

∆𝑇 of 2~6 °C [236]. All samples are held within a series of capillaries below the IR laser. Molecules 

move in to or out of the center of the heating zone under IR laser exposure, leading to changes in the 

concentration of fluorescent molecules at the focus area (Fig. 22C). The fluorescence optics detects 

the concentration gradient by measuring the change in the fluorescence emission of the focus area. 

This method employs the advantage of fluorescence labels, requiring sub-nanomolar concentrations 

of the analyte while maintaining the sensitivity of the measurement [237]. The accessibility of low 

concentrations of analytes makes the accurate determination of high affinity interactions possible. 

Up to 16 samples can be measured in a single experiment. In principle, a fixed amount of the 

fluorescently labeled molecule is titrated with the unlabeled binding partner covering several orders 

of magnitude of concentrations above and below the dissociation constant. Sometimes buffer 

additives like BSA or Tween-20 could be used to tackle the surface adsorption of fluorescent 

molecules, if necessary [236]. MST has been applied to study protein-ligand interactions in 

biological liquids like blood serum or cell lysates.  

 

Figure 22. Experimental setup for MST measurements and the data analysis. An MST instrument 

developed by NanoTemper Technologies with a sample tray which can hold 16 capillaries (A). 

Fluorescence optics for MST instruments (B). Samples within capillaries are illuminated using 

excitation light at specific wavelengths and are heated via an infrared laser at the same focus zone. 

The changes in fluorescence due to local temperature gradient will be recorded with the same 

objective. Typical fluorescence signals for a MST measurement (C). Particles are evenly distribution 

during the initial phase without IR laser. Upon heating particles will move out of the heating zone, 

causing a decrease in fluorescence signals at the same area. Finally, the IR laser will be switched 

off and particles will return back to the focus area because of mass diffusion. In a binding experiment, 

target molecule is titrated with different concentrations of the binding partner and time traces of 

unbound and bound states will be recorded (D). The thermophoresis is expressed by the change in 

normalized fluorescence (∆𝐹𝑛𝑜𝑟𝑚) between cold phase (𝐹𝑐𝑜𝑙𝑑) and hot phase (𝐹ℎ𝑜𝑡). The dissociation 

constant of the interaction can be determined via fitting the ∆𝐹𝑛𝑜𝑟𝑚-ligand concentration plot. Taken 

from Jerabek-Willemsen et al., 2014 [238]. 
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A typical MST experiment includes three phases composed of a set of microscopic events. The first 

phase is the measurement of the baseline fluorescence of all samples when there is no IR laser 

illumination. Molecules should be homogeneously distributed in the capillary and this phase lasts 

about 5 s, depending on the experimental setup. The IR laser will then be ignited to produce local 

heating. The sudden heating within the first second causes a temperature jump (T-jump), which 

induces a rapid change in fluorophore properties due to fast temperature changes. Upon the activation 

of the IR laser, molecules start to move within the capillary. The thermophoretic movement depends 

on the size, charge, conformation or hydration shell of the molecules [239]. The interaction between 

two molecules will alter at least one of these parameters and will lead to a different thermophoretic 

behavior [240]. The IR laser will keep working for 30 s so that the thermophoresis can reach a steady 

state. It will subsequently be shut down and molecules begin to move back to the focus point, known 

as “back diffusion” driven by the mass diffusion. The whole time traces for all samples are recorded 

and analyzed to characterize the binding event (Fig. 22D).  

 

Theoretical background 
 

The thermophoresis can be described as a molecular flow driven by a temperature gradient: 

 𝑗 = −𝑐𝐷𝑇∆ 𝑇 eq.16 

In this function, 𝑗 represents the molecular flow, 𝑐 is the concentration of a molecule, 𝐷𝑇 refers to 

the thermal diffusion coefficient, and T is the temperature. 

However, there is also the mass diffusion that opposes the thermophoresis: 

 𝑗 = −𝐷∆𝑐  eq.17 

where 𝐷 is the diffusion coefficient. 

The concentration change induced by the thermal gradient can be expressed by the Soret coefficient: 

 𝑆𝑇 =
𝐷𝑇

𝐷
 eq.18 

The Soret coefficient may be positive or negative depending on the movement of molecule under 

temperature gradient (to the hot area or to the cold area) [241]. 

The concentration change when the system reaches steady state can be given by: 

 
𝑐ℎ𝑜𝑡

𝑐𝑐𝑜𝑙𝑑
= exp (−𝑆𝑇∆𝑇) eq.19 

In this equation, 𝑐ℎ𝑜𝑡 and 𝑐𝑐𝑜𝑙𝑑 stand for the concentrations in the hot area and cold area, respectively. 

A more detailed description of the Soret coefficient can be expressed by the following equation [242]: 

 𝑆𝑇 =
𝐴

𝑘𝐵𝑇
[−∆𝑠ℎ𝑦𝑑(𝑇) +

𝛽𝜎𝑒𝑓𝑓
2

4𝜀𝜀0𝑇
× 𝜆𝐷𝐻] eq.20 

where 𝐴  defines the area of molecular surface, 𝑘𝐵  is the Boltzmann constant, and 𝑇  is the 

temperature of the system. ∆𝑠ℎ𝑦𝑑 is the hydration shell effect, 𝜎𝑒𝑓𝑓 is the effective charge of the 
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molecule in solution, 𝜀 is the dielectric constant, 𝜆𝐷𝐻 represents the Debye-Hückel screening length, 

and 𝛽 is the temperature derivative of 𝜀. This equation provides us with an overview on what factors 

may influence the thermophoresis.  

The quantification of MST data is relatively straightforward. The normalized fluorescence 𝐹𝑛𝑜𝑟𝑚, 

which is defined by the following equation, is used for data analysis: 

 𝐹𝑛𝑜𝑟𝑚 =
𝐹ℎ𝑜𝑡

𝐹𝑐𝑜𝑙𝑑
 eq.21 

where 𝐹ℎ𝑜𝑡 means the fluorescence in the hot phase, and 𝐹𝑐𝑜𝑙𝑑 stands for the fluorescence in the cold 

phase.  

As the titration takes place, the fraction of bound (𝐹𝐵) analytes increases, resulting in a change in 

the normalized fluorescence 𝐹𝑛𝑜𝑟𝑚. 

 𝐹𝑛𝑜𝑟𝑚 = (1 − 𝐹𝐵)𝐹𝑛𝑜𝑟𝑚 𝑢𝑛𝑏𝑜𝑢𝑛𝑑 + (𝐹𝐵)𝐹𝑛𝑜𝑟𝑚 𝑏𝑜𝑢𝑛𝑑 eq.22 

The fluorescence of the sample is determined by two factors. First, the concentration of the 

fluorescent molecules within the focus point; second, the fluorescence change induced by the 

temperature. Thus the 𝐹𝑛𝑜𝑟𝑚 can further be expressed by: 

 𝐹𝑛𝑜𝑟𝑚 = exp(−𝑆𝑇∆𝑇) +
𝛿𝐹

𝛿𝑇
𝑇 ≈ 1 + (

𝛿𝐹

𝛿𝑇
− 𝑆𝑇)𝑇 eq.23 

where 
𝛿𝐹

𝛿𝑇
 in the equation denotes the temperature dependence of the fluorophore. 

MST data can be analyzed by two different models which are incorporated into the software. The 

first model is the Langmuir model dealing with the 1:1 binding reaction. 

A + B ⇌ AB 

A and B are binding partners and AB is the heterocomplex. The dissociation constant can be defined 

by: 

 𝐾𝐷 =
[𝐴]𝑓𝑟𝑒𝑒[𝐵]𝑓𝑟𝑒𝑒

[𝐴𝐵]
 eq.24 

It is usually hard to determine the free concentrations of the binding partners, however this can be 

deduced from the loading concentrations. 

[𝐴] = [𝐴]𝑓𝑟𝑒𝑒 + [𝐴𝐵] 

[𝐵] = [𝐵]𝑓𝑟𝑒𝑒 + [𝐴𝐵] 

Thus,  

 𝐾𝐷 =
([𝐴]−[𝐴𝐵])([𝐵]−[𝐴𝐵])

[𝐴𝐵]
 eq.25 

Assuming that A is the ligand, and B is the target molecule with fluorescent tag, the fraction of the 

bound 𝐹𝐵 can be expressed by the following equation: 
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 𝐹𝐵 =
[𝐴𝐵]

[𝐵]
=

[𝐴]+[𝐵]+𝐾𝐷−√([𝐴]+[𝐵]+𝐾𝐷)2−4[𝐴𝐵]

2[𝐵]
 eq.26 

The 𝐹𝐵 is now a function of [𝐴], [𝐵] and 𝐾𝐷. And 𝐾𝐷 is the single parameter which will be fitted. 

In case the Langmuir model is not appropriate to describe the obtained data, a more complex model 

is available for data analysis. The Hill model is used to evaluate cooperative binding and gives us 

the 𝐸𝐶50 value as well as the Hill coefficient 𝑛. 

A + nB ⇌ ABn 

In the cooperative binding reaction, the 𝐹𝐵 is given by: 

 𝐹𝐵 =
1

(1+𝐸𝐶50 [𝐵]⁄ )
 eq.27 

MST is an immobilization-free method with high sensitivity and low sample consumption. The 

application of fluorescently labeled Aβ42 at nanomolar concentrations in the MST measurement can 

significantly slow down the self-aggregation of Aβ42, which can facilitate the study on the 

interaction between Aβ42 monomers and ligands. 

 

Brief introductions on CD and AFM 
 

Circular dichroism 
 

Circular dichroism spectroscopy is a popular technique to determine structural properties of a 

biological sample in its liquid state. The technique utilizes the so-called circularly polarized light 

generated by special prisms or filters. The plane polarized light can be viewed as a combination of 

two circularly polarized lights with identical magnitudes [243], one of the circularly polarized lights 

rotating clockwise (right handed, R), while the other light rotating counter-clockwise (left handed, 

L). A molecule may have different absorbance toward the right handed and left handed circularly 

polarized lights, which is termed as circular dichroism [244]. Only optically active or chiral 

molecules have this property. The structural characteristics of a molecule will display corresponding 

spectral bands in CD spectroscopy, which can be used to deduce the structural information of the 

molecule of interest [245]. The most common application of CD spectroscopy is to determine the 

secondary structure of biomolecules like proteins. The absorption of a protein at wavelength below 

240 nm originates mainly from the peptide bond [246]. Different secondary structures exhibit 

different but characteristic spectral properties in the CD measurement (Fig. 23). 
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Figure 23. CD spectra for different secondary structure elements present in protein samples. 

Modified from http://www.proteinchemist.com/cd/cdspec.html [247]. 

In addition to determine the secondary structure of a protein in its native state, CD is also applied to 

monitor protein unfolding and aggregation processes. It offers us a dynamic view on how the 

secondary structure of the target protein changes during the folding and unfolding processes or in the 

presence of binding partners [248]. There are a number of algorithms available for the deconvolution 

of CD spectra based on reference datasets to evaluate the secondary structure compositions (fractions 

of helices, β-strand, β-turn and unordered structures) [249]. This can help us quantitatively analyze 

in detail, for instance, how protein-ligand interaction influences the secondary structural changes. 

Atomic force microscopy 
 

The advances in scanning probe microscopy (SPM) have provided us with the possibility to study 

the morphology of macromolecules at nanometer levels. Atomic force microscopy is probably one 

of the most widely used SPM techniques in the field of imaging amyloid structures. Initially 

developed by Binnig et al. in 1986, AFM utilizes a sharp tip (radius 1-20 nm) mounted on a cantilever 

to detect changes in the forces following the interaction between the tip and biological sample (Fig. 

24) [250].  
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Figure 24. Schematic of the atomic force microscopy. Taken from Ruggeri et al., 2016 [251]. 
 

During the measurement, the deflection of the cantilever caused by the interaction with the sample 

surface can be monitored by changes in the position of the reflected laser beam on a photodiode 

detector. Therefore the topography of a sample can be obtained based on processing the signals from 

the feedback electronics.  

The force responsible for the interaction between the tip and a biological sample is generally the 

electromagnetic force (Fig. 25). While there are also other types of forces mediating the interaction, 

such as the van der Waals force or electrostatic force [251].  

 

Figure 25. The force involved in the tip-sample interaction and its relationship with the distance 

during an AFM measurement. Taken from Ruggeri et al., 2016 [251]. 

 

In addition to study the end product of Aβ fibrillation, the intermediate species during the aggregation 

process, such as oligomers and protofibrils, are also identifiable using AFM imaging (Fig. 14). 

Mastrangelo et al. observed in their study that low molecular weight Aβ42 oligomers are relatively 

compact and have ordered structures. These species show constant height at 1-3 nm [252] and the 

lengths (or width) lie within 5 to 10 nm. Protofibrils are usually ribbon shaped with heights 

approximate to 1.5 nm and the width at 6 nm to 8 nm. The average length of protofibrils (>40 nm) is 

much longer than that of Aβ42 oligomers [252, 253]. The height of Aβ42 fibrils varies depending on 

detailed microscopic structures [253]. Smooth fibrils have a height of about 5 nm, while the heights 

of nodular fibrils are about 11 nm at the center of nodules and about 5 nm at the internodal points 

[253]. The morphological information obtained from AFM imaging is usually complemented by 

conventional ThT assays such that the aggregation of amyloid proteins can be characterized 

comprehensively.  
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Aim of the present work 
 

The aggregation of Aβ proteins in the brain is an important hallmark of Alzheimer’s disease. The 

early occurrence of Aβ aggregation related pathologies also highlights the significance of 

deciphering factors that may influence the aggregation process of Aβ and developing strategies that 

can modulate Aβ aggregation. Among all forms of Aβ species, toxic assemblies such as soluble 

oligomers have been found to be the most detrimental species to the brain. The present study focused 

on investigating the interaction between Aβ proteins and several ligands. In particular, the interaction 

between Aβ42 and D-enantiomeric peptides will be elaborated. We are interested in answering the 

following questions: 1) how Zinc ions (Zn2+) influence the aggregation of Aβ42 at stoichiometric 

concentration; 2) whether and how two D-enantiomeric peptides, namely D3 and RD2, interact with 

Aβ proteins, and how does the interaction affect the fibril formation of Aβ42; 3) Do these D-

enantiomeric peptides form complexes with Aβ monomers. The thesis contains four chapters that 

describe the characterization of the interaction between each binding partner and Aβ proteins. 

In Chapter I, the effect of Zinc ions (Zn2+) on the aggregation of Aβ42 was re-examined using 

analytical ultracentrifugation and other techniques. The accumulation of Zn2+ in Aβ plaques has long 

been documented and investigated, while the influence of Zn2+ on the aggregation process of Aβ42 

remains controversial. We studied how stoichiometric Zn2+ alters the fibrillation of Aβ42 by 

analyzing size distributions of samples in the presence or absence of equimolar Zn2+ at different 

incubation time points. In combination with ThT assays, CD spectroscopy and AFM, we collected 

and interpreted kinetic and hydrodynamic information about the interaction between Zn2+ and Aβ. 

Chapter II deals with the interaction between the all-D-enantiomeric peptide D3 and Aβ42. D3 has 

been demonstrated to be beneficial to the cognitive ability of AD mouse models by removing toxic 

Aβ oligomers, while the detailed mechanism of actions are still elusive. The affinity between D3 and 

Aβ42 was re-evaluated using microscale thermophoresis. The complex formation between D3 and 

Aβ42 monomers was analyzed via analytical ultracentrifugation equipped with a fluorescence 

detection system and molecular dynamics simulation. The effect of substoichiometric D3 on the 

aggregation and structural conversion of Aβ42 was explored using ThT assay, CD measurements 

and AFM imaging. By determining the size and shape of the complexes we aim to elucidate the early 

events underlying the interaction between D3 and Aβ42. 

In Chapter III, the optimized D-peptide RD2 was investigated. RD2 has been shown to be very 

effective in restoring the cognitive function of transgenic AD mouse models by eliminating toxic Aβ 

assemblies. We carried out biophysical characterizations to determine whether RD2 interacts with 

Aβ42 monomers and how the interaction influences the overall aggregation process of Aβ42. In 

addition, we sought to compare the difference between D3 and RD2 regarding their mechanisms of 

actions based on our results. 

Chapter IV serves as a methodological validation of the application of analytical ultracentrifugation 

(AUC) and microscale thermophoresis (MST) in the study of highly flexible and aggregation-prone 

Aβ42 monomers and ligands. In this chapter, three monoclonal antibodies against Aβ (6E10, 4G8 

and 12F4) were chosen as binding partners. We determined the size and shape information of Aβ42-
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antibody complexes using fluorescence based AUC. The binding affinities were evaluated based on 

the sedimentation coefficient distribution analysis and microscale thermophoresis. The binding 

parameters were compared with reported values from other techniques. The successful 

characterization of the interaction of a well-established system via these methods will substantiate 

the whole study. 
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Chapter I 
Revisiting the effect of Zn2+ on the aggregation of Aβ42 

 

 

Abstract 

The abnormal aggregation of amyloid β (Aβ) peptides in the brain has been recognized as a central 

event in Alzheimer’s disease (AD). Divalent metal ions such as Zn2+ have been shown to be closely 

involved in modulating Aβ self-association. Although the link between Zn2+ dyshomeostasis and 

brain Aβ deposition has been established, the effect of Zn2+ on the aggregation of Aβ is still 

incompletely clarified. By combining analytical ultracentrifugation (AUC), circular dichroism (CD) 

spectroscopy, thioflavin T (ThT) assay and atomic force microscopy (AFM) imaging, we analyzed 

the impact of stoichiometric Zn2+ on the aggregation process of Aβ42, the main toxic isoform of Aβ 

species in the brain. Aβ42 aggregates found in the presence of Zn2+ were smaller in size, non-

fibrillary and showed less β-sheet structures than aggregates formed in absence of Zn2+. AUC showed 

that Zn2+ was capable of retaining monomeric Aβ42 in solution. Zn2+ chelation by EDTA totally 

reversed the inhibitory effect of Zn2+ on Aβ42 fibrillation. Our results provide further evidence that 

Zn2+ shifts the self-association of Aβ42 toward a non-fibrillary pathway by interfering with the 

aggregation process at multiple levels. 

 

This chapter was adapted from the following publication: 

Zhang T, Pauly T, Nagel-Steger L. Stoichiometric Zn2+ interferes with the self-association of Aβ42: 

Insights from size distribution analysis. Int J Biol Macromol. 2018 Jul 1; 113:631-639. DOI: 

10.1016/j.ijbiomac.2018.02.123. The graph was taken from figure 6 of the abovementioned 

publication. 
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Introduction 
 

Alzheimer’s disease (AD) is a devastating neurodegenerative disease which is clinically 

characterized by progressive and irreversible decline in cognitive abilities among the elderly [9]. 

Currently there are approximately 40 million people suffering from AD and the number of patients 

keeps rising [9]. Although extensive research is being performed in the field of AD, important issues 

regarding the underlying pathomechanisms are still not understood. 

The major neuropathological changes of AD include abnormal accumulation of amyloid β (Aβ) 

proteins in the brain parenchyma and the formation of neurofibrillary tangles in neurons [254]. The 

amyloidogenic processing of amyloid precursor protein (APP) leads to the generation of Aβ species. 

Aβ42 and Aβ40 are two predominant products during this process [81]. The self-association of Aβ 

into oligomers and fibrils has been demonstrated to be a key event in disease progression [255]. 

Dysregulation of Aβ metabolism happens in the early stage of AD and might act as an upstream 

factor of other neuropathological changes, such as tau hyperphosphorylation, synaptic toxicity and 

oxidative stress [256, 257]. The central role of Aβ in the pathogenesis of AD highlights the 

importance of clarifying the mechanisms by which Aβ peptides aggregate in physiological 

environment. Zn2+ belongs to the transition metal family and is the second most abundant trace 

element in human body [258]. Zn2+ plays multiple roles in regulating protein structures and functions, 

as well as in maintaining synaptic transmission [259]. Evidence from both in vivo and in vitro studies 

has established a close connection between Zn2+ dyshomeostasis and Aβ deposition [260]. Zn2+ was 

found to accumulate at Aβ plaques up to 1 mM, nevertheless, the concentration of free Zn2+ in the 

brain is largely dependent on synaptic activity [261]. The amount of free Zn2+ in synaptic cleft will 

rise from several nanomolar to around 300 μM during neurotransmitter release [262]. The temporal 

and spatial distribution patterns of Zn2+ are related to the aberrant accumulation and the synaptic 

toxicity of Aβ species in the synaptic cleft [263]. 

Despite substantial evidence that Zn2+ dysregulation is associated with Aβ deposition, the interaction 

between Aβ peptides and Zn2+ is not fully understood [160]. Current evidence obtained from NMR 

and spectroscopic experiments proposed that the N-terminal part of Aβ contains metal ion binding 

sites and is responsible for complexing metal ions like Zn2+ and Cu2+ [162, 170, 264]. For example, 

it has been reported that residues at position 1 (Asp), 3 (Glu), 7 (Asp), 11 (Glu), and three His residues 

(position 6, 13, 14) are involved in the interaction between Aβ and Zn2+ [162]. While earlier studies 

reported one high affinity binding site with Kd of 160 nM in combination with two lower affinity 

binding sites with KD in the range of 5 µM [265], later work confirms a 1:1 stoichiometry with KD 

values in the range of 1 μM to 20 μM, depending on the experimental setup [160, 266]. Tõugu et al. 

determined an even higher Kd of 60 µM for Zn2+ binding specifically to monomeric Aβ40 [267]. The 

binding affinity of Aβ to Zn2+ is much lower in comparison to Cu2+, which yields a KD value of ~10-

10 M for the interaction with Aβ [160]. Regardless of the moderate binding affinity, it is commonly 

agreed that Zn2+ is capable of forming a tetrahedral complex with Aβ peptide at 1:1 stoichiometry 

[162, 264]. The impact of Zn2+ on the aggregation process of Aβ remains controversial. Some studies 

found that Zn2+ treatment led to the formation of off-pathway, amorphous aggregates that were non-

toxic to neurons [165, 268], while other research showed that Zn2+ promoted the generation of toxic 
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oligomers and stabilized these harmful Aβ species [164, 167, 269]. In addition, a recent study 

discovered that Zn2+ undergoes rapid exchange between different Aβ entities, suggesting that even 

trace amounts of Zn2+ could have a profound influence on Aβ assembly [270]. Apart from the current 

knowledge, one of the remaining questions of Aβ-Zn2+ interaction is: what is the composition and 

the size distribution of Aβ aggregates formed over time in the presence of Zn2+? 

The present study aimed to investigate the effect of Zn2+ on the self-association of Aβ42 through 

combining complementary approaches. In detail, the impact of Zn2+ on the structural transition, 

fibrillation and morphology of Aβ42 were characterized. In particular, sedimentation velocity 

analysis was performed to better clarify size distributions of various Aβ species formed in the 

absence or presence of Zn2+. We also sought to elucidate potential mechanisms underlying Aβ-Zn2+ 

interaction on the basis of the presented data. 

 

Materials and Methods 
 

Chemicals and peptides 

Synthetic human Aβ42 (Catalog No. H-1368) was purchased from Bachem (Weil am Rhein, 

Germany). Peptides were predissolved in 1, 1, 1, 3, 3, 3-Hexafluoro-2-propanol (HFIP) and divided 

into aliquots. All aliquots were further lyophilized and stored at -80 °C before use. 10 mM sodium 

phosphate buffer or MOPS buffer (both at pH 7.4) was prepared to dissolve Aβ42 aliquots. Zinc 

chloride (ZnCl2) and EDTA disodium salt were commercially available and were used as Zn2+ source 

and chelator, respectively. To prepare stock solutions they were dissolved in distilled water at 1 mM 

final concentrations. 

Circular dichroism spectroscopy 

The secondary structures of Aβ samples were monitored by far-UV CD spectroscopy (Jasco J-815, 

Tokyo, Japan). Aβ42 aliquots were dissolved either in sodium phosphate buffer (10 mM, pH 7.4), or 

in sodium phosphate buffer with 40 μM ZnCl2, or in sodium phosphate buffer with 40 μM ZnCl2 and 

40 μM EDTA, respectively. The final concentration of Aβ42 was 40 μM. Samples were incubated at 

20 °C during the whole measurement. CD spectra for each sample were recorded between 190 nm 

and 260 nm at 0 h, 8 h, 24 h, 48 h, 72 h and 120 h (or 122 h), using a 1 mm path-length cuvette with 

a volume of 200 μl. Scans were carried out at a data pitch of 0.2 nm and a speed of 50 nm/min. Final 

spectra were averaged on the basis of 10 consecutive scans and the buffer spectra were subtracted 

accordingly. To evaluate the transition kinetics of secondary structures, the mean residual ellipticity 

(MRE) values at 198 nm, which are used to characterize protein secondary structures[245], were 

plotted against the incubation time. According to the reported solubility of zinc phosphate in aqueous 

solutions [271], 40 μM Zn2+ can be assumed soluble in 10 mM sodium phosphate buffer.  

Turbidity measurement 

The turbidity of all samples was determined by measuring the absorbance at 405 nm using a UV-Vis 

spectrophotometer (Jasco V-650, Tokyo, Japan). Briefly, sample solutions containing 40 μM Aβ42 

alone, 40 μM Aβ42 plus equimolar Zn2+ and 40 μM Aβ42 with equimolar Zn2+ and EDTA were 
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incubated at 20 °C for 120 hours. The absorbance values of all samples at 405 nm were obtained by 

recording the spectra between 200 nm and 500 nm at 0 h, 8 h, 24 h, 48 h, 72 h and 120 h, respectively. 

At each time point sample solutions were shortly pipetted up and down for mixing before 80 μl 

solution was withdrawn and loaded into a 1 cm cuvette. The turbidity values were plotted against the 

incubation time to monitor changes of solution properties over time. All samples were prepared in 

duplicate. 

Preparation of seeds 

Seeds are fragments obtained from mature fibrils, which upon addition to solutions of the monomeric 

precursor cause shortening of the lag time. This effect is typically determined in a thioflavin T assay. 

Aβ42 seeds formed either in the absence or presence of Zn2+ were prepared as previously described 

[272], with minor modifications. In brief, 40 μM Aβ42 was incubated with or without the presence 

of equimolar Zn2+ at 20 °C in sodium phosphate buffer (10 mM, pH 7.4) for 96 h. Samples were then 

sonicated in an ice cooled ultrasonic water bath for 1 h. 

Thioflavin T assay 

The 1 mM thioflavin T (ThT) stock solution was prepared in distilled water and filtered before use. 

For samples without seed treatment, 40 μM Aβ42 with or without equimolar Zn2+ or EDTA were 

incubated in sodium phosphate buffer (10 mM, pH 7.4) at 20 °C. For samples treated with seeds, 5 μl 

of either Zn2+-free or Zn2+-containing Aβ42 seeds (hereafter referred to as Aβ42 seeds and Aβ42-Zn 

seeds, respectively) were added into 40 μM Aβ42 solutions with or without equimolar Zn2+ to 

achieve a final seed concentration of 1 μM, given in monomer equivalents. The working 

concentration of ThT in all samples was 5 μM. All samples were then pipetted into a 96-well 

microplate (Nunc, Darmstadt, Germany), with 200 μl solution in each well. The fluorescence was 

measured with a microplate reader (Infinite M200, Tecan, Männedorf, Switzerland) every 30 min. 

The excitation and emission wavelengths for the measurement were 445 nm and 485 nm, 

respectively. All samples were prepared in duplicate. 

Analytical ultracentrifugation 

Sedimentation velocity centrifugation experiments were performed using a Beckman Optima XL-A 

centrifuge (Beckman-Coulter, Brea, CA, USA) equipped with an absorbance detection system and 

an eight-hole rotor. 40 μM Aβ42 samples were incubated in the absence or presence of equimolar 

Zn2+ either in sodium phosphate buffer or MOPS buffer (10 mM, pH 7.4) at 20 °C for 0 h, 24 h and 

72 h, respectively. Additionally, 40 μM Aβ42 treated with 4 μM Zn2+ (0.1 equimolar) in MOPS 

buffer was analyzed under the same experimental set-up. The low ionic strength conditions were 

chosen in order to constrain the A42 aggregation. Potential side effects under sedimentation 

conditions, i.e. primary charge effects, which would lead to reduced s-values, could not be observed. 

Samples (400 μl) were filled into 12-mm aluminum cells with quartz glass windows. All 

measurements were conducted at 20 °C. The centrifugation speeds and detection wavelengths for 

each experiment are specified in Table 1. To better characterize samples incubated for 72 hours, 

which contained a rather broad size distribution of Aβ aggregates, we performed two runs of 

centrifugation with the same samples beginning at a low speed suitable for the detection of large 

aggregates, followed by the second run at elevated speed for the smaller aggregates. Note that all 



Chapter I, Aβ42 and Zinc ions 

41 

 

samples were placed in still for about 1.5 h prior to the second run, to equilibrate the temperature. 

The software package Sedfit (Version 15.01b) was used to evaluate all datasets [233]. More 

specifically, continuous distribution (c(s)) Lamm equation model was applied to analyze data 

collected at 0 h, 24 h and 72 h (2nd run) [273]. Since aggregates analyzed at the low speed in the first 

run were large enough to justify neglecting the effect of diffusional broadening on the boundary 

shape, the ls-g*(s) method was applied to evaluate data acquired from the first round of centrifugation 

at 72 h [229]. Fitting parameters (Table S1), including the partial specific volume of Aβ42, buffer 

density and viscosity at 20 °C, were calculated with Sednterp (Version 20130813BETA). The 

graphical output was created using GUSSI (Version 1.2.1) [274] and all reported s-values were 

corrected to s20,w-values (sedimentation coefficients in water at 20 °C). 

Table 1. Experimental conditions for sedimentation velocity analysis in the present study, all 

measurements were performed at 20 °C. 

Aβ sample 

Speed information 

Wavelength (nm) 

revolutions per minute (rpm) relative centrifugal force  (×g) 

0 h 50,000 201,600 230 

24 h 35,000 98,784 230 

72 h a 15,000 18,144 230 

72 h b 40,000 129,024 210 

a first run performed at low speed for the detection of large aggregates. 

b second run performed after remixing of sample cells at high speed to resolve the smaller species. 

 

Atomic force microscopy 

Atomic force microscopy imaging was carried out by using a JPK AFM microscope (JPK 

Instruments AG, Berlin, Germany) in AC mode. Samples of 40 μM Aβ42 with or without equimolar 

Zn2+ treatment were incubated in sodium phosphate buffer (10 mM, pH 7.4) at 20 °C for 72 hours. 

Samples were then centrifuged at 16,000×g at 20 °C for 30 min in order to enrich the aggregates at 

the bottom of the tube. Then 50 μl sample from the bottom part of the tube were collected and 

pipetted onto freshly cleaved mica surface. After 30 min of incubation samples on mica were rinsed 

with distilled water for three times and were subsequently dried with nitrogen gas. The imaging was 

conducted in air using silicon cantilevers (OMCL AC160 TS, Olympus) with a nominal tip diameter 

of 7 nm at a line rate of 0.5 Hz with tip velocity 2.39 μm/s. All images were processed with JPKSPM 

data processing software (JPK Instruments AG, Berlin, Germany). ImageJ implemented with ridge 

detection plugin was applied to evaluate the length of particles in both samples [275]. Final 

histograms showing the size distributions were generated by OriginPro (version 9.0, OriginLab 

Cooperation, MA, US). 
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Results 
 

The influence of stoichiometric Zn2+ on the evolution of aggregate size distributions of Aβ42 was 

studied. All experiments were performed in 10 mM sodium phosphate buffer, except for the AUC 

measurements, in which 10 mM MOPS buffer was also tested additionally. Sodium phosphate was 

chosen because of its high transparency in the far UV range. The amount of 40 µM Zn2+ is assessed 

to be soluble in 10 mM sodium phosphate buffer [271] and would not influence the measurement.  

Zn2+ treatment accelerated the structural transition of Aβ42, but resulted in decreased β-sheet 

structure content 

During amyloid formation Aβ proteins accumulate β-sheet structures which finally leads to the 

transformation into a cross-β-sheet architecture [276]. Therefore, the measurement of β-sheet content 

of a protein sample over time is one option for monitoring the progress of amyloid formation. To 

investigate the effect of Zn2+ on the structural transition of Aβ42, the secondary structures of peptides 

at different time points were measured using CD spectroscopy. The conversion kinetics was 

described by plotting MRE values obtained at 198 nm, which is characteristic for disordered 

conformation, against the incubation time. Zn2+-free Aβ42 samples transformed gradually from 

random coil to β-sheet structure (Fig. 26A), showing a typical transition pattern of Aβ peptides in 

aqueous solution [277, 278]. The inflection point of the transition is located between 40 and 50 hours 

for 40 µM A42 under our solvent conditions at 20 °C. The CD spectrum of Zn2+-free Aβ42 sample 

remained stable after 72 hours for at least additional 48 hours of incubation. As shown in Fig. 26B, 

the ellipticity at 198 nm for Zn2+-containing Aβ42 sample at 0 h decreased by about 40 %, as 

compared to Zn2+-free sample. In addition to this, we found that the secondary structure of Zn2+-

containing samples reached an equilibrium state after 24 h. The final MRE value at 217 nm of 

peptides treated with Zn2+ was only about 42 % of that obtained in Zn2+-free samples, suggesting a 

much lower content of β-sheet structures in solution. The decrease in the ellipticity in Zn2+-containing 

samples was not caused by Zn2+ induced precipitation of Aβ42 peptides, as evidenced by six-fold 

lower turbidity values of the Zn2+-containing sample compared to the Zn2+-free sample (Fig. S1). 

Next, it was tested whether Zn2+ chelation by EDTA could block the effect of Zn2+ on the 

conformational transition of Aβ42. 40 μM EDTA was introduced into Zn2+-containing samples either 

directly at the beginning or delayed after 23 hours of incubation. The spectra and the transition 

kinetics (Fig. 26C, D and Fig. 27) demonstrated that EDTA completely restored the aggregation 

process, further confirming the influence of Zn2+ on the structural transformation of Aβ42. CD 

analysis revealed that Zn2+ accelerated the structural transition of Aβ42 while limited the formation 

of β-sheet structures, and that this conformational influence can be reversed by Zn2+ chelation. 
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Figure 26. Zn2+ treatment accelerated the structural transition of Aβ42 while resulted in less β-sheet 

structures. CD spectra of 40 μM Aβ42 alone (A), 40 μM Aβ42 with equimolar Zn2+ (B) and 40 μM 

Aβ42 co-incubated with equimolar Zn2+ and EDTA (C), showing the structural conversion of Aβ42 

under different treatments over time. EDTA was added from the beginning of the incubation. The 

transition kinetics of all three samples presented as MRE values obtained at 198 nm over time are 

shown in D. Measurements were performed in 10 mM sodium phosphate buffer at 20 °C. 

 

Figure 27. Addition of EDTA in Zn2+-containing Aβ42 sample after 23 hours of incubation can 

restore the structural transition. CD spectra of Zn2+-containing Aβ42 sample with 40 μM EDTA 

addition at 23 h was shown in A. The transition kinetics is expressed by plotting the MRE values at 

198 nm versus the incubation time (B). The black arrow indicates the addition of 40 μM EDTA. 

The presence of Zn2+ suppressed Aβ42 fibrillization by interfering with the aggregation process  

Aβ peptides adopting β-sheet structures are considered to be building blocks for amyloid fibrils that 

are capable of enhancing the fluorescence emission of thioflavin T (ThT) upon binding [136]. This 

property of ThT has been broadly utilized to analyze amyloid fibril formation. It is generally accepted 

that the self-association of Aβ42 from unordered structures to fibrils includes a lag phase, a rapid 

growth phase and the final plateau phase, and the overall fibrillation process can be tracked by 
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measuring the ThT fluorescence [126]. As displayed in Fig. 28, 40 μM Aβ42 without Zn2+ treatment 

displayed sigmoidal-like aggregation kinetics and the fluorescence reached a plateau after 24 hours, 

indicating the accumulation of Aβ fibrils in solution. However, Aβ42 incubated with equimolar Zn2+ 

exhibited a different aggregation kinetics that was featured by a loss of lag phase and low final 

fluorescence intensity, indicating that peptides might aggregate rapidly but the further formation of 

amyloid fibrils was inhibited in the presence of Zn2+. This is in agreement with the reduced amount 

of -sheet structure. Again, the addition of 40 μM EDTA to Zn2+-containing samples was sufficient 

to neutralize the effect of Zn2+ as visible from the regained sigmoidal shape of the aggregation 

kinetics of Aβ42.  

To address how Zn2+ influences the aggregation process, we performed seeded aggregation kinetics 

analysis comparing seeds prepared from either pre-incubated A42 or Aβ42 with Zn2+. As shown in 

Fig. 28, Aβ42 samples incubated with 1 μM Aβ42 seeds had no lag phase anymore and the ThT 

fluorescence rapidly reached the plateau value, indicating that the prepared Aβ42 seeds were indeed 

capable of accelerating amyloid formation. However, addition of 1 μM Aβ42 seeds to 40 µM Aβ42 

containing Zn2+ reached a much lower plateau fluorescence value as compared to either Aβ42 alone 

or Aβ42 containing 1 μM Aβ42 seeds, suggesting that Zn2+ effectively canceled the susceptibility of 

Aβ42 towards seeding. Interestingly, materials prepared after the same protocol from pre-incubated 

equimolar Aβ42 and Zn2+ mixtures appeared to be incompetent in seeding the amyloid formation, as 

the ThT kinetics of samples treated with Aβ42-Zn seeds were comparable to those of the seed-free 

counterparts. Results from the ThT assay led us to conclude that stoichiometric Zn2+ not only 

influenced the lag phase, but also interfered with the elongation process.  

 

Figure 28. The presence of Zn2+ suppressed Aβ42 fibrillization by interfering with the aggregation 

process. ThT assay showing the representative kinetics of 40 μM Aβ42 under different treatments. 

40 μM Aβ42 alone (light blue), 40 μM Aβ42 with 40 μM Zn2+ (solid black), 40 μM Aβ42 with 40 μM 

Zn2+ and equimolar EDTA (dashed black), 40 μM Aβ42 plus 1 μM Aβ42 seeds in the absence (solid 

yellow) or presence (dashed yellow) of 40 μM Zn2+, 40 μM Aβ42 plus 1 μM Aβ42-Zn seeds in the 

absence (magenta) or presence (grey) of 40 μM Zn2+. The final concentration of ThT in each sample 

was 5 μM. All samples were incubated in 10 mM sodium phosphate buffer (pH 7.4) at 20 °C and the 

measurement lasted for 65 h.  
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Characterization of size distributions of Aβ42 species by sedimentation velocity measurement 

Sedimentation velocity analysis provides first-principle hydrodynamic information on the size 

distribution and the shape of molecules in solution [279, 280]. The sedimentation velocity of a 

molecular species is largely dependent on its buoyancy mass and shape [281]. The movement of 

different species in solution driven by centrifugal force is precisely reflected by changes in positions 

and shapes of the sedimentation boundaries [279]. The size distribution can thus be determined by 

fitting the recorded boundaries with a sum of solutions of the Lamm equation by appropriate 

algorithms [226, 229, 273]. In order to gain more insight into the compositions of Aβ aggregates in 

solution, we evaluated size distributions of 40 μM Aβ42 incubated with or without equimolar Zn2+ 

for 0 h, 24 h and 72 h, respectively. From ThT experiments it follows that these time points are 

located either before entering the rapid growth phase or after reaching the plateau phase, thus 

avoiding the phase of rapid size changes. At time point 0 h, two populations of species can be 

identified in both the Zn2+-free and Zn2+-containing samples (Fig. 29A). The most prominent species, 

represented by the highest peak of the c(s) distribution with an average s-value of about 0.6 S in 

samples with and without Zn2+, corresponded to the Aβ42 monomer. Further, Aβ42 oligomers could 

be detected in both samples with s-values between 5 S and 15 S, accounting for 15 % in the sample 

without Zn2+ and about 40 % in the sample with Zn2+. The c(s) distribution analysis suggested that 

there were more Aβ42 monomers in Zn2+-free samples (74.5 % of total signal) than in Zn2+-

containing samples (54.4 % of total signal). After 24 hours of incubation at 20 °C, the size 

distributions in samples with and without Zn2+ shifted toward larger s-values (Fig. 29B), indicating 

the growth of aggregates. As can be seen from the bar chart (Fig. 30), aggregates within 15-50 S 

were the predominant species in both samples. The content of monomers in Aβ42 treated with Zn2+ 

was again much lower than that in the Zn2+-free sample after 24 h incubation. Nevertheless, the 

weight averaged s-value for broadly distributed aggregates was larger for the broad distribution 

found between 10 S and 50 S in the Zn2+-containing sample than that between 5 and 30 S in Zn2+-

free sample. At 72 h, to address the increasing heterogeneity of the size distribution of Aβ42 

aggregates in solution, we performed two successive runs of ultracentrifugation with the same sample 

at different speeds. The first run was performed at 15,000 rpm (18,144×g) to monitor the larger 

aggregates and the second run at 40,000 rpm (129,024×g) to resolve the smaller aggregates. Data 

obtained at 15,000 rpm were analyzed by ls-g*(s) analysis on the assumption that the diffusion of 

target species is negligible during the SV experiment [282]. As shown in the bar chart (Fig. 30) and 

in the sedimentation profiles (Fig. S2); Aβ42 without Zn2+ treatment had a significant loss of total 

absorbance compared with the fresh sample and Zn2+-containing sample, indicating the formation of 

high molecular weight aggregates which were fully sedimented during the acceleration phase. Aβ42 

treated with Zn2+ showed a very broad and continuous distribution in the ls-g*(s) analysis (Fig. 29C). 

In contrast, in Zn2+-free samples we saw two populations of species, with a major peak at around 

20 S and a second broad peak over 80 S. In the second run of centrifugation at 40,000 rpm, a speed 

high enough to resolve the monomeric and small oligomeric species, the c(s) analysis demonstrated 

the presence of a residual fraction of around 12 % small species (< 5 S, primarily monomers) in the 

Zn2+-containing sample (Fig. 29D), whereas in Zn2+-free samples the major peak appeared at about 

19 S, and the amount of monomeric Aβ42 was too low to be accurately evaluated. Going through the 

overall size distributions, we found that the amount of oligomers between 5 S and 15 S decreased 
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gradually in Aβ42 sample treated with stoichiometric Zn2+, while in Zn-free sample this group of 

species remained relatively constant at about 14 % of total signal. In addition to the sedimentation 

coefficient distribution, the c(s) analysis of SV data also provides a weight averaged frictional ratio 

(𝑓/𝑓0) for the sedimenting species of a sample. This 𝑓/𝑓0 value represents the ratio of the frictional 

coefficient of a macromolecule in solution and the theoretical frictional coefficient under the 

assumption of a perfect spherical shape of the macromolecule. It is informative about the shape of 

molecules: values between 1 and 1.3 typically characterize globular species, while larger values 

indicate an elongated shape, like e.g. found for fibrillary structures. At 0 h and 24 h the 𝑓/𝑓0 values 

for the samples without Zn2+ (1.56 and 1.52, respectively) were higher than those values reported for 

the Aβ42 samples with Zn2+ (1.43 and 1.35, respectively), indicating the presence of elongated 

structures like protofibrils and fibrils in samples without Zn2+. Those structures appear to be absent 

for Zn2+-containing Aβ42. Similar results were observed in experiments utilizing MOPS buffer at 

1:1 stoichiometry of Aβ42 to Zn2+ (Fig. S3, S4 and Tab. S2). To further understand the effect of Zn2+ 

on the aggregation behavior of Aβ42, we employed a set of AUC experiments with 0.1 equivalent 

Zn2+ in MOPS buffer. It can be seen from the bar chart (Fig. S5) that the most obvious difference in 

the size distributions occurred at 72 h. The Aβ42 alone showed large amount of aggregates over 50 S 

(>50 % of total signal) and trace amount of monomers. However, Aβ42 treated with 0.1 equimolar 

Zn2+ had fewer large aggregates but much more monomeric to hexameric species (~35 % of total 

signal) than samples without Zn2+ treatment. It should be noted here, that albeit it seems reasonable 

to assume a difference in the sedimentation behavior between free monomer and zinc-bound 

monomer the s-value resolution was not high enough to detect this. Sedimentation velocity analysis 

provided a dynamic view on the changes in size distributions and compositions of aggregates in Zn2+-

free and Zn2+-containing Aβ42 samples at different time points. These results clearly supported that 

the presence of Zn2+ resulted in the generation of heterogeneous Aβ42 aggregates with broad size 

distributions, instead of forming distinct Aβ42 species and fibrils in Zn2+-free samples. 
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Figure 29. Characterization of size distributions of Aβ42 species by sedimentation velocity 

measurement. Size distributions of 40 μM Aβ42 incubated with or without 40 μM Zn2+ for 0 h (A), 

24 h (B) and 72 h (C and D) were determined by sedimentation velocity analysis at 20 °C in sodium 

phosphate buffer. Note that C and D were obtained from the same samples centrifuged at two 

different speeds; 15,000 rpm in C and 50,000 rpm in D. Size distributions displayed in A, B and D 

were evaluated with continuous distribution c(s) Lamm equation model, while s-value distribution 

showing in C was derived from ls-g*(s) distribution analysis. 

 

Figure 30. Bar chart summarizing SV results for Aβ42 treated with or without equimolar Zn2+ 

obtained in 10 mM sodium phosphate buffer at 20 °C. The changes in percentage of aggregates 

within predefined s-value ranges over time are presented accordingly. 

Equimolar Zn2+ treatment led to the generation of non-fibrillary Aβ aggregates  

The morphologies of 40 μM Aβ42 incubated with or without equimolar Zn2+ for 72 hours were 

acquired by atomic force microscopy. As shown in Fig. 31, there was a considerable amount of well-
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defined Aβ42 fibrils in Zn2+-free sample. These fibrillary structures can explain the high fluorescence 

intensity of Aβ42 alone after 72 hours of incubation in the ThT assay, as well as the loss of 

absorbance recorded in the ultracentrifugation. The size analysis (Fig. S6A) showed that more than 

50 % of the aggregates in Zn2+-free sample had lengths larger than 500 nm. However, Aβ42 treated 

with equimolar Zn2+ exhibited different morphologies. No fibrils were found in Zn2+-containing 

samples. Instead, we observed mainly spherical aggregates. Size analysis (Fig. S6B) of the particle 

sizes revealed that ~60 % of the represented aggregates in Zn2+-containing sample had a length 

between 200 and 400 nm. Estimated s-values for particles of this size lie between 200 and 750 S, 

also depending on the assumed axial ratio of oblate ellipsoids. The s-values correspond to about 

5,600 to 23,000 monomeric units. Since the rather low measured height of about 1 nm is most 

probably an artefact of the immobilization and drying procedure during sample preparation, we 

considered in our calculations also less flattened particles. The amount as well as the s-value range 

is in line with the results from SV analysis (Fig. 29C and Fig. 30). Hence, the AFM imaging 

corroborated our finding that Zn2+ treatment suppressed Aβ42 fibrillation by promoting the 

generation of non-fibrillary aggregates.  

 

Figure 31. Equimolar Zn2+ treatment led to the generation of small, non-fibrillar Aβ aggregates. 

Morphologies of 40 μM Aβ42 incubated in the absence (A) or presence (B) of 40 μM Zn2+ for 72 h 

in sodium phosphate buffer were acquired by atomic force microscopy imaging. The morphologies 

were measured in AC mode at room temperature. 

 

Discussion 
 

Although Zn2+ dyshomeostasis has been proven to be closely involved in Aβ pathology, the influence 

of Zn2+ on the self-association of Aβ is not fully understood. So far the reports on how Zn2+ affects 

the aggregation process of Aβ are still controversial. In the present study, we investigated the effect 

of Zn2+ on the aggregation of Aβ42 by evaluating the structural conversion, fibril formation, particle 

size distributions and morphologies of Aβ42 in the absence or presence of stoichiometric Zn2+ over 

time. By CD measurements the structural conversion of Aβ42 treated with or without Zn2+ was 

recorded over time. Aβ42 pretreated with HFIP is well monomerized and adopt random coil 
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conformation upon being dissolved in an aqueous environment [283]. However, highly flexible Aβ42 

monomers in aqueous solutions will gradually transform to β-sheet-rich structures and serve as 

building blocks for self-association [284]. The structural transition is considered to be the initial step 

for Aβ aggregation. Aβ peptides with β-sheet structures will be stacked by intermolecular hydrogen 

bonds and hydrophobic interactions and finally form protofilaments and fibrils [114, 285]. The CD 

spectra of 40 µM Aβ42 alone in 10 mM sodium phosphate buffer showed a structural conversion 

over time from mainly random coil conformation to β-sheet structures between 24 h and 48 h-time 

point. In contrast, the presence of Zn2+ alters the secondary structures of Aβ42 rapidly and profoundly. 

The CD spectrum of Aβ42 with Zn2+ recorded at the first time point is similar to the one taken for 

the Aβ42 sample without Zn2+ at 8 h. After 8 hours of incubation the ellipticity at 198 nm for the 

Zn2+-containing sample becomes positive, indicating an increase in the formation of ordered 

structures. Nevertheless, its final MRE value at 198 nm at 120 h is only half of the value obtained in 

Zn2+-free sample. This reduction in ellipticity in Zn2+-containing samples could be either attributed 

to a loss of Aβ42 due to precipitation or to Zn2+ induced conformational changes. Based on our study 

we conclude that the difference in the CD spectra between Zn2+-free and Zn2+-containing samples 

indicates most probably that the binding of Zn2+ to Aβ42 peptide rapidly promoted its structural 

conversion. This is well supported by both computational studies and NMR experiments, showing 

that Zn2+ binding led to an increase of turn structures in the N-terminal region of Aβ and the formation 

of a relatively ordered structure [113, 169]. By applying stopped-flow fluorescence spectroscopy, 

Guo et al. demonstrated that Zn2+ interacts with Aβ42 within 1 ms and alters the conformation of 

Aβ42 immediately [286]. It is also reported that Zn2+ coordination reduced the abundance of helical 

structures at the hydrophobic core and the region from Lys28 to Val36 of Aβ [113, 287-289]. This 

will increase the exposure of the hydrophobic region of Aβ42 and thereby promote aggregation [287, 

290]. The introduction of EDTA to chelate Zn2+ either at the beginning or in the middle of co-

incubation not only recovered the CD signal but also restored the structural transition kinetics. Some 

studies demonstrated that addition of EDTA is ineffective in resuming Aβ fibril formation in the ThT 

assay [270]. The discrepancy could be due to the different time points of EDTA addition. Matheou 

et al. added EDTA into solutions after 250 hours of incubation [270], whereas we added EDTA at 

the beginning or after 23 hours of incubation. It is possible that Zn2+ within Aβ aggregates might not 

be readily accessible to EDTA after prolonged incubation.  

A dual effect of Zn2+ on the ThT kinetics of Aβ has been observed. The fluorescence of ThT is known 

to be strongly enhanced in the presence of β-sheet-rich amyloid structures [136]. Aβ42 peptides 

treated with equimolar Zn2+ aggregated faster than Zn2+-free Aβ42 in the beginning as we cannot see 

the lag phase anymore. Zn2+ may accelerate the aggregation of Aβ42 through several mechanisms. 

Aβ42 in physiological pH environment is charged about –3, whereas Zn2+ is positively charged. The 

binding of Zn2+ to Aβ42 will decrease the overall charge of the complex, thus leading to a decreased 

electrostatic repulsion of singular Aβ entities in solution [160]. Additionally, the reduced negative 

charge of Aβ42 complexed with Zn2+ could also influence the ThT binding, because ThT is positively 

charged. Another factor involved in the self-association of Aβ is the hydrophobicity of the peptide. 

Evidence from molecular dynamic simulations tells that Zn2+ coordination will alter the secondary 

structure of Aβ peptide and lead to the exposure of its hydrophobic regions [287, 291]. Both effects 

will contribute to an increase in the self-association rate, thus shortening the lag phase. Although the 
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initial aggregation has been sped up, Aβ42 treated with Zn2+ seems to form much less ThT positive 

fibrils than the Zn2+-free sample. This means the presence of Zn2+ is able to restrain Aβ fibrillization. 

The seeding experiment could provide some information on how Zn2+ reduced Aβ fibril formation. 

It is generally accepted that during the elongation phase Aβ monomers rich in β-sheet structures will 

attach to fibril ends and add up to the preformed fibrils [292]. The presence of preformed seeds will 

accelerate the aggregation of Aβ peptides by providing elongation competent structures directly from 

the start of incubation on [126]. Notably, in our study we found that Aβ seeds, proven effective in 

combination with monomeric A42, were incapable of enhancing amyloid formation in the presence 

of 40 μM Zn2+. Additionally, the Aβ-Zn seeds were incompetent to shorten the lag phase of freshly 

prepared Aβ42. We propose that there may be two effects which Zn2+ could exert on the elongation 

phase. First, Zn2+ coordination may influence the rigidity of Aβ monomers and disrupt the formation 

of a salt bridge between Asp23 and Lys28, as reported from NMR studies and molecular dynamics 

simulation [170, 293, 294]. The disruption of the salt bridge while introducing altered structural 

constrains by the coordinative binding of stoichiometric Zn2+ may create elongation incompetent 

monomers [294, 295]. Second, Zn2+ may also bind to fibril ends and modulate the local environment 

which is necessary for peptide folding. The interaction between Zn2+ and Aβ fibril ends does not 

require a high amount of Zn2+ to be present, as the number of fibril ends is limited. AUC data for 

samples with 0.1 equimolar Zn2+ could substantiate this hypothesis. Zn2+ may thus interrupt the 

aggregation of Aβ42 by either changing the conformation of Aβ monomers or by modifying the 

structures of fibril ends. Abelein et al. found that substoichiometric Zn2+ can significantly retard Aβ 

fibril formation by reducing the elongation rate [168], while we observed that stoichiometric Zn2+ 

could also suppress the elongation process. Note that the aggregation of Aβ42 sample treated with 

1 μM Aβ42-Zn seeds was slightly delayed, which supports the assumption that Aβ seeds formed in 

the presence of Zn2+ have different structures from Zn2+-free Aβ aggregates. 

The size and morphologies of Aβ aggregates with or without Zn2+ treatment were determined by SV 

analysis and AFM imaging, respectively. The s-values for the monomeric Aβ42 (~0.6 S) are in 

agreement with our previous report [296]. Interestingly, the freshly prepared samples with and 

without Zn2+ treatment already showed some difference concerning their size distributions. A higher 

amount of species within 5 and 50 S in Zn2+-containing samples than in Zn2+-free samples confirmed 

that Zn2+ treatment accelerates the aggregation of Aβ42 peptides strongly, as has been shown in the 

ThT assay. Although the s-values of aggregates formed in the presence of Zn2+ continue to increase 

over time, we did not observe a significant loss of initial absorbance in these samples. This contrasts 

with Noy et al. reporting that stoichiometric Zn2+ immediately led to absorbance reduction in Aβ40 

samples in the AUC measurement [164]. However, our measurements of Zn2+-free Aβ42 samples at 

72 hours were consistent with the absorbance reduction shown in Noy et al.’s research [164]. Based 

on the AFM imaging at 72 hours we concluded that the missing absorbance signal in Zn2+-free 

samples might be caused by sedimentation of Aβ42 fibrils or fibrillar networks during the 

acceleration phase. AUC analysis at 72 h revealed a dramatic difference in the size distributions 

between Zn2+-containing and Zn2+-free Aβ42 samples, particularly in the content of species below 

5 S (primarily Aβ42 monomers). This might also indicate an inhibitory effect of Zn2+ on the 

elongation process at both substoichiometric and stoichiometric concentrations. The MOPS samples 
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displayed similar size distributions in the AUC analysis to samples in sodium phosphate buffer at 

1:1 Aβ42-Zn2+ stoichiometry, suggesting that the impact of stoichiometric Zn2+ is independent of the 

buffer. 

 

Conclusion  
 

By using a combination of complementary methods we showed that the presence of equimolar Zn2+ 

influences the self-association of Aβ42 by accelerating the production of non-fibrillar aggregates 

with a broad size distribution. We propose that this effect may be mediated by Zn2+ induced 

conformational changes in Aβ42 peptides and a disruption of both the lag phase and the elongation 

phase. Our study underpins the significant role of Zn2+ in pathological A aggregation as a stabilizing 

ligand of specific size classes of aggregates. In the presence of Zn2+ the fraction of small species 

ranging from monomer to hexamer is larger than in samples without Zn2+. In addition, the capability 

of AUC in resolving low molecular mass particles makes it an ideal complementary approach for the 

study of these heterogeneous samples. 
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Supporting information 
 

Table S1. Parameters for the analysis of sedimentation velocity data. 

Partial specific volume (v̅, cm3/g) a Aβ42 0.7377 

Molecular mass (g/mol) Aβ42 4514.1 

Density (ρ, g/cm3) b 
10 mM sodium phosphate 0.9996 

10 mM MOPS 0.9990 

Viscosity (η, poise) b 
10 mM sodium phosphate 0.01005 

10 mM MOPS 0.01010 

a The partial specific volume of A42 has been calculated based on the amino acid composition 

according to ref as implemented in Sednterp. 

b Buffer densities and viscosities were taken from tabulated values available in Sednterp.  

All parameters shown are valid for 20 °C. 

 

Table S2. Weight averaged frictional ratio (𝑓/𝑓0) a for Aβ42 samples in the absence or presence of 

equimolar Zn2+. 

Incubation time (h) 
10 mM sodium phosphate 10 mM MOPS 

Aβ42 Aβ42+Zn2+ Aβ42 Aβ42+Zn2+ 

0 1.56 1.52 1.47 1.41 

24 1.43 1.35 1.52 1.24 

72 b 1.33 1.38 1.09 1.31 

a values were determined by continuous distribution c(s) analysis. 

b run at 40,000 rpm. 

 

 

Figure S1. Turbidity assay of Aβ42 peptides in the presence or absence of stoichiometric Zn2+. 

Turbidity was measured as pseudo absorption at 405 nm for 40 μM Aβ42 alone (blue), 40 μM Aβ42 

with equimolar Zn2+ (orange) and 40 μM Aβ42 with equimolar Zn2+ and EDTA (grey). Samples were 

prepared in duplicate and the averaged values were shown. 
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Figure S2. Sedimentation velocity profiles of 40 μM Aβ42 incubated with or without equimolar Zn2+ 

over time. The profiles were recorded at 0 h (A), 24 h (B) and 72 h (C and D), respectively. The dots 

in each graph represent corresponding data points detected by the optical detector, and the fitting 

outputs generated by pre-selected models are shown in color curves. Plots of residuals of the fitting 

are included at the bottom of each profile. The detection speeds and wavelengths are also specified 

accordingly. For clarity only a reduced number of scans as well as data points are shown. 
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Figure S3. Size distributions of Aβ42 species in the absence or presence of stoichiometric Zn2+ in 

10 mM MOPS buffer. 40 μM Aβ42 was incubated with or without equimolar Zn2+ for 0 h (A), 24 h 

(B) and 72 h (C and D) at 20 ℃. Samples were centrifuged at the same speed as their counterparts 

in sodium phosphate buffer. Data sets were analyzed with continuous distribution c(s) Lamm 

equation model (A, B and D) or ls-g*(s) model (C). The sedimentation coefficients were standardized 

to the s-values in water at 20 ℃ (s20,w). 

 

Figure S4. Bar chart of s-value distributions obtained by SV measurements for either A42 alone or 

with equimolar Zn2+ in MOPS buffer, pH 7.4 for three different incubation times: 0 h, 24 h, 72 h. 
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Figure S5. Bar chart of s-value distributions obtained by SV measurements for either A42 alone or 

with 0.1 equivalents of Zn2+ in MOPS buffer, pH 7.4 for three different incubation times: 0 h, 24 h, 

72 h. 

 

Figure S6. Particle size analysis of 40 μM Aβ42 samples in the absence (A) or presence (B) of 40 μM 

Zn2+ after 72 h of incubation at 20 °C in 10 mM sodium phosphate buffer (pH 7.4). Particles on an 

area of 400 μm2 were counted and analyzed. The size analysis corresponds to the morphologies 

shown in Fig. 30. 
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Chapter II 
Characterization of the interaction between D-enantiomeric peptide 

D3 and Aβ42 
 

 

 

 

Abstract 

Amyloid-β peptide (Aβ) is an intrinsically disordered protein (IDP) associated with Alzheimer’s 

disease. The structural flexibility and aggregation propensity of Aβ pose major challenges for 

elucidating the interaction between Aβ monomers and ligands. All-D-peptides consisting solely of 

D-enantiomeric amino acid residues are interesting drug candidates that combine high binding 

specificity with high metabolic stability. Here we characterized the interaction between the 12-

residue all-D-peptide D3 and Aβ42 monomers, and how the interaction influences Aβ42 aggregation. 

We demonstrate for the first time that D3 binds to Aβ42 monomers with submicromolar affinities. 

These two highly unstructured molecules are able to form complexes with 1:1 and other 

stoichiometries. Further, D3 at substoichiometric concentrations effectively slows down the β-sheet 

formation and Aβ42 fibrillation by modulating the nucleation process. The study provides new 

insights into the molecular mechanism of how D3 affects Aβ assemblies and contributes to our 

knowledge on the interaction between two IDPs. 

 

 

This chapter was adapted from the publication: 

Tao Zhang, Jennifer Loschwitz, Birgit Strodel, Luitgard Nagel-Steger, Dieter Willbold. Interference 

with amyloid-β nucleation by transient ligand interaction. Molecules. 24(11), 2129; doi: 

10.3390/molecules24112129. (Cover story) 
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Introduction 
 

Intrinsically disordered proteins (IDPs) are a group of proteins which lack stable secondary and 

tertiary structures [297]. The structural flexibility of these proteins is often relevant for their 

functional roles in various biological activities [298]. In addition to physiological functions, IDPs 

are also implicated in protein misfolding diseases, in which the misfolding and abnormal aggregation 

of one or more IDPs are considered to be crucial early events in disease pathogenesis [109]. Amyloid-

β peptide (Aβ) is one of the key molecules in the pathogenesis of Alzheimer’s disease (AD) [299]. 

Aβ is composed of 39 to 43 amino acid residues and cleaved from the amyloid precursor protein 

(APP) [80, 300]. Aβ monomers in aqueous environments have been recognized as IDPs due to their 

overall random coil structures [301]. However, Aβ monomers are able to form ordered conformations 

upon self-assembling into toxic oligomers, which are the most relevant species for disease 

development and progression [98], as well as into fibrillar structures [144]. The central role of Aβ in 

the pathogenesis of AD has raised a lot of interest in identifying physiological or non-physiological 

molecules that can modulate the aggregation process of Aβ and antagonize toxic Aβ oligomers. 

 

Based on the rationale that stabilization of Aβ in its monomeric IDP conformation should efficiently 

inhibit the aggregation of Aβ, and even destabilize and ultimately eliminate already existing toxic 

Aβ assemblies, we carried out a mirror image phage display selection, and obtained “D3”, a peptide 

consisting of 12 D-enantiomeric amino acid residues [201, 302]. D-enantiomeric peptides comprise 

a promising substance class for the development of therapeutic agents because of their high potency 

and low proteolytic susceptibility [303]. The arginine-rich D3 peptide lacks well-defined structural 

features, and can thus be described as a small IDP. D3 demonstrated its beneficial effects in targeting 

Aβ species in vitro and in AD transgenic mouse models [212], as well as its stability [208, 210], 

while the detailed mechanism of action underlying the interaction between the highly flexible D3 

and Aβ monomers remained elusive. Specific high-affinity interactions between intrinsically 

disordered proteins are something, which has not been expected until very recently [304]. The 

inherent flexibility of the binding partners, and the dynamic nature of the interaction, contradict the 

existence of a well-defined 1:1 complex structure, as one would expect in the case of a typical 

receptor-ligand-complex, which is principally accessible to high-resolution structural biology 

methods. This excludes the existence of a well-defined three-dimensional structure of ‘the’ complex 

that would be amenable to routine high resolution structure determination methods. The strong 

aggregation propensity of Aβ poses additional challenges to distinguish ligand binding from self-

association. Due to the structural diversity and opposite charges of D3 and Aβ monomers, we 

reasoned that the interaction between these two molecules is not a standard ligand-receptor 

interaction. Instead, it might resemble a specific high affinity interaction between two small IDPs, 

characterized by a variable stoichiometry. 

To characterize the interaction between D3 and Aβ42 monomers, which is essential for 

understanding the mechanism of the action of D-peptides on Aβ pathology, we applied solution-

based fluorescence approaches to investigate the binding and complex formation between D3 and 

monomeric Aβ42 at concentrations as low as possible to avoid confounding aggregation-related 

artifacts, wherever feasible. Experimental data on the interaction from fluorescence-based analytical 
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ultracentrifugation (AUC-FDS) and microscale thermophoresis (MST) was supported by molecular 

dynamics (MD) simulations. Furthermore, the influence of D3 on the aggregation of Aβ42 was 

studied at clearly substoichiometric ratios by employing a thioflavin T (ThT) assay, circular 

dichroism (CD) spectroscopy and atomic force microscopy (AFM). By combining various 

experimental techniques and MD simulations, we set out to clarify the interaction between 

unstructured D3 and Aβ42 monomers. The findings will not only deepen our knowledge on the 

mechanism of action of D3, but also shed some light on the formation of IDP-IDP complexes in 

general. 
 

Results 
 

Characterization of the dissociation constant of Aβ42 and D3 interaction  

The dissociation constant of Aβ42 and D3 interaction was evaluated using the solution-based MST. 

This method has been developed on the basis of the Soret effect (or thermophoresis), which describes 

the directed movement of particles in response to a temperature gradient in a fluid [236, 237]. 

Particles with different sizes, structures or charges may exhibit different thermophoretic behaviors 

[240]. In this context we examined the thermophoresis of unbound and bound molecules through 

titrating D3 to fluorescein isothiocyanate (FITC)-Aβ42, or vice versa. The fluorophore alone that 

had been incubated with different concentrations of D3 did not show any thermophoretic response 

in any control experiments, implicating no direct interaction between D3 and fluorescein (Fig. S7). 

A 1:1 binding model was applied to fit all of the data, resulting in reasonable fits, as judged from 

root-mean-square deviation (RMSD) values and residuals. As evident from Fig. 32A, D3 binds to 

FITC-Aβ42 with a KD of 270 [240,310] nM (68.3% confidence interval). The positive 

thermophoretic response of FITC-Aβ42 and D3 samples suggests that the bound state had higher 

depletion compared with the unbound state. To study how ionic strength may impact the binding, we 

measured the KD in a buffer with reduced ionic strength. As indicated in Fig. 33, the binding between 

FITC-Aβ42 and D3 was enhanced about threefold in a low ionic strength buffer, with a KD of 88 

[82,99] nM.  

Another set of experiments, using 40 nM FITC-D3 and various concentrations of unlabeled Aβ42, 

was performed to verify the dissociation constant (Fig. 32B). The determined KD for FITC-D3 and 

Aβ42 was 600 [400,870] nM. This value is about twice of that one derived from the experiments 

with FITC-Aβ42 and D3 under the same conditions. However, considering the much smaller 

thermophoretic response in FITC-D3 samples than those in FITC-Aβ42 samples, the deviation 

between the two KD values is generally within the range of precision. Due to the low concentrations 

of analytes in MST, the monomer binding should be the dominant reaction in solution. Therefore, 

MST data demonstrated that there is a strong interaction between flexible D3 and aggregation-prone 

Aβ42 monomers at nanomolar affinities, and that electrostatic effects play a role in the interaction. 
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Figure 32. Microscale thermophoresis analyses to determine the dissociation constant of Aβ42 and 

D3 interaction. Experiments with D3 and 40 nM FITC-Aβ42 (A) and the reciprocal approach with 

Aβ42 and 40 nM FITC-D3 (B) were conducted at 22 °C. Samples were prepared in 20 mM sodium 

phosphate, 50 mM NaCl (pH 7.4). To minimize unspecific surface adsorption, 0.01% (v/v) Tween 20 

(Tw20) in A and 0.0004% (w/v) polyethylenimine (PEI) in B were used. Representative time traces 

from one measurement are shown. ∆𝐹𝑛 was calculated according to the reference zone (light blue) 

and the analysis zone (light red). Data was analysed using the 1:1 binding model implemented in 

PALMIST software with 68.3% confidence interval. Residuals of the fitting are included at the bottom 

of each graph. Samples were prepared in triplicate. 

 

Figure 33. Microscale thermophoresis analysis to evaluate the dissociation constant between Aβ42 

and D3 in 5 mM sodium phosphate, 50 mM NaCl (pH 7.4) in the presence of 0.01% (v/v) Tw20. 40 

nM FITC-Aβ42 was incubated with different concentrations of D3 at 22 °C. The time traces from 

one measurement was shown in A, together with the reference zone (light blue) and analysis zone 

(light red). ∆𝐹𝑛 was calculated based on the time traces and the binding plot was fitted using 1:1 

binding model in PALMIST software. The binding curves obtained from low ionic buffer (solid curve) 

and high ionic buffer (dotted curve) are displayed in B. 
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AUC analysis of Aβ42 and D3 mixtures  

To investigate the complexation between Aβ42 and D3, we performed sedimentation velocity 

measurements in an analytical ultracentrifuge using a fluorescence detection system. Aside from the 

high sensitivity, the advantage of the fluorescence detection system is the selectivity of detection, 

since unlabeled analytes are invisible [220, 305, 306]. The high sensitivity enables the measurement 

at analyte concentrations close to the determined dissociation constants in the nanomolar range. 

Among the two possible setups, experiments with FITC-D3 and unlabeled Aβ42 should possess a 

higher sensitivity for detection of a 1:1 complex than the reversed experiments, because the size 

difference between D3 and D3-Aβ42 is larger than that between Aβ42 and Aβ42-D3. The 

sedimentation coefficient (s20,w) for FITC-D3 was determined as 0.54 ± 0.02 S (Fig. 34A). D3 itself 

does not form any self-assemblies or aggregates (see magenta curve in Fig. 34A). The sedimentation 

velocity measurement confirmed that D3 stays monomeric in solution, since no other sedimenting 

species could be detected.  

At concentrations close to the dissociation constant, the addition of unlabeled Aβ42 to FITC-D3 

should result in the appearance of a new sedimenting species, indicating either the sedimentation of 

hetero-complexes, or the sedimentation of a reaction boundary as found for rapid reactions [307, 

308]. Ideally, the total signal would stay constant irrespective of the added amount of unlabeled 

binding partner. Nevertheless, in the presence of excessive amounts of Aβ42, a significant 

fluorescence signal loss for FITC-D3 samples was noticed already during the FDS calibration 

process at 3000 rpm (726 g) (Fig. S8). Corresponding to this, we observed from the c(s) analysis that 

the area under curve for the monomeric species around 0.5 S also showed an Aβ42-concentration-

dependent reduction. We hypothesize that the observed signal loss is a consequence of the 

sedimentation of large aggregate species, which resulted from the further growth of small Aβ42-D3 

complexes during the thermal equilibration process (~2 h at 3000 rpm during optics calibration). This 

could be supported by turbidity assays, showing that the addition of D3 to Aβ42 samples promotes 

the rapid formation of co-precipitates in a concentration-dependent manner (Fig. S9). It can be seen 

from c(s) distributions for FITC-D3 and Aβ42 mixtures (Fig. 34A) that the s20,w of the main peak 

shifted from 0.5 S in FITC-D3 alone to 0.71 ± 0.04 S in samples with a 50-fold excess of Aβ42. This 

sedimentation coefficient cannot be interpreted as FITC-D3 monomer, since the monomer can only 

reach a theoretical maximum of 0.7 S under the assumptions of a perfect sphere and no hydration, 

according to its molecular mass and partial specific volume. Because D3 does not oligomerize by 

itself, it was concluded that D3 forms a 1:1 complex with the Aβ42 monomer. Additionally, we 

observed a small fraction of FITC-D3 sedimenting at s-values between 1 and 3 S (shown in the insert 

of Fig. 34A), indicating low amounts of larger complexes. The averaged s20,w for the new species, by 

integrating the peak between 1 and 2 S, is 1.45 ± 0.08 S, according to c(s) analyses from five 

independent experiments, suggesting the presence of complexes with higher stoichiometries. 

Although the detected amount of the newly formed species was rather low, we were able to observe 

an increase in the weight average s20,w for FITC-D3 samples along with Aβ42 addition (Fig. S10A). 

The AUC analyses on FITC-Aβ42 and D3 exhibited similar c(s) distribution patterns to those from 

FITC-D3 and Aβ42 (Fig. 34B). The FITC-Aβ42 monomer has an s20,w of 0.77  ±  0.02 S and 

comprises more than 95% of the total signal of the sample solution. The monomeric nature of the 



Chapter II, Aβ42 and D3 

61 

 

sample persists throughout the measurement, permitting the study of any Aβ42 monomer-D3 

interactions. As mentioned, the FITC-Aβ42 monomer has an s20,w of 0.77  ±  0.02 S, which impedes 

the observation of the 1:1 complex of D3 and FITC-Aβ42, which can be expected to be very close 

to 0.71 S. Incubating D3 with FITC-Aβ42 led to the formation of a new species at 1.54  ±  0.11 S in 

a D3 concentration-dependent manner. Besides, the weight average s20,w of FITC-Aβ42 and D3 

mixtures increased gradually with an increasing D3 concentration (Fig. S10B). Since the c(s) 

distribution of Aβ42 alone did not show any peak between 1 and 2 S [154], the new species are most 

likely hetero-complexes of FITC-Aβ42 and D3 at stoichiometries higher than 1:1, rather than Aβ42 

homo-oligomers. Both sets of AUC experiments, using FITC-D3 and Aβ42, as well as FITC-Aβ42 

and D3, clearly validate the interaction between Aβ42 monomers and D3. The results revealed for 

the first time the complex formation between highly flexible and aggregation-prone Aβ42 monomers 

and unstructured D3 peptides at variable stoichiometries. 

 

Figure 34. Sedimentation velocity analyses of 0.2 μM FITC-D3 incubated with different 

concentrations of Aβ42 (A) and 0.33 μM FITC-Aβ42 incubated with different concentrations of D3 

(B) using AUC-FDS. FITC-D3 samples were prepared in 20 mM sodium phosphate, 50 mM NaCl 

(pH 7.4), 0.0004% (w/v) PEI. FITC-Aβ42 samples were prepared in 55 mM Tris, 50 mM NaCl (pH 

7.4), 0.01% Tw20. Note that PEI and Tw20 were used to overcome the unspecific surface adsorption. 

Samples were centrifuged at 60,000 rpm (289,000 g) for 15 h and were analysed with the c(s) model 

to determine sedimentation coefficient distributions. Inserts show the enlargement of the size 

distribution between 1 and 3 S. All s-values were standardized to s20,w. 
 

Complex formation studied by molecular dynamics simulation  

We performed MD simulations to gain further insights into the complexation between Aβ42 and D3. 

The different complexes formed between twenty Aβ42 and five D3 molecules during the simulation 

were used to derive theoretical sedimentation coefficients for different stoichiometries focusing on 

four stoichiometries, namely 1:1, 1:2, 2:1 and 2:2 (D3:Aβ42) which had s-values close to the 

experimentally observed values (Fig. 35A and S11). The 1:1 and 1:2 complexes were calculated to 

have s20,w at around 1 S, while the 2:1 and 2:2 complexes were calculated to have values at 1.3 to 

1.4 S. We also calculated s-values for larger complexes observed in the initial implicit solvent 

simulations, and calculated an s20,w of 1.6 to 1.7 S for 1:3, ~1.7 S for 2:3 and ~1.9 S for 1:4 

stoichiometries (D3:Aβ42). The calculated s-value for 1:1 complex in MD simulations corroborated 
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AUC results that D3 forms 1:1 complexes with Aβ42, while the new species observed at ~1.45 S in 

AUC measurements with FITC-D3 and high excess of Aβ42 results most likely from complexes with 

higher stoichiometries (for instance, 1:2 D3:Aβ42). In turn, the new species observed at ~1.54 S in 

AUC measurements with FITC-Aβ42 and high excess of D3 is most likely to be the 2:1 or 3:1 

(D3:Aβ42) complex.  

The lack of a fixed stoichiometry in the complexation between D3 and Aβ42 led us to think whether 

the interaction induces significant structural changes in disordered Aβ42 monomers or not. We then 

analyzed the secondary structure of Aβ42 in all four complexes obtained in the simulation. Aβ42 

monomers remained predominantly unstructured with less than 10% β-structures in all complexes 

(Fig. 35B); this indicates that the interaction between D3 and Aβ42 monomers is rather flexible and 

dynamic. 

Results from MD simulations are in line with fluorescence AUC measurements and implicate that 

the interaction between D3 and Aβ42 monomers is analogous to the dynamic interaction between 

two IDPs. 

 

Figure 35. Sedimentation coefficient (s20,w) distribution of D3 and Aβ42 monomer complexes (A) and 

calculation of the secondary structure of Aβ42 monomers in these complexes (B) based on MD 

simulations. The average s20,w with standard deviations for the 1:1 (green), 2:1 (yellow), 1:2 (blue) 

and 2:2 (red) D3:Aβ42 complexes are given for each complex above the corresponding histograms. 

Random coil, turns and bends are denoted as coil structures, β-sheets and β-bridges as β-structures, 

α-, 310- and π-helices as helix structures. 

 

D3 retards the fibrillation of Aβ42 at substoichiometric concentrations  

The aggregation kinetics of Aβ42 as observed in the ThT assay generally displays a sigmoidal pattern 

characterized by three phases: The lag phase, the rapid growth phase and the plateau phase [126, 

135, 292]. In the primary nucleation, which is the limiting event during lag phase, Aβ monomers 

associate and form aggregates (primary nuclei) without the involvement of already formed 

assemblies [126]. During rapid growth or elongation Aβ monomers are added to the ends of already 

formed aggregates (such as nuclei), leading to fibrillar structures. Additionally, once formed fibrillar 

structures provide surfaces at which monomers can be catalyzed to form nuclei. This process is called 

secondary nucleation [309]. Finally, a plateau is reached due to the consumption of free monomers 
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[126, 310]. At high concentrations of D3 the fibril formation as monitored by ThT can be largely 

suppressed (data not shown). However, here we used only 0.1 fold D3 concentration to render the 

measurements comparable to the CD measurements. As shown in Fig. 36A and Table 2, Aβ42 alone 

displayed a sigmoidal fibrillation kinetics and an earlier onset of rapid growth than Aβ42 incubated 

with D3. The 𝑡1/2 and 𝑡𝑙𝑎𝑔  of Aβ42 alone were determined to be 30.0 ± 0.7 h and 17.3 ± 1.6 h, 

respectively, according to the fitting (Fig. S12). Addition of 0.1 equimolar D3 slowed down the fibril 

formation of Aβ42 significantly, as 𝑡1/2 and 𝑡𝑙𝑎𝑔 were prolonged to 79.3 ± 2.3 h and 67.6 ± 3.8 h, 

respectively. We also noticed that the growth phase seemed to be unaffected, as both samples had 

similar slopes. All samples reached comparable plateau fluorescence signals after 120 h of incubation 

irrespective of the addition of D3. Thus, D3 effectively elongates the lag phase of Aβ42 aggregation, 

very similar to what was described for bexarotene [311]. To figure out whether or not the interaction 

between D3 and Aβ42 was affected by the buffer system, we performed ThT measurements in Tris-

HCl buffer with the same ionic strength as the phosphate buffer. A comparable ThT kinetics was 

observed in both buffers (Fig. S12 and Table S4), suggesting that the retardation effect of D3 on 

Aβ42 aggregation is not very dependent upon the buffer system. The difference in the ThT kinetics 

of Aβ42 with or without D3 hints that samples might have different aggregate compositions. We 

therefore performed AUC experiments on equivalent samples incubated for 24 h. At 24 h, Aβ42 

alone should have ThT positive species, while Aβ42 plus D3 should still be in the lag phase. Samples 

of Aβ42 alone contained a fraction of large aggregates, which were sedimented to the cell bottom 

during the acceleration process of AUC (Fig. S13), these presumably being products of the 

elongation phase. In contrast, Aβ42 samples with D3 had no such large aggregates, but a significantly 

higher amount of monomers (~0.7 S) than Aβ42 alone (Fig. S14). The dramatic difference in the size 

distribution of Aβ42 with or without D3 suggests that D3 is able to interfere with the very early stage 

of Aβ aggregation, which is the nucleation process, by retaining Aβ monomers and delaying the 

growth and amplification of Aβ nuclei. 

To further investigate how D3 may interfere with the aggregation process of Aβ42, we performed 

seeding experiments. In these experiments, the introduction of fibril fragments generated by 

sonication into Aβ monomer solutions offers surfaces and/or fibril ends for the attachment of 

monomeric species, leading to an immediate growth of fibrillar structures [139, 312]. The presence 

of Aβ42 seeds significantly accelerated the aggregation of Aβ42 by canceling the lag phase, as 

evident from ThT kinetics (Fig. 36B). In particular, the addition of 5% seeds in Aβ42 samples 

immediately initiated the rapid ThT fluorescence increase of Aβ42 aggregation. The inhibitory effect 

of D3 on the fibrillation was also visible in Aβ42 samples incubated with seeds. Aβ42 samples with 

both D3 and 1% seeds had a longer lag phase than Aβ42 without D3 (Fig. 36B). Although D3 at 0.1 

fold was not able to restore the sigmoidal aggregation kinetic of Aβ42 in the presence of 5% seeds, 

we could still observe a retardation of the elongation process in samples with D3 treatment, by 

comparing the slopes of the ThT kinetics with those of Aβ42 samples incubated solely with 5% seeds 

(Fig. 36B), suggesting that substoichiometric D3 could interfere with the elongation of Aβ42 fibrils. 

ThT kinetics indicated that D3 may also interact with aggregated Aβ42 species (such as oligomers 

and fibrillar structures). 
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Table 2 Half completion time (𝑡1/2), slope (𝑘) and lag time (𝑡𝑙𝑎𝑔) for fibrillation kinetics of 20 μM 

Aβ42 incubated with or without 2 μM D3.
a 

Sample 𝑡1/2 (h) 𝑘  𝑡𝑙𝑎𝑔 (h) 

Aβ42  30.0 ± 0.7 0.15 ± 0.01 17.3 ± 1.6 

Aβ42+D3  79.3 ± 2.3 0.18 ± 0.07 67.6 ± 3.8 

a Data was obtained by fitting an empirical equation to ThT kinetics using AmyloFit [313]. 

 

Figure 36. ThT assays showing fibrillation kinetics of 20 μM Aβ42 and 20 μM Aβ42, with 2 μM D3 

in (A), and of 10 µM seeded Aβ42 (1% or 5% seeds), incubated without or with 0.1 fold D3 in (B). 

Color usage is explained in the figure. Samples were incubated in 20 mM sodium phosphate, 50 mM 

NaCl (pH 7.4) at 20 °C. ThT data is averaged based on samples prepared in triplicate. 
 

D3 slows down the secondary structure conversion of Aβ42 at substoichiometric concentrations 

The fibrillation of Aβ42 is accompanied by a structural transformation of Aβ42 monomer from 

random coil to β-sheet structures. D3 itself does not have stable secondary structure elements and is 

disordered in solution (Fig. S15). The addition of low amounts of D3 did not contribute detectably 

to the overall spectra of Aβ42 samples so that the structural conversion of Aβ42 was observable 

without requiring correction for the D3 signal. As shown in Fig. 37A, Aβ42 alone adopted mainly 

random coil structure at the beginning and converted to β-sheet conformation during the incubation 

at 20 °C. The transition kinetics of Aβ42 alone based on incubation time-dependent ellipticities at 

217 nm and 198 nm exhibited sigmoidal patterns for both wavelengths (Fig. 37C, D). However, 

Aβ42 treated with D3 alone had markedly different transition kinetics, as can been seen from Fig. 

37B and C, D. The overall transition kinetics of 40 μM Aβ42 was significantly delayed in the 

presence of 4 μM D3. The ellipticity at 217 nm for Aβ42 sample with D3 was about 72% of that for 

Aβ42 alone at 120 h, pointing to decreased β-sheet structures in samples with D3. Dichroweb 

deconvolution of CD spectra to evaluate secondary structure components of samples incubated with 

or without D3 demonstrated similar trends (Fig. 37E, F). There was a gradual loss of unordered 

conformations accompanied by accumulations of β-strand structures in all samples. Nevertheless, 

free Aβ42 sample had faster conversion rates than Aβ42 samples containing 0.1 fold D3. The 

fractions of β-strand structures in Aβ42 samples without D3 addition were also higher than those in 
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samples incubated with D3 at most of the time points. Even, if 4 μM D3 was added into 40 μM Aβ42 

after a preincubation period of 33 h (Fig. S16), it still visibly delayed the structural transformation 

of Aβ42. The results from CD measurements are in agreement with those obtained from ThT assays 

in demonstrating that substoichiometric D3 decelerates the fibril formation process of Aβ42 via 

retarding the secondary structure conversion. The data also offers experimental evidence to 

corroborate MD simulations that D3 favors a less structured state of Aβ42. 

 

Figure 37. Circular dichroism (CD) measurements and spectrum deconvolution analyses. 40 μM 

Aβ42 was incubated with (A) or without (B) 4 μM D3 in 20 mM sodium phosphate, 50 mM NaF (pH 

7.4) at 20 °C. CD spectra were recorded at indicated time points between 0 and 120 h of incubation. 

Transition kinetics are shown by plotting ellipticities at 217 nm (C) and 198 nm (D) against the 

incubation time. Changes in fractions of β-strand (E) and unordered structures (F) over the 

incubation time were obtained using the CDSSTR algorithm and reference dataset 7 in Dichroweb. 

All samples were prepared in triplicate. 

 

Morphologies of Aβ42 samples in the presence of substoichiometric D3  

AFM imaging was conducted to detect morphologies of Aβ42 samples incubated with or without D3 

for 48 h and 120 h. According to ThT assays and CD measurements, Aβ42 alone should have a 

considerable amount of fibrillary structures after incubating for 48 h. This was confirmed by AFM 

imaging, which showed rod-like fibrillar structures in Aβ42 alone at 48 h, as displayed in Fig. 38A. 

The typical height for single fibrils was around 5 nm. Some protofibrils and oligomers (~2 nm in 

height) were also visible in Aβ42 alone after 48 h of incubation. However, Aβ42 incubated with 0.1 

eq. D3 had no fibrils but some amorphous aggregates with heights varying from 10 nm to 20 nm 

(Fig. 38B). Small species with similar dimensions to protofibrils and oligomers in Aβ42 alone were 

also present. After 120 h of incubation, most of the materials transformed to amyloid fibrils in free 

Aβ42 samples, as shown in Fig. 38C. These fibrils did not differ much to Aβ42 fibrils found at 48 h 

with respect to the height, but became more elongated, which agrees well with Arimon et al.’s 

findings [253]. Substoichiometric D3 did not stop the fibril formation as we could see rod-like fibrils 

in Aβ42 incubated with D3 at 120 h (Fig. 38D). Surprisingly, amorphous aggregates also grew to 
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larger size than those at 48 h. AFM imaging provided additional evidence that D3 affects the 

aggregation process of Aβ42 at substoichiometric levels. 

 

Figure 38. Atomic force microscopy (AFM) imaging to study morphologies of 40 μM Aβ42 in the 

absence (A and C) or presence (B and D) of 4 μM D3 in 20 mM sodium phosphate, 50 mM NaCl (pH 

7.4) at 20 °C after 48 h and 120 h of incubation. The imaging was carried out at room temperature 

in air, using AC mode. Inserts show amplifications of areas marked with green squares. The scale 

bars are 2 μm and 200 nm, respectively. 

 

Discussion 
 

The present study reports how two IDPs, the all-D-enantiomeric peptide D3 and Aβ42 monomers 

interact, and how the interaction may influence the fibrillation of Aβ42. We chose solution-based 

methods in combination with fluorescence-based detection in order to minimize the required 

concentrations of analytes as well as surface-related effects. The binding affinity between D3 and 

Aβ42 was evaluated using MST in both possible setups. Smooth capillary scans, as well as the 

reproducibility of the determined dissociation constant in successive rounds of measurements, 

indicated the absence of irreversible aggregation. A simple 1:1 binding model was sufficient for 

fitting the data from both setups. Other more complex models did not significantly improve the fit. 

The KD for D3 and Aβ42 at about 400 nM is about 10-fold smaller than that reported in our previous 

SPR studies (~4 μM) [212, 214]. Possibly, the fixation of N-terminally biotinylated Aβ42 monomers 

onto sensor chips via biotin–streptavidin coupling rendered the interaction between D3 and Aβ42 

monomers less efficient than that found for both components free in solution [212]. Lowering the 

ionic strength in MST measurements decreased the KD, pointing to the involvement of electrostatic 

interactions between the positively-charged D3 and the negatively-charged Aβ42. Ionic strength may 
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affect protein-protein interactions in many ways, e.g., a reduction in the salt concentration may cause 

a decrease in the screening effect of salt-ions near the protein surface [314], thus enhancing the 

electrostatic attraction between oppositely-charged proteins, and increasing the binding affinity. This 

effect is confirmed by Borgia et al. who found that reducing the ionic strength strongly promotes the 

complex formation between two IDPs carrying opposite charges [304]. Our findings agree well with 

a study on a decapeptide containing three L-Arg residues, in that reducing the ionic strength of the 

buffer strengthens the interaction between ligands and Aβ40 monomers [315]. This feature of D3 

and Aβ42 interaction also coincides well with the interaction between two typical IDPs, in which the 

electrostatic effect usually has an important contribution [316, 317]. 

AUC analyses from both FITC-Aβ42 and FITC-D3 samples demonstrated that binding between D3 

and Aβ42 leads to the formation of new species sedimenting faster than the corresponding monomer, 

which represent most of the probably small hetero-complexes. Albeit a 1:1 hetero-complex could 

only be clearly detected in FITC-D3 samples treated with Aβ, an equivalent new species is most 

probably also present in the case of FITC-Aβ42 with D3, but its expected s-value cannot be 

distinguished from the s-value of free FITC-Aβ42. In the case of a small change in mass upon 

complex formation, 5 kDa (FITC-Aβ42) versus 6.6 kDa (FITC-Aβ42+D3), unfavorable conditions 

like an extended shape upon complex formation, or high dissociation rates, can cause the complex 

to sediment at reduced speed, resulting in a sedimentation coefficient of the 1:1 complex 

indistinguishable from that of the free monomer. Nevertheless, the increase in weight average s-

values in both groups of samples confirmed the complexation between D3 and Aβ42 monomers. It 

is evident from AUC analyses on individual proteins that monomers are the dominant species in 

Aβ42 or D3 samples at the nanomolar concentrations used in the study. Therefore, the monomer 

interaction is the major event under the hereby applied experimental conditions. Similar findings 

were also reported by Cox et al., showing that small heat shock proteins can transiently interact with 

α-synuclein monomers and prevent its aggregation [318]. Through MD simulations, we have 

identified four possible complexes of D3 and Aβ42 within the s-value range of AUC experiments. 

The higher stoichiometry complexes may therefore evolve from the further interaction between 1:1 

complexes and additional D3 or Aβ42 molecules in solution. Indeed, the reduction in the amount of 

monomeric species in both AUC setups points to the fact that D3 or Aβ42 monomers have been 

consumed in the presence of their binding partners. 

The initial step of Aβ42 fibril growth is the formation of nuclei which serve as seeds for the further 

growth of amyloid fibrils. By complementing ThT kinetics with AUC experiments, we were able to 

monitor the complete composition of Aβ samples including ThT negative species, such as monomers 

and small oligomers. The much higher content of Aβ42 monomers and small oligomers in samples 

with substoichiometric D3 than in samples without D3 explains the much slower aggregation and 

structural transformation kinetics of D3-containing samples. It seems that interacting with D3 

impedes the formation of any Aβ oligomers required for seeding the fibrillation. The outcome of D3 

affecting the aggregation kinetics of Aβ42 is similar to results obtained by Assarsson et al., showing 

that the small hydrophilic proteins, calbindin D9k, and single-chain monellin, retard the fibril 

formation process of Aβ40 in a net charge-dependent manner. They found that proteins with positive 

or low negative net charges are particularly effective in slowing down the fibrillation [319]. 

Interestingly, we also observed in seeding experiments that substoichiometric amounts of D3 retard 
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the fibril formation of Aβ42 efficiently, even in the presence of a relatively high amount of seeds. 

AUC and MST measurements demonstrated that D3 directly interacts with Aβ42 monomers. 

Sequestration of monomers by 0.1 fold D3 would decrease the available Aβ42 concentration by 10%. 

Although aggregation is concentration dependent, a difference in ThT kinetics for 18 µM versus 20 

µM Aβ42 was not detectable (data not shown). Therefore the formation of the stable 1:1 complex 

alone is insufficient to explain the diverse effects of D3 on the fibrillation of Aβ42 at 

substoichiometric concentrations. Given the highly flexible nature of small D3-Aβ42 monomer 

complexes revealed by MD simulations, which is very similar to what has been reported for the 

transient interaction for the chaperonin GroEL and Aβ42 monomer [320], the simplest explanation 

may be that the D3 forms transient complexes with Aβ monomers, rendering them fibrillation-

incompetent and interfering with the nucleation process. This would allow D3-mediated stabilization 

of Aβ monomers and inhibition of amyloid growth even at substoichiometric concentrations. 

Intriguingly, the seeding ThT kinetics showed that both the lag phase and the growth phase of fibril 

formation can be affected by D3. A possible explanation could be that D3 binding the seeds renders 

those seedings incompetent. Although one might argue that retarding the elongation of Aβ42, 

particularly by interacting with fibril ends, might lead to an increase in the generation of toxic 

oligomers catalyzed by secondary nucleation [309], we have shown in animal studies that D-peptides 

actually reduced the amount of toxic oligomers in the central nervous system and conferred 

protective effects [214]. It can be seen from the ThT kinetics of Aβ42 incubated with both D3 and 

seeds that the aggregation process of Aβ42 displayed a biphasic pattern in these samples, i.e., samples 

showed an initial increase in ThT fluorescence to a first plateau, followed by a second rapid increase 

in ThT fluorescence.  

The biphasic aggregation kinetics has been observed for Aβ at relatively high protein concentrations 

[321, 322], and is likely due to the formation of metastable globular oligomers and curvilinear fibrils 

in the first phase, which act as off-pathway inhibitors of Aβ fibrillation [323]. A possible explanation 

might be that D3 can not only bind to Aβ42 monomers and preserve their disordered conformations, 

but also transiently interacts with Aβ42 subunits in Aβ42 assemblies, such as oligomers and fibrillar 

structures. The presence of D3 may redirect Aβ42 seeds to off-pathway species, thus canceling their 

seeding capabilities. These mechanisms play a role in a D3-mediated deceleration of Aβ fibrillation, 

and could complement the interaction of D3 with Aβ monomers. 

ThT assays are corroborated by CD measurements, showing that D3 is effective in retarding the 

secondary structure conversion of Aβ42 to β-sheet structures. The transformation of unordered Aβ42 

monomers to β-sheet rich structures is critical to the fibrillation, since they function as building 

blocks for amyloid fibrils [324]. The result is consistent with a previous MD analysis showing that 

D3 disrupts the formation of β-sheet structures in Aβ42 by binding adjacently to the N-terminal half 

of Aβ42, where the central hydrophobic core is located [213]. In fact, the content of β-sheet structures 

in Aβ42 and D3 complexes (~5%) is much lower than that observed for the Aβ42 dimer (~15%) in 

previous simulations in the same force field [325]. The rather unordered structure of Aβ42 monomers 

in complex with D3 makes them incapable of participating in Aβ nuclei growth and amplification 

processes encompassing the accumulation of a certain amount of ordered structures [121, 326, 327]. 

The experimental data, together with MD simulations, also reveal that when bound to D3, Aβ42 

maintains unordered structures similar to those in free solution. To our knowledge, this is the first 
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experimental evidence that D3 directly influences the structural conversion of Aβ42 at 

substoichiometric concentrations, most probably by transiently forming complexes with Aβ 

monomers and small assemblies. The morphologies obtained using AFM reflects exactly what we 

have concluded from ThT and CD measurements, that the growth of fibrillary structures is greatly 

delayed in the presence of D3. The amorphous Aβ42 aggregates formed in the presence of 

substoichiometric D3 implicate that the complexation between D3 and Aβ42 triggers further 

aggregation to form large co-precipitates, at least under the unphysiologically high Aβ 

concentrations. Previous studies revealed that these amorphous co-precipitates are non-toxic species 

in cell culture assays [209]. We have, however, never observed the formation of large amorphous 

precipitates under physiological conditions, where the concentration of Aβ is at the low nanomolar 

level. This result is consistent with previous findings that D3 reduces Aβ oligomer-mediated toxicity, 

and therefore has beneficial effects on cognition in vivo [209, 212]. 

 

Conclusion 
 

Mechanistic insights into the mode of action of the compound D3 could be gained by strongly 

reducing the reactant concentrations. Submicromolar concentrations of Aβ42, which are close to the 

previously determined critical concentration for aggregation of 90 nM [328] as well as 

substoichiometric concentrations of D3 were applied in order to suppress the formation of 

precipitates. We conclude from our results that D3 is able to interact with Aβ42 monomers with 

submicromolar affinity, leading to the formation of complexes at 1:1 as well as other stoichiometries. 

The complexes are highly disordered and lack defined conformations. The addition of 0.1 fold D3 

significantly slows down the fibrillation of Aβ42 by retaining Aβ in unstructured monomeric 

conformation and thus by interfering with nuclei formation. Besides, D3 also slowed down the 

elongation of fibrillar structures by canceling the catalytic ability of Aβ seeds. Our study 

demonstrates the versatile role of D3 in modulating the fibrillation of Aβ42 through modulating 

multiple events. The substoichiometric and diverse effects of D3 envision the promising application 

of its mode of action for the development of interventions in Alzheimer’s disease but also in other 

protein misfolding based pathologies.  
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Supporting information 
 

Materials and methods 

Chemicals and reagents  

Fluorescein isothiocyanate (FITC) labeled Aβ42 protein (product No. M-2585.1000) was purchased 

from Bachem (Weil am Rhein, Germany). The conjugation was made via one additional β-Alanine 

(β-Ala) at the N-terminus of Aβ42 sequence (FITC-β-Ala-Aβ42, hereinafter referred to as FITC-

Aβ42). The purity of the product is 88.2%, according to the manufacturer. Unlabeled Aβ42 protein 

(product No. H-1368.1000) was also obtained from Bachem with a purity of 95.2%, as determined 

by HPLC. Aβ42 products (1 mg) were first dissolved in 100% 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol 

(HFIP) overnight to monomerize the materials. The solutions were then divided into aliquots and 

were lyophilized to evaporate HFIP. Proteins were stored at -80 °C until use. C-terminally amidated 

D3 (H-rprtrlhthrnr-NH2) was available from peptides & elephants (Hennigsdorf, Germany) as 

lyophilized powder with >95% purity. The fluorescently labeled D3 from the same manufacturer 

was prepared via conjugating 5(6)-carboxyfluorescein with an additional L-lysine (Lys) residue at 

the C-terminus of D3. The purity for the product was determined to be 98% in HPLC tests. The stock 

solutions of D3 were prepared with H2O, and were diluted to working concentrations with either 

20 mM sodium phosphate, 50 mM NaCl (pH 7.4) or 55 mM Tris-HCl, 50 mM NaCl (pH 7.4), 

depending on the experiment. Tween-20 (Tw20, 0.01%, v/v) and polyethylenimine solution (PEI, 

branched, average Mw ~1300, 0.0004%, w/v) were used to attenuate surface adsorption of FITC-

Aβ42 and FITC-D3 in fluorescence based measurements in the present study, respectively. 

A 1 mM stock solution of thioflavin T (ThT) was prepared in H2O and sterile-filtered before use to 

remove any particles that may influence the aggregation of Aβ42. 

Microscale thermophoresis  

The dissociation constant of Aβ42 and D3 interaction was characterized by microscale 

thermophoresis. In detail, FITC-Aβ42 was dissolved in 20 mM sodium phosphate, 50 mM NaCl (pH 

7.4), 0.01% (v/v) Tw20 to obtain 80 nM stock solutions. 300 μM D3 was prepared in the same buffer. 

FITC-Aβ42 was then titrated with D3 solutions in 1:1 serial dilution steps to prepare 16 samples, in 

which the concentration of FITC-Aβ42 was kept constant at 40 nM, and the starting concentration 

of D3 was 150 μM. Samples were loaded into standard capillaries and the thermophoresis was 

detected using a Monolith NT.115 (NanoTemper Technologies GmbH, Munich, Germany). The 

experiment was performed with 40% LED power and 60% MST power. In order to understand how 

ionic strength influences the interaction between Aβ42 and D3, MST measurement was repeated in 

5 mM sodium phosphate, 50 mM NaCl (pH 7.4), 0.01% (v/v) Tw20 under the same conditions. For 

experiments with FITC-D3 and Aβ42, 80 nM FITC-D3 was mixed with different concentrations of 

Aβ42 in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4), 0.0004% (w/v) PEI to prepare a 

concentration series with Aβ42 concentration starting at 10 μM. The final concentration of FITC-D3 

in each sample was set to 40 nM. The LED power and MST power were adjusted to 30% and 60%, 

respectively. The on and off time for the IR laser was set to 30 s and 5 s. Since the working 

concentration of labeled molecules was rather low in this measurement, any signal loss due to surface 
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adsorption might bias the data acquisition. Therefore trace amounts of Tw20 and PEI were used as 

additives in solution to minimize the unspecific surface adsorption of FITC-Aβ42 and FITC-D3 in 

capillaries, respectively. All measurements were conducted at 22 °C and samples were prepared in 

triplicate.  

In order to exclude that a direct interaction between D3 and the fluorophore contributes to the 

observed signals control experiments with fluorescein alone titrated with D3 at the same 

concentrations as applied for FITC-Aβ42 were performed. 

The data was evaluated with PALMIST software to obtain the dissociation constants [329]. Changes 

in the normalized fluorescence (∆𝐹𝑛) with concentrations of the titrant were quantified and fitted 

with 1:1 binding model available in the software using 68.3% confidence interval. The graphic 

outputs were created using GUSSI (version 1.2.1) [274]. 

Analytical ultracentrifugation  

Sedimentation velocity analysis was conducted to evaluate size distributions of Aβ42 and D3 

mixtures. All measurements were performed using an XL-A analytical ultracentrifuge (Beckman 

coulter, Brea, CA, USA). For the determination of complex formation between D3 and Aβ42, a 

fluorescence detection system (Aviv Biomedical Inc., Lakewood, NJ, USA) was used. FITC-D3 at 

0.2 μM was incubated with different concentrations of Aβ42 to prepare mixtures at molar ratios of 

1:10, 1:20 and 1:50 (D3:Aβ42). All samples were prepared in 20 mM sodium phosphate, 50 mM 

NaCl (pH 7.4) containing 0.0004% PEI (w/v). Samples were then loaded into 3-mm double-sector 

titanium cells (Nanolytics, Potsdam, Germany), with each sector containing 100 μl sample. The 

detection system uses an excitation laser at 488 nm and an emission cut-off filter at 505 nm to collect 

fluorescence signals. The amplification factor was adjusted to the same value for all samples for 

comparability. To complement, 0.33 μM FITC-Aβ42 was incubated with or without various 

concentrations of D3 in 55 mM Tris-HCl, 50 mM NaCl (pH 7.4), 0.01% Tw20, and samples were 

analyzed under the identical condition to AUC measurements on FITC-D3 samples. Data was 

acquired at 20 nm radial resolution. After thorough thermal equilibration the centrifugation was 

carried out at 60,000 rpm (289,000 g) at 20 °C for 15 h. Carrier proteins, such as albumin and kappa 

casein, are usually recommended to minimize unspecific surface adsorption for fluorescence based 

AUC [330]. They are not suitable here, since both proteins are found to interact with Aβ42 [331-

333]. Therefore, either PEI or Tw20 was included to suppress the surface adsorption of labeled 

molecules during the sedimentation.  

An additional absorbance based AUC was performed to check the size distribution of 20 μM Aβ42 

treated with or without 2 μM D3 for 24 h. In brief, 380 μl samples were loaded into 12-mm double-

sector aluminum cells and were thermally equilibrated prior to the final centrifugation. The 

centrifugation was performed at 45,000 rpm, 20 °C for 15.5 h. Sedimentation profiles were recorded 

at 210 nm, with a radial resolution of 20 μm. 

All sedimentation profiles were subjected to the software package Sedfit (version 15.01b) for data 

evaluation. The data was analyzed with the continuous distribution c(s) Lamm equation model to 

obtain the sedimentation coefficient distributions [273]. Fitting parameters (Table S3) including the 
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buffer density and viscosity were determined using Sednterp (version 20130813BETA). Partial 

specific volumes for labeled and unlabeled Aβ42 proteins and D3 were calculated according to 

Sednterp and Durchschlag et al. [334, 335]. Final graphs were generated using GUSSI (version 1.2.1) 

[274] and sedimentation coefficients were standardized to s-values in pure water at 20 °C (s20,w). 

Molecular dynamics (MD) simulation and data analysis  

Simulation setup  

To obtain complexes formed by Aβ42 and D3, we performed five independent MD simulations of 

twenty Aβ42 proteins and five D3 molecules in implicit solvent. The peptides were randomly placed 

in a simulation box with edge lengths of 41 nm × 33 nm × 38 nm and simulated for 100 to 325 ns 

using the parallel processing MD software Gromacs 4.5.5 [336]. The five simulations were initiated 

with different initial velocity distributions but all corresponding to a temperature of 310 K. The 

OPLS/AA force field[337, 338] was used to describe all peptides and a Generalized Born model with 

a hydrophobic solvent accessible surface area term (GBSA) [339] represented the aqueous 

environment. The dynamics was integrated with a leap-frog stochastic dynamics algorithm and 

periodic boundary conditions were applied. Hydrogen atoms were treated as virtual interaction sites, 

permitting an integration time step of 4 fs while maintaining energy conservation [340]. The 

temperature was kept at 310 K using velocity rescaling with a stochastic term algorithm [341] and a 

time constant for coupling of 2 ps. The electrostatic interactions were treated with a cut-off method 

with a value of 1.2 nm, and the van der Waals interactions were also cut at 1.2 nm. Snapshots were 

saved every 20 ps during each of the five MD simulations, from which all Aβ42-D3 complexes with 

stoichiometries of 1:1, 1:2, 2:1, and 2:2 were extracted from simulations and clustered using the 

method of Daura and coworkers with a cut-off of 0.2 nm [342]. For each stoichiometry, the five most 

populated conformations were selected as starting structures for the subsequent MD simulations with 

explicit solvent. 

The explicit solvent MD simulations were performed with Gromacs 2018 [343], using the OPLS/AA 

force field [337, 338] and TIP3P water model [344]. Each of the 4×5 complexes (i.e., 5 conformations 

for each of the 4 stoichiometries considered) was placed in a dodecahedron box containing 3000-

5000 water molecules, and the resulting model system neutralized by adding the needed amount of 

Na+ or Cl- ions. Before starting the production MD simulations, the energy of the systems was 

minimized until a maximal force of 100 kJ mol-1 nm-1 was reached with the steepest descent method. 

For further equilibration, MD simulations with restraints with a force constant of 1,000 kJ mol−1 nm−2 

on the heavy atoms of the peptides were performed for 50 ps under isothermal-isobaric (NPT) 

conditions with a temperature of 310 K and a pressure of 1 bar, using a velocity rescaling thermostat 

to regulate the temperature and a Berendsen barostat for pressure control [345]. Another 20 ns of 

equilibration without restraints followed, before the production MD runs of 500 ns were executed. 

These simulations were also run under NPT conditions, but using an isotropic Parrinello-Rahman 

barostat for pressure control [346]. In all of these MD simulations, the electrostatic interactions were 

calculated via the particle mesh-Ewald method [347, 348] in connection with periodic boundary 

conditions. The cutoff values for the van der Waals and short-range Coulombic interactions were set 

at 1.0 nm. The LINCS algorithm was used to constrain all bond lengths [349] and the hydrogen atoms 
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were treated as virtual interaction sites, allowing to apply an integration time step of 4 fs while 

maintaining energy conservation [340]. Snapshots were saved every 20 ps in each of the twenty 500 

ns MD simulations. 

Prediction of the sedimentation coefficient  

For determining the sedimentation coefficients of the simulated complexes, we first combined all 

snapshots collected during the 5 × 500 ns per stoichiometry and then clustered them using the Daura 

algorithm[342] with a cut-off of 0.2 nm. For all resulting clusters, the sedimentation coefficient was 

calculated for the representative cluster conformation using the program HydroPro10 [350]. The 

partial specific volume was estimated by dividing the total volume of the Aβ42:D3 complex in 

question by the molecular weight of that complex employing the 3V Volume Calculator for the 

volume and Visual Molecular Dynamics (VMD) for the molecular weight.[351, 352] For each 

Aβ42:D3 stoichiometry the mean sedimentation coefficient along with the standard deviation was 

determined by averaging over all clusters obtained for the 1:1, 1:2, 2:1 and 2:2 stoichiometry, 

respectively.  

Secondary structure 

The influence of complexation with D3 on the secondary structure of Aβ42 was characterized using 

the DSSP (Define Secondary Structure of Proteins) algorithm with default settings [353]. This 

method defines the secondary structures on the basis of energy calculations of H-bridges in the 

protein backbone. The average secondary structure of Aβ42 per complex stoichiometry was 

determined, where β-sheet and β-bridge were treated as β-structures, α-helix and 310-helix regarded 

as helix structures, and random coil, bends and turns collectively considered as coil structures. 

ThT assay  

Aβ42 at 20 μM was incubated with or without 2 μM D3 in 20 mM sodium phosphate, 50 mM NaCl 

(pH 7.4). In parallel, 20 μM Aβ42 containing 2 μM D3 was prepared in 55 mM Tris-HCl, 50 mM 

NaCl (pH 7.4) retaining the ionic strength of the phosphate buffer to determine whether the effect of 

D3 depends on buffers. ThT was added at a final concentration of 5 μM in all samples. The final 

volume of each sample was 200 μl. Samples were prepared on ice and were pipetted into a 96-well 

plate afterwards. The plate was sealed with a microplate sealing film. All measurements were 

conducted at 20 °C with a microplate reader (Infinite M200, Tecan, Männedorf, Switzerland). The 

fluorescence was recorded at an excitation wavelength (λex) of 445 nm and an emission wavelength 

(λem) of 485 nm every 30 min for 120 h. D3 alone does not induce ThT fluorescence. All samples 

were prepared in triplicate. 

The ThT data was then subjected to the online server AmyloFit [313] with a customized sigmoidal 

equation (eq. 28) to determine the lag time 𝑡𝑙𝑎𝑔, and the half completion time of the aggregation 

process 𝑡1 2⁄ , according to previous studies [354, 355]. 

 𝐼𝑡 = 𝑘0𝑡 + 𝐴/(1 + exp (−𝑘(𝑡 − 𝑡1 2⁄ ))) eq.28 
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Where 𝑘0 represents the slope of the baseline, 𝐴 is the amplitude, 𝑘 denotes the apparent elongation 

rate constant. The lag time 𝑡𝑙𝑎𝑔 can be derived from the intercept between the time axis and the 

tangent with slope 𝑘 from the midpoint of the fitted sigmoidal curve, which is given by the following 

equation (eq.29): 

 𝑡𝑙𝑎𝑔 = 𝑡1 2⁄ − 2 𝑘⁄  eq.29 

Seeding experiment  

Aβ42 seeds were prepared from fibrils according to Ehrnhoefer et al. [272]. Aβ42 was first dissolved 

in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4) to prepare a 40 μM sample solution. The sample 

was then incubated quiescently at room temperature for 120 h. Finally, Aβ42 sample was treated for 

45 min in a cold ultrasonic bath.  

Samples for ThT kinetics were prepared by introducing D3 and (or) Aβ42 seeds into freshly 

dissolved Aβ42 in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4). The concentration of Aβ42 

monomer in all samples was 10 μM, and all samples contained 5 μM ThT. The concentrations of 

Aβ42 seeds were set to either 1% or 5% (v/v) (corresponding to 0.1 or 0.5 μM, respectively, based 

on monomer concentration) and the final concentration of D3 was 1 μM. A sample of 10 μM Aβ42 

without seeds, but with 1 µM D3 was used as a control. Samples were pipetted to a 96-well plate, 

with each well containing 200 μl samples. The plate was then covered with a sealing film. ThT 

fluorescence of all samples was recorded using the same device and parameters as described above 

for ThT assays. All samples were prepared in duplicate. Final data was normalized and averaged 

based on the repetitions. 

Circular dichroism spectroscopy  

Circular dichroism spectroscopy was applied to detect how D3 affects the secondary structure 

transition of Aβ42 under current experimental condition. Aβ42 aliquots were dissolved in 20 mM 

sodium phosphate, 50 mM NaF (pH 7.4) to obtain a working concentration of 40 μM. NaF was used 

to substitute NaCl in this measurement to maintain the ionic strength of the buffer, so as to avoid the 

strong absorbance of NaCl in the far-UV area. For samples with D-peptide treatment, D3 was 

introduced into Aβ42 solutions to get a final concentration of 4 μM, equivalent to a molar ratio of 

10:1 (Aβ42:D3). Besides, Aβ42 samples with D3 addition at 33 h were also included to test whether 

D3 is potent in pre-incubated Aβ42 samples. All samples were prepared on ice before being 

transferred to 1 mm path length quartz cuvettes. The final volume of each sample was 200 μl. CD 

spectra were recorded from 260 nm to 190 nm using a J-815 spectropolarimeter (Jasco, Tokyo, 

Japan). All measurements were carried out with a step size of 0.5 nm and a bandwidth of 2 nm. The 

scanning speed was set to 100 nm/min and 10 scans were accumulated for each sample. Ellipticities 

at 198 nm and 217 nm were plotted against the incubation time to monitor the transition kinetics of 

Aβ42 samples in the absence or presence of D3. Samples were maintained at 20 °C within the 

measurement duration of 120 h and were prepared in triplicate. CD spectra for all samples were 

deconvoluted using the online server Dichroweb [356, 357] by applying the CDSSTR algorithm [358] 

and reference dataset Set 7 [359].  
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Turbidity assay  

Turbidity measurements were conducted by measuring the absorbance of the sample at 405 nm [360] 

to check whether D3 induces the formation of large Aβ42 aggregates in the time scale of the thermal 

equilibration in AUC experiments. Samples were prepared by dissolving Aβ42 aliquots in 20 mM 

sodium phosphate, 50 mM NaCl (pH 7.4) and adding D3 stock solution (2 mM). The final 

concentration of Aβ42 was set to 40 μM in all samples and the molar ratios between Aβ42 and D3 

were 10:1, 2:1, 1:1 and 1:2, respectively. Samples containing 40 μM Aβ42 alone were included as a 

control. The turbidity assay was carried out by measuring the spectra of all samples from 450 nm to 

210 nm in a 1 cm quartz cuvette using a V-650 UV-Vis spectrophotometer (Jasco, Tokyo, Japan). 

The measurements were performed directly after preparing all samples and repeated after 2 h of 

incubation at ambient temperature. All samples were subjected to a 15 min centrifugation at 726 g 

(equivalent to the speed during the calibration in AUC experiments) afterwards and the supernatants 

were collected to measure the spectra again.  

Atomic force microscopy  

Atomic force microscopy imaging was performed to characterize morphologies of Aβ42 samples in 

the presence or absence of D3. In brief, 40 μM Aβ42 was incubated with or without 4 μM D3 in 

20 mM sodium phosphate, 50 mM NaCl (pH 7.4) at 20 °C. At 48 h and 120 h, 10 μl samples were 

pipetted onto freshly cleaved mica and were further incubated at room temperature for 30 min. Mica 

with deposited samples were rinsed with ultrapure water for three times and finally dried with 

nitrogen gas. AFM imaging was carried out in air at room temperature, using silicon cantilevers 

(OMCL AC160 TS, Olympus, Tokyo, Japan) and a JPK NanoWizard 3 microscope (JPK Instruments 

AG, Berlin, Germany) in AC mode. The nominal tip diameter of the cantilever was 7 nm. AFM 

height images at 10×10 μm² and 1×1 μm² (both with a resolution of 1024×1024 pixel) for all samples 

were taken with a line rate of 1 Hz and respective scanning speeds of 22.55 μm/s and 2.48 μm/s. 

Data was processed with JPK NanoWizard SPM data processing software. 
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Table S3. Parameters used for evaluating sedimentation velocity data at 20 °C. 

Partial specific volume �̅� (cm3/g) a 

FITC-Aβ42 0.732 

FITC-D3 0.667 

Molecular mass (g/mol) 

FITC-Aβ42 4974.6 

FITC-D3 2000 

Buffer viscosity (P) b 

20 mM sodium phosphate, 

50 mM NaCl 
0.01015 

55 mM Tris-HCl,  

50 mM NaCl 
0.01024 

H2O 0.01002 

Buffer density (g/cm3) b 

20 mM sodium phosphate, 

50 mM NaCl 
1.003 

55 mM Tris-HCl,  

50 mM NaCl 
1.002 

H2O 0.9982 

a Partial specific volumes of FITC-Aβ42 and FITC-D3 were calculated based on the amino acid 

composition and the formulated values for organic compounds documented by Durchschlag et al. 

[334]. 

b Buffer density and viscosity were calculated using Sednterp (version 20130813BETA).  

 

 

 

Figure S7. The fluorescein does not interact with D3. 40 nM fluorescein was titrated with different 

concentrations of D3 in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4) at 22 °C. The time traces 

from one measurement was shown in A. The corresponding thermophoresis was shown in B. Samples 

were prepared in triplicate. The data was normalized and averaged. 
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Figure S8. Initial fluorescence signals of 0.2 μM FITC-D3 incubated with different concentrations 

of freshly prepared Aβ42 in 20 mM sodium phosphate, 50 mM NaCl, 0.0004% (w/v) PEI. 100 μl 

samples were loaded into 3-mm double-sector titanium cells and were incubated for 2 h prior to the 

centrifugation for thermal equilibration. Fluorescence signals were recorded using the fluorescence 

detection system while the centrifuge was spinning at 3000 rpm (726 g). Data was averaged based 

on five independent experiments. 

 

Figure S9. Turbidity measurements of Aβ42 in the absence of presence of D3. 40 μM Aβ42 was 

incubated with 4, 20, 40 and 80 μM D3 in 20 mM sodium phosphate, 50 mM NaCl, 0.01% Tw20 (pH 

7.4) at ambient temperature. The turbidity expressed by the absorbance at 405 nm was determined 

by scanning the spectrum of the sample using a UV-Vis spectrophotometer. The centrifugation after 

2 h of incubation was performed using a benchtop centrifuge at 726 g for 15 min. 
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Figure S10. Weight average s20,w of FITC-D3 incubated with Aβ42 (A) and FITC-Aβ42 incubated 

with D3 (B) based on the peak integration of s-value distributions obtained from c(s) analyses shown 

in Figure 34 in the main text. 
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Figure S11. Histograms of the s20,w values for the simulated Aβ42-D3 complexes. The representative 

conformation taken from the most populated cluster of each complex stoichiometry is shown as an 

insert. The average s20,w value with standard deviation is given for each stoichiometry. 

 

 

Figure S12. AmyloFit analyses of ThT kinetics for Aβ42 in the absence or presence of 0.1 fold D3 in 

different buffers. 40 μM Aβ42 was incubated without (A and C) or with (B and D) 4 μM D3 either in 

20 mM sodium phosphate, 50 mM NaCl (A and B) or 55 mM Tris-HCl, 50 mM NaCl (C and D) at 

pH 7.4, 20 °C for 120 h. All kinetics were subjected to AmyloFit using the equation 28 in the main 

text to obtain 𝑡𝑙𝑎𝑔 and 𝑡1 2⁄ . Fluorescence signals were corrected to the baseline. The raw data and 

the fitted data were expressed in dotted and solid lines, respectively. All samples were prepared in 

triplicate. 

 

Table S4. AmyloFit analyses of ThT kinetics of Aβ42 at 20 μM incubated with or without 0.1 fold 

D3 in sodium phosphate buffer or Tris-HCl buffer at 20 °C. a 

Sample Buffer 𝑡1/2 (h) 𝑘 𝑡𝑙𝑎𝑔 (h) 

Aβ42 sodium phosphate 30.0 ± 0.7 0.15 ± 0.01 17.3 ± 1.6 

Aβ42 Tris-HCl 29.7 ± 0.8 0.13 ± 0.01 14.5 ± 1.4 

+D3 (10:1) sodium phosphate 79.3 ± 2.3 0.18 ± 0.07 67.6 ± 3.8 

+D3 (10:1) Tris-HCl 74.5 ± 2.8 0.14 ± 0.04 59.3 ± 2.2 

a Data was obtained by fitting the kinetics with equations [354, 355] shown in the materials and 

methods section using the online webserver AmyloFit [313]. 
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Figure S13. The first scan of the sedimentation profiles of 20 μM Aβ42 incubated without or with 2 

μM D3 measured at 210 nm, 45,000 rpm by the absorbance based AUC. 

 

Figure S14. Sedimentation velocity analysis of Aβ42 incubated with or without 0.1 fold D3 for 24 h. 

Aβ42 at 20 μM was incubated without or with 2 μM D3 in 20 mM sodium phosphate, 50 mM NaCl 

(pH 7.4) at 20 °C for 24 h. Samples were analyzed in an AUC with absorbance detection at 45,000 

rpm for 15.5 h and sedimentation profiles were evaluated using c(s) analysis to obtain s20,w values. 

The insert shows the distribution between 1.25 and 19 S. 
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Figure S15. CD spectra of 4 μM (dashed) and 40 μM (solid) D3 in 20 mM sodium phosphate, 50 

mM NaF (pH 7.4). 

 

 

Figure S16. CD analyses showing the effect of delayed addition of 0.1 fold D3 on the secondary 

structure transition of Aβ42. 4 μM D3 was added after 40 μM Aβ42 was incubated for 33 h in 20 mM 

sodium phosphate, 50 mM NaF (pH 7.4) at 20 °C. The CD spectra at selected time points (h) are 

shown in A. The conversion kinetics of Aβ42 with D3 addition at 33 h by plotting ellipticities at 217 

nm (B) or 198 nm (C) against the incubation time were compared with those of Aβ42 alone and Aβ42 

with D3 addition at 0 h. Data was averaged based on triplicate. 
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Chapter III 
Characterization of the interaction between D-enantiomeric peptide 

RD2 and Aβ42 
 

 

 

Abstract 

The aggregation of amyloid β (Aβ) into oligomers and fibrillary structures are critical for the 

pathogenesis of Alzheimer’s disease (AD). Recently research effort has focused on developing novel 

agents that can preferentially suppress Aβ oligomer mediated toxicities, for example, by directly 

targeting these toxic assemblies. The compound RD2 has been developed and optimized for Aβ42 

monomer binding and stabilization in its native intrinsically disordered conformation. It has been 

demonstrated to improve and even reverse the cognition and behavioral deficits in AD mouse models, 

while the detailed mechanism of action is not fully clarified. Here we explored the interaction 

between RD2 and Aβ42 monomers, and its consequences for the fibrillation of Aβ42. RD2 binds to 

Aβ42 monomers with submicromolar affinities, according to the microscale thermophoresis. The 

binding results in the complex formation between RD2 and Aβ42 monomers at 1:1 and other 

stoichiometries, as revealed by analytical ultracentrifugation. At substoichiometric levels, RD2 slows 

down the secondary structure conversion of Aβ42 and significantly delays the fibril formation. Our 

research provides experimental evidence in supporting that RD2 eliminates toxic Aβ assemblies by 

stabilizing unstructured Aβ monomers. The study further supports the promising application of RD2 

in counteracting Aβ aggregation related pathologies. 

 

This chapter was adapted from the manuscript: 

Tao Zhang, Luitgard Nagel-Steger, Dieter Willbold. Towards the mode of action of the clinical stage 

all-D-enantiomeric peptide RD2 on Aβ42 aggregation. Manuscript to be submitted. 
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Introduction 
 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder leading to cognitive and 

behavioral impairment in the elderly. The aggregation of amyloid β (Aβ) leads to the generation of 

oligomeric assemblies and fibrils [361]. Although amyloid plaques are mainly composed of fibrillar 

structures, increasing evidence proves that Aβ oligomers are the most toxic species in vivo and are 

highly relevant to Aβ aggregation related pathologies [135, 362, 363]. Therefore, inhibiting the 

formation of Aβ oligomers or by removing existing toxic oligomers could be a promising strategy 

for disease intervention. Aβ monomers are intrinsically disordered in aqueous solution, while it has 

been shown that monomeric units are partially folded within the toxic oligomers [98]. It is of high 

value to develop compounds that can stabilize Aβ monomers in the native unstructured conformation 

to attain the inhibition of oligomer formation and even the dissociation of already formed toxic 

assemblies. 

Based on the abovementioned rationale, we developed a series of peptides consisting solely of D-

enantiomeric amino acids. The lead compound D3, which was selected using mirror image phase 

display, has the ability to inhibit amyloid fibril formation and directly eliminate Aβ oligomers [201, 

202, 209, 212]. Following the optimization we then obtained RD2, an all-D-enantiomeric peptide, 

for Aβ oligomer elimination. Our previous studies have demonstrated that RD2 efficiently reduces 

the content of Aβ oligomers both in vitro and in the brain of AD mouse models [214]. RD2 is not 

only able to enhance the cognition and learning ability of AD mouse models [214], but also reverse 

cognitive deficits in transgenic mice with full-blown pathologies [215]. Besides, RD2 has excellent 

bioavailability and proteolytic stability according to our previous research [364, 365]. Although it 

has been well established that RD2 possesses Aβ oligomer elimination efficacy, the underlying 

mechanism is not fully understood. In particular, whether the RD2 peptides interact with unstructured 

Aβ monomers remains to be investigated. Since RD2 is also disordered and positively charged in 

aqueous solution, we speculate that the interaction between RD2 and Aβ monomer might be similar 

to the interaction between two intrinsically disordered proteins carrying opposite charges, as has been 

described recently by Borgia et al. [304].  

In order to study the interaction between RD2 peptides and Aβ42 monomers, we applied solution 

based analytical ultracentrifugation (AUC) and microscale thermophoresis (MST) to determine the 

binding and possible complex formation between these two molecules. These fluorescence 

approaches require nanomolar concentrations of analytes and therefore are helpful to minimize the 

self-aggregation of Aβ42, The binding event between RD2 and Aβ42 monomers could be reliably 

detected. Further, to study the influence of RD2-Aβ42 interaction on the aggregation process of Aβ42, 

we employed Thioflavin T (ThT) assays, circular dichroism (CD) spectroscopy and atomic force 

microscopy (AFM) imaging. Substoichiometric concentrations of RD2 were tested in the present 

study. We aim to illustrate the connection between RD2-Aβ42 monomer interaction and the effect 

of RD2 on the elimination of toxic Aβ oligomers.  
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Materials and methods 
 

Chemicals and reagents 

Fluorescein isothiocyanate (FITC) labeled and unlabeled Aβ42 were purchased from Bachem (Weil 

am Rhein, Germany). The labeling was prepared by linking the fluorophore to the N-terminus of 

Aβ42 via an additional β-alanine. The purities for FITC labeled Aβ42 (FITC-Aβ42) and free Aβ42 

were 88.2% and 95.2%, respectively. RD2 peptides were synthesized by peptides & elephants 

(Hennigsdorf, Germany) as lyophilized powder with >95% purity. 1, 1, 1, 3, 3, 3-hexafluoro-2-

propanol (HFIP), Thioflavin T, Tween-20 (Tw20) and other chemicals are commercially available 

from Sigma-Aldrich (Munich, Germany). Aβ42 products (1 mg) were incubated in HFIP overnight 

at room temperature and were divided into small aliquots. HFIP was then removed and Aβ42 proteins 

were stored at -80 °C before use. RD2 stock solution was prepared in distilled H2O. Working 

solutions were prepared using 20 mM sodium phosphate, 50 mM NaCl (pH 7.4), unless otherwise 

specified.  

Microscale thermophoresis  

Microscale thermophoresis (MST) was performed to determine the dissociation constant of RD2 and 

Aβ42 interaction. This method is based on the Soret effect describing the directed migration of 

macromolecules under a temperature gradient [236, 239]. The movement is monitored by recording 

changes in fluorescence signals of dye labeled molecules incubated with different concentrations of 

the binding partner [237]. FITC-Aβ42 was dissolved in either 20 mM sodium phosphate, 50 mM 

NaCl (pH 7.4) or 5 mM sodium phosphate, 50 mM NaCl (pH 7.4) in the presence of 0.01% (v/v) 

Tw20 to get a stock concentration of 80 nM. RD2 was prepared in the same buffer to obtain two-

fold serial dilutions ranging from 300 μM to 9.16 nM. Final samples were prepared by mixing equal 

volumes of FITC-Aβ42 and the serial dilutions of RD2 so that the final concentration of FITC-Aβ42 

was 40 nM, and the concentration range of RD2 was from 150 μM to 4.58 nM. MST measurements 

were carried out at 22 °C using a Monolith NT.115 instrument (NanoTemper Technologies, Munich, 

Germany) with 40% LED power and 60% MST power. The on and off time of the infrared (IR) laser 

were set to 30 s and 5 s, respectively. Samples were prepared in triplicate. Control experiments by 

incubating free dye (fluorescein) with RD2 at the same concentration range were also included to 

confirm the interaction between RD2 and Aβ42. Binding curves were generated by quantifying 

changes in the normalized fluorescence (∆𝐹𝑛) as a function of the concentration of the titrant. The 

data was analyzed by PALMIST using a 1:1 binding model [329]. The confidence interval of the 

fitting was set to 68.3%. Graphic output was generated by GUSSI (version 1.2.1) [274]. 

Sedimentation velocity analysis 

Size distributions of Aβ42 in the presence or absence of RD2 were investigated by utilizing analytical 

ultracentrifugation equipped with a fluorescence detection system (AUC-FDS). The system uses an 

excitation laser at 488 nm and an emission cut-off filter at 505 nm to monitor the sedimentation 

process of fluorescent molecules. 0.33 μM FITC-Aβ42 was mixed with various concentrations of 

RD2 in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4) to prepare samples with molar ratios of 

1:1, 1:10 and 1:20 (FITC-Aβ42:RD2). 100 μl sample were then loaded into 3-mm double-sector 
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titanium cells (Nanolytics, Potsdam, Germany). FITC-Aβ42 alone was included as a control. In 

parallel, 0.33 μM FITC-Aβ42 incubated with excessive concentrations of RD2 in 55 mM Tris-HCl, 

50 mM NaCl (pH 7.4) were also centrifuged at the same speed and temperature to examine the size 

distribution. Both buffer contained 0.01% (v/v) Tw20 to overcome unspecific surface adsorption. 

All samples were incubated within cells for about 2 h for temperature equilibration and vacuum. The 

spinning began with a calibration process at 3000 rpm, and then accelerated to 60,000 rpm (289,000 g) 

for final centrifugation at 20 °C for 15 h. The sedimentation profile was recorded with a radial 

resolution of 20 nm. 

To determine how RD2 may influence the aggregation of Aβ42, an absorbance based sedimentation 

velocity measurement was performed. Aβ42 at 20 μM was incubated with or without 2 μM RD2 in 

20 mM sodium phosphate, 50 mM NaCl (pH 7.4) at 20 °C for 24 h. Samples (380 μl) were then 

loaded into 12-mm double-sector aluminum cells and were centrifuged at 45,000 rpm, 20 °C for 15.5 

h. Sedimentation profiles were recorded at 210 nm, with a step size of 20 μm. 

All measurements were carried out using a Beckman Optima XL-A ultracentrifuge (Beckman-

Coulter, Brea, CA, USA). Experimental data was evaluated with the software package Sedfit (version 

15.01b) and the continuous distribution c(s) Lamm equation model to obtain the sedimentation 

coefficient (s-value) distribution [273]. Buffer density and viscosity (Table S5) were calculated using 

Sednterp (version 20130813BETA). Partial specific volume ( v̅ ) was determined according to 

Sednterp and Durchschlag et al. [334]. The final graphs were created by GUSSI (version 1.2.1) [274]. 

Thioflavin T assay 

Thioflavin T assay was conducted to assess the aggregation kinetics of Aβ42 in the presence or 

absence of RD2 peptide. In brief, Aβ42 aliquots were dissolved in 20 mM sodium phosphate, 50 mM 

NaCl (pH 7.4). RD2 was introduced into Aβ42 solutions to obtain samples containing 1 μM or 2 μM 

D-peptide. ThT was added into all samples to get a final concentration of 5 μM. Sample solutions 

were then transferred to a 96-well microplate, with each well containing 200 μl solution. The 

fluorescence was recorded using a microplate reader (Tecan, Männedorf, Switzerland) with an 

excitation wavelength (λex) of 445 nm and an emission wavelength (λem) of 485 nm every 30 min for 

120 h. The temperature was kept constant at 20 °C. Samples were prepared with repetitions. The 

kinetics of Aβ42 fibrillation was evaluated using AmyloFit [313] with a customized equation (eq.28) 

as previously mentioned [354, 355].  

 𝐼𝑡 = 𝑘0𝑡 + 𝐴/(1 + exp (−𝑘(𝑡 − 𝑡1 2⁄ ))) eq.28 

Where 𝑘0 refers to the slope of the baseline. 𝐴 is the amplitude. 𝑘 represents the apparent elongation 

rate. 𝑡1 2⁄  is the half completion time of the aggregation process. The lag phase (𝑡𝑙𝑎𝑔), which is given 

by the intercept between the time axis and the tangent with slope 𝑘 from the midpoint of the fitted 

curve, can be derived from the following equation (eq.29) [355]. 

 𝑡𝑙𝑎𝑔 = 𝑡1 2⁄ − 2 𝑘⁄  eq.29 
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Seeding experiment 

To prepare Aβ42 seeds from the fibrils, Aβ42 was first dissolved in 20 mM sodium phosphate, 50 

mM NaCl (pH 7.4) to prepare 40 μM sample solution. The sample was then incubated quiescently at 

room temperature for 120 h. Finally, Aβ42 sample was sonicated for 45 min in a cold water bath 

[272]. 

Samples for ThT kinetics were prepared by introducing RD2 and (or) Aβ42 seeds into freshly 

dissolved Aβ42 in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4). The concentration of Aβ42 

monomer in all samples was 10 μM, and all samples contained 5 μM ThT. The concentrations of 

Aβ42 seeds were set to 1% or 5% (0.1 or 0.5 μM corresponding to monomer concentration) and the 

final concentrations of RD2 were 1 μM. 10 μM Aβ42 without seeds and RD2 was used as a control. 

Samples were pipetted to a 96-well plate, with each well containing 200 μl samples. The plate was 

then covered with a sealing film. ThT fluorescence of all samples was recorded using the same device 

and parameters as described for ThT assays. All samples were prepared in duplicate. Final data was 

normalized and averaged based on the repetitions. 

Circular dichroism spectroscopy 

The secondary structure conversion of Aβ42 incubated with or without RD2 was characterized using 

circular dichroism (CD) spectroscopy. 40 μΜ Aβ42 in the absence or presence of 4 μΜ RD2 was 

prepared in 20 mM sodium phosphate, 50 mM NaF (pH 7.4). 200 μl sample was then loaded into a 

1 mm quartz cuvette and was maintained at 20 °C. CD spectra were recorded using a J-815 

spectropolarimeter (Jasco, Tokyo, Japan) from 260 nm to 190 nm, with a step size of 0.5 nm and a 

bandwidth of 2 nm. The scanning speed was 100 nm/min. 10 scans were accumulated for the same 

sample at each time point, up to 120 h of incubation. In a separate experiment with delayed RD2 

addition, tiny volume of RD2 stock was introduced into 40 μM Aβ42 which was pre-incubated for 

33 h to get a final RD2 concentration at 4 μΜ. Ellipticities at 217 nm and 198 nm were plotted against 

the incubation time to detect the conversion kinetics. The deconvolution of CD spectra was 

performed with the online software Dichroweb [357] and the CDSSTR algorithm [359] using 

reference dataset Set 7 [366]. The fractions of unordered structure and β-strand were determined for 

Aβ42 samples with or without RD2 treatment. Samples were prepared in triplicate.  

Atomic force microscopy imaging 

The influence of RD2 on the aggregation of Aβ42 was also examined by atomic force microscopy 

to determine morphologies of Aβ aggregates at different incubation time points. 40 μM Aβ42 was 

incubated with or without 4 μM RD2 in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4) at 20 °C 

for 120 h. Solutions were sampled at 48 h and 120 h and pipetted onto freshly prepared mica for 

incubation at room temperature. The mica was then rinsed with distilled water and dried with 

nitrogen gas. AFM imaging was performed using silicon cantilevers (OMCL AC160 TS, Olympus, 

Tokyo, Japan) and JPK NanoWizard 3 microscope (JPK Instruments AG, Berlin, Germany) in AC 

mode. The nominal diameter of the cantilever was 7 nm. AFM height images of all samples were 

taken with a line rate of 1 Hz at room temperature in air. Data was processed with the JPKSPM data 

processing software from the same manufacturer. 
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Turbidity assay 

Aβ42 aliquots were first dissolved in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4) and mixed 

with RD2 stock (3.125 mM) to prepare working solutions. The final concentration of Aβ42 was set 

to 40 μM in all samples and the molar ratios between Aβ42 and RD2 were 10:1, 2:1, 1:1 and 1:2, 

respectively. Samples containing 40 μM Aβ42 alone were included as a control. The turbidity assay 

was carried out using a V-650 UV-Vis spectrophotometer (Jasco, Tokyo, Japan) by measuring the 

spectra of all samples from 450 nm to 210 nm in a 1 cm quartz cuvette. The measurement was 

performed directly after preparing all samples and was repeated after 2 h of incubation at ambient 

temperature. All samples were subjected to a 15 min centrifugation at 726 g (equivalent to the speed 

during the calibration in AUC experiments) afterwards and the supernatants were collected to 

measure the spectra again. The turbidity was quantified using the absorbance of the sample at 405 

nm. 

 

Results and discussion 
 

RD2 interacts with Aβ42 with a high affinity 

The dissociation constant between RD2 and Aβ42 monomer was measured by microscale 

thermophoresis. It has been shown that the critical aggregation concentration of Aβ42 is about 90 

nM [328]. FITC-Aβ42 was applied at a low nanomolar concentration (40 nM) to minimize the self-

aggregation of Aβ42 protein. The binding between RD2 and Aβ42 monomer should be the main 

event under the current condition. The influence of ionic strength on the interaction was also 

examined via comparing the KD values in buffers with different ionic strength. As shown in the 

fluorescence time traces and plots in Fig. 39, the KD for RD2 and FITC-Aβ42 in 5 mM sodium 

phosphate, 50 mM NaCl (pH 7.4) (low ionic strength buffer) was determined to be 130 [80, 190] nM 

by quantifying the thermophoresis. The KD value increased to 330 [290, 380] nM when the ionic 

strength was elevated in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4) (high ionic strength buffer). 

However, both values are much lower than the reported KD (3.6 ± 0.7 μM) in SPR measurements. 

We excluded the possibility that RD2 directly influenced the property of the fluorophore as the 

control experiment did not show any difference with respect to the thermophoresis and bleaching in 

fluorescein samples incubated with different concentrations of RD2 (Fig. S17). It should be 

mentioned that the thermophoretic response of all samples was constant over the measurement and 

can be measured repeatedly, also indicating the absence of unwanted aggregation. The increase in 

the binding affinity of RD2 to Aβ42 monomer by reducing the ionic strength of the buffer may 

suggest that the interaction between these two molecules is partly mediated by charge effects. This 

is consistent with our previous study on the lead compound D3 showing that increasing the ionic 

strength of the buffer weakened the interaction between D3 and Aβ42 [367]. Similar finding on the 

interaction between a decapeptide containing three L-Arg residues and Aβ40 was also reported [315]. 

Borgia et al. recently demonstrated that oppositely charged proteins histone H1 and prothymosin-α 

form complexes with picomolar affinity and that the binding is strongly influenced by the ionic 

strength [304]. The screening of net charges of the protein by solvent ions is weakened when the 

ionic strength of the buffer is reduced, thus leading to enhanced electrostatic interaction of oppositely 
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charged molecules [314]. The binding affinity determined in SPR experiments was much lower than 

those measured in MST experiments. This discrepancy might be due to different experimental setups 

applied to quantify the KD. N-terminally biotinylated Aβ42 was immobilized onto sensor chips 

through biotin-streptavidin coupling in previous SPR experiments. This may somehow influence the 

conformational flexibility of Aβ42 monomers and hinder the accessibility of RD2 to all the binding 

sites of Aβ42, making the interaction less efficient than that occurs in solution bases MST 

measurements. 

 

Figure 39. Determination of the dissociation constant for Aβ42 and RD2 interaction using 

microscale thermophoresis. 40 nM FITC-Aβ42 was incubated with different concentrations of RD2 

in 5 mM sodium phosphate, 50 mM NaCl (A), or 20 mM sodium phosphate, 50 mM NaCl (B) in the 

presence of 0.01% Tw20 at pH 7.4, 22 °C. Binding curves were generated by quantifying the change 

in the normalized fluorescence (∆𝐹𝑛) according to the reference zone (light blue) and the analysis 

zone (light red). The 1:1 binding model was applied to evaluate dissociation constants using the 

software PALMIST. Time traces from one measurement are displayed on the top panel of each graph. 

Data points and fitting curves are presented on the bottom panel. Samples were prepared in triplicate.  

 

Complex formation between Aβ42 and RD2 in sedimentation velocity analysis 

We applied analytical ultracentrifugation equipped with a fluorescence detection system to evaluate 

size distributions of Aβ42 in the presence of different concentrations of RD2. The application of 

fluorescently labeled Aβ42 enabled us to use relatively low concentration of materials for 

sedimentation velocity analysis, which could help to reduce the self-aggregation of Aβ42 in aqueous 

solutions. As displayed in Fig. 40, the sedimentation coefficient of FITC-Aβ42 alone was determined 

to be 0.76 S in the c(s) analysis, corresponding to the monomeric unit. No further species above 1 S 

was found in free FITC-Aβ42 samples. The dominant monomeric species in solution offers the 

opportunity to identify the possible complex formation between RD2 and Aβ42 monomers. The 

presence of RD2 peptide affected the size distribution by reducing the abundance of the major peak 

at around 0.75 S. We could see a slight decrease in the area under curve for this species depending 

on RD2 concentrations. Besides, new species within 1 and 3 S could be observed in FITC-Aβ42 
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samples containing 3.3 and 6.6 μM RD2 (corresponding to 1:10 and 1:20 molar ratios, respectively). 

The averaged s-value for this new species by integrating the peak was 1.85 S. However, the fraction 

of the newly appeared species was low in both samples. MST results have revealed that RD2 binds 

strongly to Aβ42 monomers, while in AUC measurements we did not observe high abundance of the 

1:1 complex. Considering our previous findings on D3, it is possible that in this experimental setup, 

we were not able to distinguish the 1:1 complex from FITC-Aβ42 monomer due to the similar s-

values between these two species. The 1.85 S species was therefore complexes with higher than 1:1 

stoichiometry. Similar size distributions were found in FITC-Aβ42 and RD2 samples incubated in 

Tris-HCl buffer (Fig. S18). The decrease in the amount of FITC-Aβ42 monomers suggested that 

monomers have been consumed in the presence of RD2 by forming small complexes and probably 

large co-precipitates. The weight average sedimentation coefficient for all samples was also 

determined. As shown in Fig. S19, there is a gradual increase in the average s20,w depending on the 

concentration of RD2. This further suggested that RD2 peptides indeed interact with Aβ42 monomers 

and lead to the formation of heterocomplexes. The weight averaged frictional ratios (𝑓/𝑓0) of the 

sample at 1:20 (Aβ42:RD2) molar ratio was 1.25 in the c(s) analysis, while the typical 𝑓/𝑓0 for Aβ42 

monomer is around 1.5 in our measurements. The 𝑓/𝑓0 is closely linked to the shape of a molecule. 

The higher the 𝑓/𝑓0 , the less symmetrical the molecule is. Globular proteins have a 𝑓/𝑓0 within 1.2 

and 1.3 [368]. The decrease in the frictional ratio in the presence of RD2 might suggest the existence 

of compact globular structures in FITC-Aβ42 samples incubated with RD2, further pointing to the 

presence of heterocomplexes formed by RD2 and Aβ42 monomer. It has been reported, for example, 

that chaperones could transiently interact with aggregation prone protein such as Aβ42 or α-synuclein 

and prevent the aggregation [318, 320]. Cox et al. also utilized AUC to detect the interaction between 

αB-ccore and α-synuclein monomer. They observed a small shift in peak position in mixtures but no 

detectable stable complexes between αB-ccore and α-synuclein monomer [318]. It is obvious from 

AUC measurements that there is no highly populated and stable hetercomplexes observable between 

RD2 and Aβ42 monomer. Instead, we could see a small fraction of complexes with various 

stoichiometries. This may indicate that the interaction between RD2 and Aβ42 monomer is not a 

typical ligand-receptor interaction with well-defined conformation and stoichiometry, but is 

analogous to the transient interaction between IDP and the binding partner. 

 

Figure 40. Sedimentation coefficient distributions of FITC-Aβ42 incubated with or without RD2 

determined by sedimentation velocity analysis. 0.33 μM FITC-Aβ42 was incubated with different 

concentrations of RD2 in 20 mM sodium, 50 mM NaCl, pH 7.4 at 20 °C. 0.01% (v/v) Tw20 was used 
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as an additive in all solutions. Freshly prepared samples were centrifuged at 60,000 rpm at 20 °C 

for 15 h. Data was analyzed using continuous distribution c(s) Lamm equation model to determine 

the sedimentation coefficient distribution. Apparent s-values were normalized to s-values in pure 

water at 20 °C (s20,w). An amplification of the distribution within 1 and 3 S is shown in (B). 

 

RD2 slows down the fibrillation of Aβ42 at substoichiometric concentrations 

Due to the fact that high molar ratios of RD2 lead to the rapid precipitation of Aβ42 in experiments 

that require micromolar concentrations of proteins (as shown in the turbidity assay in Fig. S20), we 

decided to reduce the concentration of RD2 to substoichiometric level in the ThT assay so as to 

minimize the influence of co-precipitation on ThT kinetics. Besides, we applied an empirical 

equation to quantitatively analyze the ThT kinetics. As shown in Fig. 41 and Table 3 (fitting curves 

in Fig. S21), we observed a sigmoidal kinetics for Aβ42 alone with 𝑡1 2⁄  and 𝑡𝑙𝑎𝑔 at 25.7 ± 0.2 h and 

12.9 ± 0.2 h, respectively. However, the half completion time and lag phase of Aβ42 were remarkably 

prolonged in the presence of substoichiometric RD2 peptide. 𝑡1 2⁄  for Aβ42 samples containing 1 

μM and 2 μM RD2 were 97.9 ± 2.3 h and 116.5 ± 2.1 h, respectively. Correspondingly, 𝑡𝑙𝑎𝑔 also 

increased to 93.6 ± 0.5 h and 109.1 ± 1.4 h, for Aβ42 incubated with 1 μM and 2 μM RD2. In addition 

to an increase in the lag phase in Aβ42 samples incubated with substoichiometric RD2, we noticed 

that ThT fluorescence signals at 120 h were also different among samples with different treatments. 

1 μM RD2 did not significantly reduce the plateau ThT fluorescence of Aβ42 after 120 h of 

incubation, while Aβ42 containing 2 μM RD2 only reached about 74% of the plateau ThT signals of 

Aβ42 alone, implicating less pronounced fibril formation compared with Aβ42 alone after 120 h of 

incubation. Our results are consistent with a previous study showing that RD2 was able to inhibit the 

fibril formation of Aβ42 in a dose dependent manner [214]. Surprisingly, the slope of the rapid 

growth phase (the apparent elongation rate) of Aβ42 samples appeared to be different from Aβ42 

treated with RD2, according to the fit (Table 3).  

We then performed seeding experiments to investigate whether RD2 is still effective in the presence 

of Aβ42 seeds. As shown in the ThT kinetics (Fig. S22), the higher the concentration of seeds, the 

faster the fibrillation of Aβ42 will be. 5% seeds completely abolished the lag phase of Aβ42. RD2 at 

0.1 fold, however, was able to counteract the seeding ability of Aβ42 seeds. Aβ42 incubated with 0.1 

fold RD2 and 1% seeds still had a longer lag phase than free Aβ42 sample (Fig. S22), indicating that 

the seeding effect was completely canceled. In Aβ42 sample containing 5% seeds, although RD2 

was not able to fully block the seeding ability, the elongation process of Aβ42 was decelerated, as 

evident from the slope of ThT kinetics. Results from the seeding experiments agree well with 

previous findings [214] and substantiate again that RD2 is also capable of reducing the catalytic 

ability of preformed Aβ assemblies. 

The prolonged lag phase of Aβ42 in the presence of RD2 suggests that the initial process of Aβ42 

fibrillation has been affected [312]. A previous study on the interaction between charged hydrophilic 

proteins and Aβ40 reported similar findings to our study that proteins with high positive charges 

strongly increase the lag time of Aβ40 fibrillation [319]. One possible explanation for the increased 

lag time is that the nucleation step (monomers associate into oligomers) [126] of Aβ42 is altered in 

the presence of RD2. Since RD2 is not likely to form stable complexes with Aβ42 monomers, but 
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only transiently interact with them, sequestering 10% of Aβ42 monomer is not able to explain such 

a strong effect. Alternatively, RD2 directly interacts with Aβ42 oligomers present in the lag phase 

and makes these small assemblies incapable of taking part in the further growth and proliferation. In 

seeding kinetics we observed that substoichiometric RD2 also affected the elongation process, 

probably by clustering Aβ42 seeds. The biphasic kinetics of Aβ42 with 5% seeds and 0.1 fold RD2 

implies the formation of off-pathway species like small globular oligomers or curvilinear fibrils, as 

has been described previously [323]. MST experiments revealed that RD2 is able to interact with 

Aβ42 monomers. In addition, our previous study using the QIAD assay demonstrated that RD2 also 

eliminates toxic Aβ42 oligomers [202]. Together with seeding experiments, the data substantiates 

that both Aβ42 monomers and oligomers are involved in RD2 induced retardation of Aβ42 

fibrillation. We therefore propose that both mechanisms are involved in the strong inhibitory effect 

of substoichiometric RD2 on fibril formation of Aβ42, and that interfering with the seeding capability 

of small Aβ42 assemblies might play a major role when Aβ protein concentration is relatively high. 

The kinetics assays demonstrated the RD2 has diverse effects on the fibrillation of Aβ42 by 

influencing the nucleation process and eliminating Aβ seeds. 

 

Figure 41. ThT kinetics of Aβ42 incubated with or without substoichiometric RD2. 20 μM Aβ42 alone 

(black), 20 μM Aβ42 with 1 μM RD2 (blue) and 20 μM Aβ42 with 2 μM RD2 (red) were incubated 

in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4) at 20 °C. ThT fluorescence was recorded for 120 

h to monitor the aggregation process. All samples are prepared with repetitions.  

 

Table 3. Determination of 𝑡1 2⁄ , 𝑘 and 𝑡𝑙𝑎𝑔  for ThT kinetics of 20 μM Aβ42 in the absence or 

presence of RD2.a 

Sample 𝑡1 2⁄  (h) 𝑘 𝑡𝑙𝑎𝑔 (h) 

Aβ42 25.7 ± 0.2 0.16 12.9 ± 0.2 

Aβ42+RD2 (20:1) 97.9 ± 2.3 0.59 ± 0.38 93.6 ± 0.5 

Aβ42+RD2 (10:1) 116.5 ± 2.1 0.27 ± 0.03 109.1 ± 1.4 

a Measurements were conducted in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4) at 20 °C. All 

ThT curves were fitted with eq.28 using the webserver AmyloFit. 
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RD2 delays the secondary structural conversion of Aβ42 at substoichiometric concentrations 

The influence of RD2 on the secondary structural conversion of Aβ42 was evaluated in parallel using 

circular dichroism spectroscopy. Monomeric Aβ42 proteins are mainly unordered in aqueous 

environment [115], while the aggregation of Aβ42 into oligomers and fibrillary structures 

experiences a conversion of unordered structure to loosely packed strands and finally, parallel in-

register β-sheet structures [121]. The secondary structure of RD2 was first determined to be 

unordered, as shown in Fig. S23. The contribution of 4 μM RD2 to the overall spectrum of Aβ42 is 

quite small. According to Fig. 42, the structural transition of 40 μM Aβ42 alone in sodium phosphate 

buffer displayed a sigmoidal pattern, showing a conversion from mainly random coil structures to β-

sheet rich structures over the incubation time. The presence of 4 μM RD2 (molar ratio 10:1 

Aβ42:RD2) significantly retards the formation of β-sheet structures. The structural conversion rate 

of Aβ42 was strongly decelerated when incubated with substoichiometric RD2 peptide. Aβ42 sample 

plus RD2 had much lower ellipticity at 217 nm after 120 h of incubation, suggesting a reduced 

content of β-sheet structures of Aβ42 at that time point. Deconvolution of CD spectra exhibited 

consistent trends that samples with RD2 had slower conversion rates than those without RD2 (Fig. 

43). The unordered structures were more preserved in Aβ42 samples incubated with RD2 than free 

Aβ42 samples. RD2 addition after Aβ42 samples were incubated for 33 h did not significantly change 

the structural conversion of Aβ42, as shown in Fig. S24. ThT probes the formation of cross-β 

architectures of amyloid fibrils [136]. The decreased ThT fluorescence signals in Aβ42 samples with 

0.1 fold RD2 at 120 h is therefore in accordance with the reduced formation of β-sheet structures in 

Aβ42 incubated with 0.1 fold RD2 in CD experiments. Both measurements confirmed that RD2 is 

able to delay the fibrillation of Aβ42 by retarding the secondary structural conversion. Our 

experimental evidence also corroborated previous MD simulation data that RD2 efficiently disrupts 

the formation of β-sheet structures and promotes the generation of coil structures probably by 

interacting with the fibril cores of Aβ42 oligomers [369]. Additionally, it appears that the presence 

of substoichiometric RD2 retain Aβ42 in unstructured conformations by the transient interaction, 

which could also explain the delayed ThT aggregation kinetics in Aβ42 samples with 

substoichiometric RD2. 
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Figure 42. The secondary structure transition of Aβ42 in the absence or presence of 

substoichiometric RD2. CD spectra of 40 μM Aβ42 alone (A) and 40 μM Aβ42 incubated with 4 μM 

RD2 (B) were recorded from 260 nm to 190 nm in 20 mM sodium phosphate, 50 mM NaF at 20 °C, 

for 120 h. Spectra at selected time points (h) are shown. Ellipticity values at 217 nm (C) and 198 nm 

(D) are plotted against the incubation time to evaluate the transition kinetics. All samples were 

prepared in triplicate. 

 

Figure 43. Deconvolution of CD spectra of 40 μM Aβ42 alone and 40 μM Aβ42 incubated with 4 μM 

RD2 in 20 mM sodium phosphate, 50 mM NaF (pH 7.4) to determine changes in fractions of 

unordered structures (A) and β-strand (B). CD spectra were analyzed using the online webserver 

Dichroweb with the method CDSSTR and reference dateset 7. The factions of unordered structure 

and β-strand are plotted against the incubation time. Samples were prepared in triplicate. 

 

RD2 remodels the aggregation of Aβ42 by stabilizing Aβ monomers 

ThT kinetics and CD measurements demonstrated that substoichiometric RD2 could efficiently delay 

the fibrillation of Aβ42 by prolonging the lag phase. We sought to confirm this by determining the 

size distribution of Aβ42 samples at the same concentration as those used in CD and ThT 

measurements. This permitted the simultaneous determination of both the consumption of Aβ42 

monomers and the presence of oligomeric species in the absence or presence of 0.1 fold RD2. The 
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contribution of RD2 to the overall signals was very low so that only the sedimentation of Aβ42 

species was reported and analyzed. After 24 h of incubation, the sample of Aβ42 alone should have 

oligomers and fibrillar structures, while Aβ42 with RD2 was still within the lag phase according to 

the ThT kinetics (Fig. 41). In AUC, we first observed that Aβ42 alone had a lower absorbance than 

the sample with RD2, likely due to the rapid sedimentation of large fibrillar structures in Aβ42 alone. 

Aβ42 alone showed a major species with an average s20,w at 0.9 S, a low-populated species at 2.1 S 

and a broad distribution above 6 S (Fig. 44). In Aβ42 with 0.1 fold RD2, we observed a high fraction 

of the species at ~0.75 S, which can be assigned to Aβ42 monomers. There were also low amounts 

of species at about 2 S and 4 S, however, species above 6 S were not visible in Aβ42 incubated with 

RD2. In particular, peak integration of the major species reported that the area under curve of the 

0.75 S species in Aβ42 with RD2 was three-time higher than that of the 0.9 S species in Aβ42 alone, 

suggesting that Aβ42 monomers were more preserved in the presence of substoichiometric RD2 than 

those without D-peptide. A comparison of overall distributions points to the fact that the size 

distribution of Aβ42 has been shifted toward small s-values in the presence of 0.1 fold D-peptide, 

further corroborating a strong retardation effect of RD2 on Aβ42 aggregation by stabilizing 

monomers and decelerating the nucleation process. This also correlates well with the CD 

deconvolution that RD2 containing samples have a higher amount of unordered structure than Aβ42 

alone, as Aβ42 monomers are mainly unordered in solution. It has been recognized that a range of 

oligomeric Aβ species are the main culprit of AD pathologies [370, 371]. For example, our previous 

study identified a group of Aβ42 oligomers at ~7 S with high neurotoxicity [202]. The modulation 

of RD2 on the aggregation of Aβ42 by preserving Aβ42 monomers and reducing the content of small 

oligomers might therefore confer a protective effect against cytotoxic Aβ oligomers. 

 

Figure 44. Sedimentation velocity analysis of Aβ42 in the absence or presence of substoichiometric 

RD2. Aβ42 at 20 μM was incubated with or without 0.1 fold RD2 in 20 mM sodium phosphate, 50 

mM NaCl (pH 7.4) at 20 ℃ for 24 h. All samples were then centrifuged at 45,000 rpm, 20 ℃ for 15.5 

h. Data was analyzed using the c(s) model implemented in Sedfit to obtain the sedimentation 

coefficient distribution. The amplification of the distribution between 1.25 and 15 S is shown in the 

insert. s20,w is reported. 
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Morphologies of Aβ42 species in the absence or presence of RD2 

 

Morphologies of Aβ42 samples in the absence or presence of RD2 after 48 h and 120 h of incubation 

were detected using atomic force microscopy imaging to explore how RD2 affects the aggregation 

of Aβ42 over time. It should be noted that the imaging was carried out using micromolar 

concentrations of Aβ, several orders of magnitude higher than the physiological Aβ concentration as 

well as those used in MST and AUC analyses. As can be seen in Fig. 45A, Aβ42 alone already 

displayed fibrillary structures after 48 h of incubation, confirming ThT and CD results that Aβ42 

alone has the highest aggregation rate under current experimental condition. Besides, we also 

observed the presence of oligomers and protofibrils with around 2 nm in height, similar to reported 

values [252]. Most of Aβ42 materials formed amyloid fibrils after 120 h of incubation, as evident 

from Fig. 45C. The height of Aβ42 fibrils was 5~8 nm according to the height measurement. Aβ42 

incubated with RD2 peptide had different morphologies at 48 h, as displayed in Fig. 45B. The 

dominant species in RD2-containing sample were amorphous aggregates with heights varying from 

10 to 15 nm. In addition to oligomers and protofibrils, we could also observe fibrillary structures 

with similar height to those found in Aβ42 alone. After 120 h of incubation, the main structures in 

Aβ42 with RD2 were also amyloid fibrils (Fig. 45D). However, there still remained amorphous 

aggregates and compact oligomers on mica surface. AFM experiments were in line with ThT and 

CD results that RD2 is effective in slowing down the fibril formation of Aβ42 at substoichiometric 

levels. The presence of amorphous aggregates in Aβ42 incubated with RD2 may be induced by the 

complexation between RD2 and Aβ42 species. It has been demonstrated that RD2 is capable of 

precipitating Aβ42 oligomers by forming large co-precipitates in density gradient centrifugation 

[214]. The interaction between RD2 and Aβ42 blocks the formation of ordered β-sheet structures 

and leads to the generation of amorphous aggregates with reduced neurotoxicity. Aileen Funke and 

co-workers reported in an early study that D3, the lead compound of RD2, shifted the fibril formation 

toward off-pathway, non-toxic amorphous co-precipitates at a high stoichiometry [209], whereas our 

findings implicate that D-peptide is also effective in modulating Aβ42 fibril formation when applied 

at substoichiometric concentrations. Together with ThT and CD measurements, we demonstrated 

that substoichiometric RD2 significantly retards the fibril formation of Aβ42. 
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Figure 45. Morphologies of Aβ42 in the absence or presence of RD2 acquired by atomic force 

microscopy. 40 μM Aβ42 was incubated without (A and C) or with (B and D) 4 μM RD2 in 20 mM 

sodium phosphate, 50 mM NaCl (pH 7.4) at 20 °C. The imaging was performed at 48 h and 120 h 

using AC mode. Scale bars (2 μM) are shown inside each graph. 

 

Conclusion 
 

The interaction between the all-D-enantiomeric peptide RD2 and Aβ42 was characterized at multiple 

concentration levels using different biophysical methods. By using the solution based microscale 

thermophoresis and fluorescently labeled molecules, we demonstrated that RD2 is able to bind to 

Aβ42 monomers with submicromolar affinities, and that electrostatic interaction might contribute to 

the binding between these two molecules. The high affinity binding leads to the complex formation 

of Aβ42 monomer and RD2 at 1:1 and higher stoichiometries. At substoichiometric concentration, 

RD2 is able to retain Aβ42 monomers in the unstructured conformation and therefore interfere with 

the nucleation of Aβ. This effect of RD2 leads to significant delays in the secondary structure 

conversion and the fibrillation of Aβ. Besides, our study provides additional evidence to support the 

capability of RD2 in removing the catalytic activity of Aβ seeds. Our study demonstrates the versatile 

role of RD2 in modulating the fibrillation of Aβ42 by interfering with Aβ nucleation via interacting 

with monomers and eliminating oligomers, and provides complementary evidence at molecular 

levels to explain the mechanisms of action of RD2 on Aβ aggregation related pathologies. 
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Supporting information 
 

Table S5. Buffer viscosities and densities at 20 °C. 

Buffer viscosity (P) a 

20 mM sodium phosphate, 

50 mM NaCl 

0.01015 

55 mM Tris-HCl, 50 mM NaCl 0.01024 

H2O 0.01002 

Buffer density (g/cm3) a 

20 mM sodium phosphate, 

50 mM NaCl 

1.003 

55 mM Tris-HCl, 50 mM NaCl 1.002 

H2O 0.9982 

a Values were calculated using the software Sednterp (Version 20130813 BETA). 

 

 

Figure S17. Microscale thermophoresis analysis of fluorescein in the presence of various 

concentrations of RD2. 40 nM fluorescein was titrated with RD2 in 20 mM sodium phosphate, 50 

mM NaCl, 0.01% Tw20 (pH 7.4) at 22 °C. Time traces from one measurement are shown in (A). The 

quantification of thermophoresis based on the time traces are displayed in (B). Experiments were 

performed in triplicate. 
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Figure S18. Sedimentation coefficient distribution analysis of 0.33 μM FITC-Aβ42 incubated with 

different concentrations of RD2 in 55 mM Tris-HCl, 50 mM NaCl (pH 7.4) in the presence of 0.01% 

Tw20 (v/v) at 20 °C (A). All samples were centrifuged at 60,000 rpm for 15 h. Sedimentation profiles 

were analyzed using the continuous distribution c(s) Lamm equation model. s-values were 

standardized to the s-value in pure water at 20 °C (s20,w). The amplification of the size distribution 

within 1 and 3 S is displayed in (B). 

 

Figure S19. The weight average s20,w of FITC-Aβ42 samples incubated with different concentrations 

of RD2 as determined by peak integration of the size distribution in c(s) analyses shown in Figure 

41 in the main text. 

 

Figure S20. Turbidity assay of Aβ42 in the absence or presence of RD2. 40 μM Aβ42 was incubated 

with different concentrations of RD2 (molar ratios 10:1, 2:1, 1:1 and 1:2, Aβ42:RD2) in 20 mM 

sodium phosphate, 50 mM NaCl, 0.01% (v/v) Tw20 (pH 7.4) at ambient temperature. The turbidity 

was measured using the absorbance at 405 nm at 0 h, 2 h of incubation. Afterwards all samples were 

centrifuged at 726 g for 15 min and the turbidity was measure again for the supernatants.  
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Figure S21. AmyloFit analysis of the ThT kinetics for Aβ42 in the absence or presence of RD2. 20 

μM Aβ42 proteins alone (A), 20 μM Aβ42 proteins with 1 μM RD2 (B) and 20 μM Aβ42 proteins with 

2 μM RD2 (C) were incubated in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4) at 20 °C for 120 

h. All kinetics were fitted using the webserver AmyloFit with the customized equation (eq.28). Raw 

data and fitted data are presented in short dotted and solid curves, respectively. Samples were 

prepared with repetitions. 

 

Figure S22. Seeding kinetics of Aβ42 in the absence or presence of 0.1 fold RD2. 10 μM Aβ42 was 

incubated with or without 1 μM RD2 in the presence of different concentrations of Aβ42 seeds in 20 

mM sodium phosphate, 50 mM NaCl (pH 7.4) at 20 °C. The data was averaged and normalized 

based on duplicate. 
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Figure S23. CD spectra of RD2 at different concentrations. RD2 samples at 40 μM and 4μM were 

prepared in 20 mM sodium phosphate, 50 mM NaF (pH 7.4) and were subjected to CD measurements. 

 

Figure S24. CD analysis of delayed addition of 0.1 fold RD2 into Aβ42 samples preincubated for 33 

h in 20 mM sodium phosphate, 50 mM NaF (pH 7.4) at 20 °C. (A) CD spectra were obtained using 

the same experimental condition as measurements shown in Figure 41. Transition kinetics by plotting 

ellipticity values at 217 nm (B) and 198 nm (C) against the incubation time are displayed and 

compared with kinetics for 40 μM Aβ42 alone and 40 μM Aβ42 with RD2 incubation from the 

beginning (corresponding to the data in Figure 42).  
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Chapter IV 
Characterization of the interaction between Aβ42 and anti-Aβ 

antibodies 
 

 

 

Abstract 
Amyloid β-peptides (Aβ) play a major role in the pathogenesis of Alzheimer’s disease. Therefore, 

numerous monoclonal antibodies against Aβ have been developed for basic and clinical research. 

The present study applied fluorescence based analytical ultracentrifugation and microscale 

thermophoresis to characterize the interaction between Aβ42 monomers and three popular, 

commercially available antibodies, namely 6E10, 4G8 and 12F4. Both methods allowed us to analyze 

the interactions at low nanomolar concentrations of analytes close to their dissociation constants (KD) 

as required for the study of high affinity interactions. Furthermore, the low concentrations minimized 

the unwanted self-aggregation of Aβ. Our study demonstrates that all three antibodies bind to Aβ42 

monomers with comparable affinities in the low nanomolar range. KD values for Aβ42 binding to 

6E10 and 4G8 are in good agreement with formerly reported values from SPR studies, while the KD 

for 12F4 binding to Aβ42 monomer is reported for the first time. 

 

 

This chapter was adapted from the manuscript: 

Tao Zhang, Luitgard Nagel-Steger, Dieter Willbold. Solution based determination of dissociation 

constants for Aβ42 binding to antibodies. Accepted for publication in ChemistryOpen. 
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Introduction 
 

The aggregation of amyloid β-peptides (Aβ) into toxic oligomeric assemblies and fibrillar structures 

has been suggested to play an important role in the pathogenesis of Alzheimer’s disease (AD) [372]. 

Aβ is the proteolytic product of the amyloid precursor protein. It is the main component of amyloid 

deposits in brains of Alzheimer’s patients [98]. A multitude of strategies has been developed to 

characterize and counteract Aβ pathologies in vivo, in an attempt to achieve early diagnosis and 

intervention of AD. Antibodies directed against Aβ are important tools for the characterization of Aβ 

species and have been proposed for the treatment of Aβ related pathologies. For example, 

monoclonal anti-Aβ antibodies are widely applied in enzyme-linked immunosorbent assay (ELISA), 

western blot or immunohistochemistry to determine Aβ proteins in cerebrospinal fluid, blood or 

tissue samples [373]. Several antibodies have been and are being tested in different stages of clinical 

trials to evaluate their efficacies on the cognitive performance of AD patients [179]. These antibodies 

recognize different epitopes of Aβ and some of them are claimed to be able to discriminate between 

different aggregation states of Aβ. For instance, Bapineuzumab targets the N-terminus (aa1-5) of Aβ 

and recognizes almost all kinds of Aβ species, including monomers, oligomers and fibrillar structures 

[374]. Solanezumab binds specifically to the central region of Aβ (aa16-23) responsible for the self-

aggregation process and recognizes soluble Aβ species but not Aβ fibrils or amyloid plaques [375]. 

In addition to these antibodies for disease intervention, a number of anti-Aβ antibodies are broadly 

used as tools for basic research purposes. Considering the extensive and promising use of anti-Aβ 

antibodies in the field of AD research, it is necessary to quantitatively characterize the properties of 

antibodies recognizing different epitopes under near-physiological conditions to facilitate the 

application of these agents. 

In vitro characterization of the interaction between Aβ and anti-Aβ antibodies is usually carried out 

using ELISA, surface plasmon resonance (SPR) or isothermal titration calorimetry (ITC), through 

which the binding affinities, kinetics or thermodynamics can be obtained [373, 376-379]. X-ray 

crystallography has also been utilized to determine the high resolution structure of Aβ in complex 

with antibodies, albeit most studies chose Aβ fragments (N-terminus or the mid-region) or used Fab 

fragments for crystallization [380-384]. Since Aβ is highly flexible and prone to form aggregates 

already at low micromolar concentrations in aqueous solution, it is rather complicated to quantify 

the binding between antibodies and specific Aβ species, particularly the monomer, as a variety of Aβ 

species with different sizes and conformations may be present in solution. The impact of Aβ 

aggregation on the characterization might get pronounced in experiments requiring micromolar 

concentration of Aβ, such as ITC, putting aside the fact that for a reliable determination of binding 

constant the titrated concentrations should cover also the range of KD. In SPR or ELISA 

measurements one of the analytes has to be immobilized on the surface of a sensor chip or a plate. 

In the case of surface immobilized Aβ species, one might encounter surface induced conformational 

changes, crowding effects or changes in the epitope accessibility [385]. In the complementary set-

up, where the antibody is immobilized, the self-aggregation of Aβ at high concentrations is still 

inevitable. Besides, the mass transport limitation in SPR might also need to be critically considered 

when dealing with high-affinity bindings [386]. One strategy to overcome these difficulties is to use 

fluorescently labeled molecules with solution based techniques so as to reduce the concentration of 
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Aβ and antibodies to low nanomolar levels, so that the self-aggregation of Aβ will be significantly 

suppressed. Besides, it is also beneficial to the reliable determination of dissociation constants in the 

low nanomolar range. This could be helpful for the characterization of the interaction between Aβ 

monomers and anti-Aβ antibodies. 

Analytical ultracentrifugation (AUC) is a solution based absolute method which has been widely 

used in characterizing macromolecules and protein-protein interactions. The development of the 

fluorescence based detection system permits the measurement of protein samples at picomolar to low 

nanomolar concentrations [306, 387, 388]. This high sensitivity in combination with a large dynamic 

range enables the study of high affinity interactions as found for antibody-antigen binding [389]. In 

contrast to AUC, microscale thermophoresis (MST) is a recently developed method based on the 

migration of macromolecules in response to thermal gradients [237]. This approach exploits the 

deviating thermophoretic behavior of a labeled molecule in the presence of different concentrations 

of its binding partner. By combining these two fluorescence based assays, we studied the interaction 

between fluorescein labeled Aβ42 (FITC-Aβ42) and three mAbs directed against Aβ (6E10, 4G8 

and 12F4) to determine the antigen-antibody complex formation and binding affinities. Their 

epitopes of Aβ42 cover the N-terminus for 6E10, the C-terminus for 12F4, as well as the central 

hydrophobic core region for 4G8. 
 

Materials and methods 
 

Materials 

Fluorescein isothiocyanate-β-Alanine labeled Aβ42 (FITC-Aβ42) were purchased from Bachem 

(Weil am Rhein, Germany). The labeling was prepared by conjugating the fluorophore FITC to the 

amine group of the additional β-Alanine at the N-terminus of Aβ42. The purity of FITC-Aβ42 

product was 88.8%, according to the HPLC determination of the manufacturer. The molecular mass 

of the labeled molecule is 4974.4 Da, as determined by electrospray ionization mass spectrometry 

(ESI-MS). The HPLC and MS results provided by the manufacturer can be found in the supporting 

information (Fig. S25 and S26). Purified antibodies 6E10, 4G8 and 12F4 were obtained from 

BioLegend (San Diego, CA, UAS). All antibodies are mouse derived monoclonal antibodies and are 

reactive to human Aβ proteins with different epitopes (Table 4). 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol 

(HFIP) other chemicals are commercially available from Sigma-Aldrich (Munich, Germany). Aβ42 

products (1 mg) were incubated in HFIP overnight at room temperature and were divided into small 

aliquots. HFIP was then removed and Aβ42 proteins were stored at -80 °C before use. All samples 

were prepared in 20 mM sodium phosphate, 50 mM NaCl at pH 7.4, with the addition of 0.005% 

(v/v) Tween 20. 

Table 4. Epitopes of the antibodies in Aβ42 and the concentration of stock solutions.a 

 6E10 4G8 12F4 

Epitope 
residues 3-8 

(EFRHDS) 

residues 18-22 

(VFFAE) 

residues 37-42 

(GGVVIA) 

Stock (mg/ml) 1 1 0.5 

a According to the information from the manufacturer. 
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Sedimentation velocity analytical ultracentrifugation analysis 

Sedimentation velocity (SV) analysis of the fluorescent samples was performed using a Beckman 

Optima XL-A centrifuge (Beckman-Coulter, Brea, CA, USA) equipped with an 8-hole rotor and a 

fluorescence detection system (Aviv, Lakewood, NJ, USA). FITC-Aβ42 stock was mixed with 

antibody stock solutions to prepare samples with 40 nM FITC-Aβ42 and different concentrations of 

the antibody in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4), 0.005% (v/v) Tween 20. Samples 

were then loaded into 3-mm double-sector titanium cells, with 100 μl per sample. Afterwards, all 

samples were thermally equilibrated to 20 °C in the centrifuge before the experiment. The 

centrifugation was carried out at 50,000 rpm (201,600 g) and 20 °C for 15 h. The detection system 

uses an excitation wavelength at 488 nm and an emission cut-off filter at 505 nm for data acquisition. 

The sedimentation profiles were analyzed using the software package Sedfit (version 15.01b) and 

the continuous distribution c(s) Lamm equation model to obtain the sedimentation coefficient (s-

value) distribution [390]. Buffer density and viscosity (Table S6) were calculated using Sednterp 

(version 20130813BETA). The partial specific volume (v̅) of was FITC-Aβ42 determined according 

to Sednterp and Durchschlag et al. [334]. For mixtures of Aβ42 and antibodies, a partial specific 

volume ( v̅ ) of 0.73 cm3/g was used for the calculation of s-value. The final graphs of the 

sedimentation coefficient distribution were created by GUSSI (version 1.2.1) [274], with all s-values 

standardized to s20,W. The isotherm of weight average s20,w as a function of the loading composition 

(sw) for each antibody was created by integrating the distribution from 0.5 to 14 S in GUSSI [306]. 

The isotherms were further analyzed in Sedphat (version 10.58f) using the 'A + B ←→ AB Hetero-

Association' model with a confidence interval of 68.3% to determine the KD values [305]. The fitted 

binding plots were displayed via GUSSI [274]. 

The size distribution of the antibody alone was also evaluated via analytical ultracentrifugation with 

an absorbance detection system. In brief, the 6E10 antibody was prepared in 20 mM sodium 

phosphate, 50 mM NaCl (pH 7.4) to obtain a concentration of 1.2 μM. 380 μl antibody sample were 

then loaded into a 12-mm double-sector aluminum cell. After thermal equilibration samples were 

centrifuged at 40,000 rpm (129,024 g), 20 °C. The sedimentation was monitored using a detection 

wavelength at 230 nm and a step size of 20 μm. The density and viscosity of the buffer were 

calculated according to Sednterp (version 20130813BETA). The partial specific volume of the 

antibody was assumed to be 0.73 cm3/g. The size distribution was determined using the continuous 

distribution c(s) Lamm equation model implemented in Sedfit [390]. 

Microscale thermophoresis 

The binding between FITC-Aβ42 and antibodies was characterized using microscale thermophoresis 

to determine the dissociation constant (KD). FITC-Aβ42 at 40 nM was titrated with different 

concentrations of antibody solutions in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4), 0.005% 

(v/v) Tween 20. Samples were immediately transferred to standard capillaries (NanoTemper, Munich, 

Germany) and the thermophoresis was measured by a Monolith NT.115 system from the same 

manufacturer at room temperature (~ 23 °C). The excitation light of the LED was chosen according 

to the fluorophore of the labeled molecule. The LED power and the infrared (IR) laser power were 

set to 40% and 50%, respectively. The on- and off-phase of the IR laser were set to 30 S and 5 S, 
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respectively.The normalized fluorescence (𝐹𝑛𝑜𝑟𝑚) is plotted against the titrant concentrations to 

obtain the binding plots. KD values for each antibody were reported based on the fitting of a 1:1 

binding model via OriginPro (version 9.0.0). 

A control MST experiment was performed by titrating 40 nM fluorescein with the same 

concentration of 6E10 as has been used in experiments on FITC-Aβ42. The measurement was 

conducted under the same condition. 

 

Results and discussion 
 

Complex formation between Aβ42 monomers and anti-Aβ antibodies 

We have initially characterized the size distributions of Aβ42 and the individual antibody using 

sedimentation velocity measurements with different detection systems. Aβ42 monomer is an 

intrinsically disordered protein in aqueous solution. The s20,w of FITC-Aβ42 as measured by the 

fluorescence detection system is 0.81 ± 0.02 S and the weight-average frictional ratio (𝑓/𝑓0) is 1.44 

± 0.1, suggesting a relatively elongated conformation [391]. It is also clear from the distribution that 

40 nM FITC-Aβ42 did not form aggregates during the centrifugation process. The antibody 6E10 

showed an s20,w of 7.2 S, additionally a small fraction, ~5% of an antibody dimer with s20,w of 11.7 S 

was detected by the absorbance based AUC measurement (Fig. S27). The oligomerization of 

antibodies is a well-known general property, which for example plays a critical role in determining 

the shelf life of commercially manufactured antibodies [392]. The weight-average frictional ratio 

(𝑓/𝑓0) of 6E10 was 1.24, pointing to a globular shape of the antibody in solution. 

In the presence of antibodies, FITC-Aβ42 formed complexes with the binding partner in a 

concentration dependent manner, as shown in Fig. 46. The amount of unbound FITC-Aβ42 (found 

at ~0.8 S) decreased with increasing amounts of added antibody, while the antigen-antibody complex 

at ~7 S (Table 5) accumulated gradually with the titration of antibodies to the FITC-Aβ42 solution. 

In addition, we also observed a minor population of species with larger s-values in almost all 

antibody-containing samples. We speculate that these species most likely contain complexes formed 

by FITC-Aβ42 and antibody dimers. The complex of FITC-Aβ42 and dimeric antibody should 

sediment with about 11 S, very close to the s-value of an antibody dimer alone. Regarding the main 

complex at ~7 S, it is evident that there is only one antibody molecule bound to FITC-Aβ42, however, 

we cannot distinguish between antibodies that have one and two Aβ42 molecules bound, as the 

increase in the added molecular mass (4 kDa) to the mAb (150 kDa) cannot be resolved in the s-

value regime. During the analysis we also noticed that the weight-average frictional ratio (𝑓/𝑓0) of 

Aβ42-antibody mixtures decreased from about 1.5 for FITC-Aβ42 alone to about 1.2 in FITC-Aβ42 

saturated with antibodies, which also hints to the complexation between Aβ42 monomers and 

antibodies. 
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Table 5. Weight-average s20,w of the major complex formed by antibodies and FITC-Aβ42.a 

 6E10 4G8 12F4 

Weight-average 

s20,w (S) 
6.8 ± 0.4 6.8 ± 0.4 6.9 ± 0.3 

a Values were determined by peak integration of the c(s) distribution from 4 to 10 S using GUSSI 

(version 1.2.1) and were expressed as mean ± S.D. 

 

 

Figure 46. Sedimentation velocity analysis of FITC-Aβ42 in the presence of varying concentrations 

of three anti-Aβ antibodies. FITC-Aβ42 at 40 nM was titrated with 6E10 (A), 4G8 (B) and 12F4 (C) 

in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4), 0.005% (v/v) Tween-20. All samples were 

centrifuged at 50,000 rpm (201,600 g) and 20 °C for 15 h. The sedimentation coefficient distribution 

was obtained using the continuous distribution c(s) Lamm equation model. The standardized s20,W 

for 20 °C and water as a solvent is reported. 
 

Determining the dissociation constants between Aβ42 monomers and antibodies based on the 

size distributions 

Next, we sought to determine the KD values for each antibody based on the results from c(s) analyses. 

Note that the fluorescence signals of all samples in AUC measurements were constant over the 

measurement and were rather similar to each other, suggesting the absence of quenching or losing 

materials in the experiment. The complex formation between FITC-Aβ42 and antibody will lead to 

a gradual increase in the weight average s-value of the sample. Based on the mass action law, the 

signal-weight average sedimentation coefficient (sw) isotherm can be built in order to determine the 

binding affinity [306]. As can be seen from the fitting of the isotherms (Fig.47 and Table 6), all three 

antibodies form complexes with FITC-Aβ42 monomers with nanomolar affinities. The KD 

determined for 6E10 and FITC-Aβ42 was 30.1 [13.2, 63.3] nM; the KD values for 4G8 and 12F4 

were 11.3 [1.0, 45.5] nM and 14.6 [4.7, 37.1] nM, respectively. The values obtained under 68.3% 

confidence interval are given in brackets. 
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Figure 47. Binding isotherms of signal-weight average sedimentation coefficient (sw) as a function 

of the logarithm of the loading concentration for 6E10 (A), 4G8 (B) and 12F4 (C). The isotherms 

were generated by integrating the distribution from 0.5 to 14 S according to the c(s) analysis and 

were fitted using the 'A + B ←→ AB Hetero-Association' model implemented in Sedphat (version 

10.58f) to determine the dissociation constants. For data evaluation, a concentration of 1 × 10-13 M 

of the antibody was assigned to samples of FITC-Aβ42 alone. 

 

Quantifying the dissociation constants using the microscale thermophoresis analysis  
 

To further investigate the interaction between FITC-Aβ42 and the antibodies, we carried out MST 

measurements using the same concentrations of FITC-Aβ42 and solvent conditions as used for AUC 

experiments. The thermophoretic behavior of a given target molecule can be influenced by changes 

in its size, charge and solvation upon binding to another molecule [239]. The fluorophore fluorescein 

alone did not interact with the antibody, as demonstrated by the control experiment (Fig. S28), 

therefore any change in the thermophoresis could be attributed to the binding between Aβ42 

monomers and the antibodies. The binding plots were analyzed via the simple 1:1 binding model 

despite the bivalent nature of the antibodies for two reasons. Firstly, using more complex models, 

for example the Hill model, could not improve the quality of the fit. Secondly, the titration of 40 nM 

Aβ42 with the indicated concentrations of mAb will saturate only a single binding site. As shown in 

Fig. 48 and Table 6, samples incubated with different antibodies exhibited different thermophoretic 

effects in MST measurements, although they are similar in size. The binding curve of FITC-Aβ42 

and 6E10 revealed a KD of 10.3 ± 4.6 nM. The descending trend of 𝐹𝑛𝑜𝑟𝑚 in the presence of 6E10 

suggested that bound FITC-Aβ42 molecules moved out of the heated zone faster than free molecules, 

indicating an increase in the thermophoretic mobility of FITC-Aβ42-6E10 complexes [239]. The KD 

for FITC-Aβ42 and 4G8 was determined to be 12.8 ± 4.6 nM. Interestingly, the binding plot of FITC-

Aβ42 and 4G8 displayed a pattern opposite to that of FITC-Aβ42 and 6E10, meaning that complexes 

had lower thermophoretic mobility than free FITC-Aβ42 molecules [239]. 12F4 bound to FITC-

Aβ42 with a KD of 9.5 ± 5 nM. The binding of 12F4 to FITC-Aβ42 also led to a decrease in the 

thermophoretic mobility, but to a lesser degree than that induced by 4G8. The reason for the deviation 

in the thermophoretic behavior of three Aβ42-antibody complexes is not clear yet. The antibodies 

used in the study recognize different epitopes of Aβ42 monomer. One possibility is that different 

degrees of posttranslational modifications of the antibodies like glycosylation influence their 

thermophoretic behavior. According to literature 4G8 carries sialic acids on its surface, while 6E10 

does not [393, 394]. Additionally, the binding of antibodies to different regions of Aβ42 might induce 

alterations in the hydration shell of the complex, subsequently leading to different thermophoresis 

effects [236]. 
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Figure 48. Microscale thermophoresis analysis of the interaction between FITC-Aβ42 and different 

antibodies. FITC-Aβ42 at 40 nM was titrated with different concentrations of antibodies in 20 mM 

sodium phosphate, 50 mM NaCl (pH 7.4), 0.005% (v/v) Tween-20 at ~ 23 °C. Binding plots of FITC-

Aβ42 to 6E10 (A), 4G8 (B) and 12F4 (C) were fitted using the 1:1 binding model. Measurements 

were performed in triplicate. 

 

Since the concentration of fluorescently labeled molecule is usually very low in fluorescence based 

measurements, it might be necessary to block the unspecific surface adsorption of the target molecule 

to maintain the input concentration. Therefore additives such as carrier proteins or detergents have 

been suggested for AUC or MST to deal with this problem [236, 306]. However, carrier proteins that 

are commonly used in fluorescence based AUC are not considered in the present study to avoid 

potential interference of these proteins with the interaction between antibodies and Aβ [395, 396]. 

Tween-20 (0.005%, v/v) was thus used as an alternative to overcome the surface adsorption of FITC-

Aβ42 in both experiments. Comparing dissociation constants measured in the present study with 

reported values from literature (Table 6), we found that the determined dissociation constants for all 

tested antibodies are in general agreement with those from literature, regardless of the methodology. 

Additionally, the three antibodies have rather similar affinities toward Aβ42 monomers, irrespective 

of the recognized epitopes. In light of the bivalent nature of the IgG antibody, it has been suggested 

in previous SPR studies that a bivalent model might be necessary to properly fit the data, especially 

when Aβ is immobilized on sensor chips [377]. Nevertheless, the 1:1 binding model appears to be 

sufficient to fit the SPR data reasonably well in the case of Aβ binding to immobilized antibodies 

[373]. This indicates that the antibody might bind to Aβ monomers exclusively either with a single 

site or with both sites [377]. It should be mentioned that both AUC and MST report the information 

about the bound and unbound states of the labeled molecule. At a concentration lower than the critical 

aggregation concentration of about 90 nM [328], Aβ is unlikely to form aggregates within the time 

scale of both experiments, which definitely helps to reduce the incidence of multiple binding between 

Aβ oligomers and antibodies. The size distribution of all antibody-containing FITC-Aβ42 samples 

also revealed that complexes with only one antibody molecule were the dominant species in solution. 

Therefore, the simple 1:1 binding model also provided reasonable fitting results with good residuals 

in our study.  
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Table 6. A comparison of dissociation constants of the interaction between Aβ monomer and three 

antibodies.  

KD (nM) 6E10 4G8 12F4 

AUC a 36.5 (30.6-43.4) 11.3 (1-45.5) 14.6 (4.7-37.1) 

MST b 10.3 ± 4.6 12.8 ± 4.6 9.5 ± 5 

SPR c 22.3 30.1 n/a 

a Obtained based on fitting the isotherms of signal-weight average sedimentation coefficient (sw) 

using the 'A + B ←→ AB Hetero-Association' model and 68.3% confidence interval in Sedphat 

(version 10.58f). 

b Obtained according to the 1:1 binding model. 

c Obtained from SPR measurements in which Aβ40 monomers were injected over immobilized 

antibodies on the sensor chip and the 1:1 Langmuir binding model was used for data evaluation [373]. 

 

Conclusion 
 

The combination of fluorescent labeling and solution based methods allows us to investigate the 

interaction between the aggregation-prone Aβ42 monomer and its binding partners in the 

concentration range of their dissociation constants. We obtained reliable binding parameters which 

are in good agreement with SPR studies on Aβ and antibodies. Besides, the dissociation constant 

between 12F4 and Aβ42 monomer was reported for the first time based on our measurements. The 

determined values may offer additional information for the application of these antibodies. AUC and 

MST are also capable of analyzing challenging samples such as tissue lysates, blood serum or other 

biological liquids [242, 397], which envisions the possible translation of the approach to 

physiological samples. However, solution based methods also have some limitations. For example, 

the fluorophore tag might have an impact on the interaction process by modifying the epitope or 

interacting directly with the binding partner. However, neither of the possibilities was evident in this 

study. Nevertheless, the rapid aggregation of Aβ oligomers in solution still renders it challenging to 

characterize the interaction between oligomeric species and antibodies via these solution based 

methods. Taken together, we demonstrate that AUC and MST can be useful on their own and are 

rigorous complements to surface based techniques for studying the interaction between Aβ species 

and various ligands. 
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Supporting information 
 

Table S6. Parameters for the c(s) analysis of AUC sedimentation profiles at 20 °C. 

FITC-Aβ42 
Partial specific volume (�̅�) a 0.732 cm3/g 

Molecular mass (MW) 4974.6 g/mol 

20 mM sodium phosphate,  

50 mM NaCl 

Density (ρ) 1.003 g/cm3 

Viscosity (η) 0.010154 poise 

a Determined based on the software Sednterp and Durchschlag et al. 

 

 

Figure S25. The HPLC chromatogram of the FITC-Aβ42 product from the manufacturer. 
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Figure S26. The electrospray ionization mass spectrometry (ESI-MS) result for the FITC-Aβ42 

product from the manufacturer. 

 

Figure S27. Sedimentation coefficient distribution of 6E10. The antibody sample was prepared in 20 

mM sodium phosphate, 50 mM NaCl (pH 7.4) and was centrifuged at 40,000 rpm (129,024 g), 20 °C. 

s20,w was evaluated with the continuous distribution c(s) Lamm equation model. The major species 

at 7.2 S is the antibody monomer and accounts for ~95% of the total species, the species at ~11 S is 

most likely the antibody dimers. 
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Figure S28. Microscale thermophoresis analysis of 40 nM fluorescein in the presence of different 

concentrations of 6E10. Samples were prepared in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4) 

and were measured in triplicate. 
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General discussions 
 

The misfolding and abnormal aggregation of Aβ have been under research, not only due to the critical 

role of Aβ aggregation in AD etiology, but also because of the importance of understanding the 

functioning of intrinsically disordered proteins in general. Aβ monomers are mainly unstructured in 

aqueous solution under physiological conditions. The rather flexible conformation of the protein 

therefore depends highly on the environment (solvent, ionic strength, pH and temperature) and the 

aggregation state (e.g. oligomers or fibrillar structures). The structural diversity of Aβ is linked to 

the solubility and the toxicity of various Aβ species. The N-terminal part of Aβ (D1-K16) is more 

hydrophilic than the rest of the protein and has a low propensity to form β-sheet structure. The central 

hydrophobic core (L17-A21), which plays an important role in the fibril formation of Aβ, tends to 

adopt β-strand conformations during the aggregation process. D23-K28 will form a turn structure via 

intramolecular salt-bridging [118]. The C-termini of Aβ proteins (starting from G29) are also 

hydrophobic in solution. It has been demonstrated in NMR studies that the C-terminus of Aβ42 is 

more rigid than that of Aβ40 [398]. The C-terminal area of Aβ has high probability of form β-sheet 

structures during the fibrillation. The N-terminus of Aβ, which is generally regarded as disordered 

both in free and aggregated forms, could regulate the aggregation rate and the stability of amyloid 

fibrils [399]. The overall conformational tendency of different regions of Aβ contributes to the final 

β-strand/turn/β-strand conformation of Aβ monomer within the fibrillary structures.  

The aggregation of Aβ from monomeric units to oligomers and fibrils can be dissected into a number 

of microscopic events and is an essential target for disease diagnosis and intervention. Nowadays it 

is relatively clear that the aggregation of Aβ includes primary nucleation, elongation, secondary 

nucleation and fragmentation processes [139]. Each process has its own biophysical characteristics. 

In the primary nucleation Aβ monomers spontaneously assemble into small oligomers, or “nuclei”. 

During the elongation process, monomers add to existing nuclei to form protofilaments and fibrils. 

Secondary nucleation describes the formation of Aβ oligomers from monomers catalyzed by existing 

fibril surfaces [309]. The fragmentation by mechanical stresses gets more likely with increasing 

length of a fibril, which could generate more fibril ends as attachment sites for monomers. Each 

single process could be modulated to perturb the aggregation process of Aβ. For example, bexarotene 

suppresses the primary nucleation of Aβ and delays the formation of toxic species, thus maintaining 

the mobility of Caenorhabditis elegans model of Aβ mediated toxicity at a level similar to that of 

worms without Aβ expression [311]. Abelein et al. reported that Zn2+ interacts with Aβ42 fibril ends 

and interferes with the elongation process [168]. The fibril catalyzed secondary nucleation is thought 

to be the major pathway responsible for the generation of toxic oligomers [132]. Munke et al. 

designed several single-chain antibody fragments (scFvs) which can selectively inhibit the secondary 

nucleation process of Aβ42 and effectively reduce the production of neurotoxic oligomers [400].  

The characterization of the interaction between ligands and different Aβ assemblies is often 

challenging due to the difficulty in obtaining homogenous Aβ species. The structural flexibility and 

high aggregation propensity of Aβ indeed make it hard to unveil how a certain binding partner 

interacts with Aβ species, especially for Aβ monomers. Very detailed crystal structures of complexes 
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formed by anti-Aβ antibodies and Aβ fragments have been published via using x-ray crystallography 

[380, 382], while it is still challenging for full-length Aβ monomers.  

Dyshomeostasis of metal ions such as Zn2+ in the central nervous system is an important pathological 

change in AD patients. How Zn2+ interacts with Aβ and how the interaction influences the brain 

function might be a key point in understanding the exact role of Aβ aggregation in AD pathologies. 

In the first part of the thesis, we revisited the effect of Zn2+ on the fibrillation of Aβ via using 

analytical ultracentrifugation and other techniques. It seems that stoichiometric Zn2+ can rapidly 

induce conformational changes in Aβ by reducing the random coil structures. This rapid alteration 

in secondary structure correlates with a fast increase in ThT fluorescence in Aβ42 samples incubated 

with Zn2+ during the lag phase of Aβ42 alone. The partial neutralization of the net charge of Aβ42 

molecules will also facilitate its self-association by reducing the electrostatic repulsion between 

different molecules. Corresponding to the accelerated aggregation in ThT assays and CD 

measurements, AUC analyses also showed that the amount of oligomers (5-15 S) was higher in Aβ42 

incubated with Zn2+ than that in Zn2+ free Aβ42 samples. This observation was supported by a very 

similar study from Lee et al., showing that Zn2+ promotes the oligomerization of Aβ in a way different 

from the formation of ADDLs. The oligomers in the presence of Zn2+ had less β-sheet structures than 

those species formed in Aβ alone [401]. Although the aggregation of Aβ was directed to “off-

pathway”, we found that this effect could be reversed by the addition of EDTA. Interestingly, Aβ42-

Zn2+ samples with the addition of EDTA at 23 h firstly showed a partial restoration of unordered 

conformation, and then a similar fibrillation process to Aβ42 alone. This may suggest that partially 

folded Aβ42 proteins are loosely accumulated with each other in the presence of Zn2+. However, the 

effect of EDTA may also depend on the aggregation state of Aβ42. Matheou et al. introduced EDTA 

into Zn2+ containing Aβ42 samples after 250 h of incubation and discovered that EDTA was not able 

to resume the normal aggregation kinetics [270], probably indicating that after prolonged incubation, 

the off-pathway aggregates have different conformations or intermolecular interaction patterns to 

freshly formed off-pathway aggregates. 

In the seeding experiments in which Zn2+ containing and Zn2+ free Aβ42 seeds were prepared and 

compared to assess their effects on Aβ42 aggregation kinetics, we observed interesting phenomena. 

First, Aβ42 seeds were unable to accelerate the fibrillation of Aβ42 in the presence of Zn2+. Evidence 

from stopped-flow spectroscopy has proved that the interaction between Aβ42 and Zn2+ is rapid at 

millisecond time scale. The rapid interaction induces immediate conformational change in Aβ 

monomers and promotes its aggregation into non-fibrillar species [163, 164]. This may explain why 

Aβ42 seeds were not capable of enhancing the aggregation process in the presence of Zn2+. 

Additionally, Zn2+ could also interact with the end of Aβ42 seeds and prevent monomers from 

stacking onto fibrillar assemblies, according to Abelein et al.’s research. Second, we also noticed 

that Aβ42 seeds prepared together with Zn2+ was inactive to speed up the aggregation process. We 

propose that this is a consequence of the non-fibrillary structures of Aβ42 seeds formed in the 

presence of Zn2+. The elongation process happens due to the addition of Aβ monomers to the end of 

fibrillary structures by adopting β-sheet conformations. MD simulations demonstrated that Zn2+ 

binding does not influence the formation of β-sheet structures in C-terminal hydrophobic region of 

Aβ42. However, less ordered structures are also stabilized during the Zn2+ coordination, which 
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induces the formation of less uniformed assemblies [172]. The alteration in the structural property 

of Aβ seeds will for sure lead to different seeding capabilities.  

How does Zn2+ influence the toxicity of Aβ42 aggregates? Sharma et al. showed that Zn2+ inhibits 

the fibrillation of Aβ42 and reduces the cytotoxicity of Aβ42 oligomers [165]. In contrast to this 

study, the recent research from Lee and coworkers demonstrated that “off-pathway” Aβ oligomers 

generated in the presence of Zn2+ are actually more toxic than ADDLs [401]. These aggregates not 

only impaired cell viability, but also damaged the long term potentiation (LTP) of hippocampal 

neurons and triggered microglia activation. The in vitro and ex vivo studies proved that the rapid 

interaction between Aβ42 and Zn2+ might play a role in Aβ aggregation related neuropathologies.  

In addition to divalent metal ions, peptidic ligands have also been extensively studied for their 

efficacies and mechanisms in modulating the aggregation of Aβ. One example is the utilization of 

the central hydrophobic core (KLVFFA) of Aβ to interfere with the aggregation process of Aβ. It is 

generally accepted that this region binds to full length Aβ with high affinities and is critical for the 

interaction between Aβ molecules as well as the fibril formation [402]. Pallitto et al. designed several 

ligands by combining the central hydrophobic core with repeating lysine residues and discovered 

that these peptides increased the size and changed the morphologies of Aβ aggregates [403]. Peptidic 

ligands usually have high specificities and affinities for their targets, while the disadvantages of 

peptidic ligands include in vivo immunogenicity and susceptibility toward proteolysis. One 

promising strategy is to engineer peptidic ligands consisted of D-enantiomeric amino acids. Peptides 

composed solely of D-amino acids are a novel kind of drug candidates. They are highly resistant to 

proteolysis and are believed to be less immunogenic than their L-counterparts. D3 is the lead 

compound of a series of D-peptides with oligomer-eliminating activities and was selected by mirror 

image phage display using Aβ42 as a screening target [201, 210]. Previous in vivo studies have 

figured out that D3 improves the cognitive function of AD transgenic mice by converting toxic Aβ 

oligomers into non-toxic species [201, 209]. Further studies demonstrated that these 12-amino acid 

cationic peptides have good BBB permeability and in vivo stability, suggesting promising clinical 

applications [207, 208, 404]. RD2 is an optimized compound for toxic oligomer elimination. It has 

been demonstrated both in vitro and in vivo that RD2 has stronger efficacy than D3 in removing Aβ 

oligomers [214]. Furthermore, RD2 is especially potent in rescuring the cognition and behavioral 

ability of AD mouse models [215]. One of the interesting physical properties of these D-peptides is 

that they contain several D-arginine residues, meaning that they are usually positively charged in 

physiological conditions. CD experiments showed that the D-peptides are generally unstructured in 

aqueous solution. The high content of charge and conformational flexibity play important roles in 

the mechanism of action. Though the effects of D3 and RD2 on the elimination of toxic Aβ 

assemblies have been well-established using in vitro and in vivo assays. The detailed mechanism is 

not fully understood. Thus, it is of great value to study whether and how these arginine-rich D-

peptides interact with intrinsically disordered Aβ monomers and further influence the aggregation 

process. 

D3 and RD2 have the same amino acid compositions but different sequence. Interestingly, SPR 

experiments revealed that D3 and RD2 have rather similar binding affinities toward Aβ42 monomers, 

with KD values at around 4 μM (Table 7). It has been shown that both D-peptides can mitigate Aβ 
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pathologies and rescue the cognitive impairment in AD mouse models. The mechanism of action of 

these D-peptides is based on the elimination of Aβ oligomers that are highly toxic to the central 

nervous system. The binding affinities were reevaluated using microscale thermophoresis. The 

fluorescence based method allowed us to reduce the concentration of Aβ42 to nanomolar range, so 

that the self-aggregation of Aβ42 could be suppressed. Moreover, the low analyte concentration is 

beneficial to the determination of high affinity bindings. We found that KD values determined by 

MST were decreased by one order of magnitude for both D-peptides (Table 7). We wondered that 

the discrepancy in KD values derived from different methods is likely due to different experimental 

setups. Aβ42 proteins were immobilized on sensor chips via biotin-streptavidin conjugation in SPR 

experiments. This may reduce the structural flexibility of unordered Aβ42 monomers, especially near 

the immobilization sites. However, both the protein and the binding partner are allowed to move 

freely in MST measurements. This could ensure the full access of D-peptides to all the potential 

binding sites of Aβ42. Free Aβ42 molecules could also maintain their conformational flexibility to 

facilitate the interaction. Indeed, evidence from SPR experiments using different Aβ fragments has 

shown that D3 can bind to multiple regions of Aβ42 with KD values ranging from 14 to 85 μM [405]. 

The high affinity binding came from a combination of different binding events, known as the avidity 

effect [405]. Previous MD simulations discovered that the interaction between D-peptides and Aβ42 

are mainly driven by electrostatic interactions. It is therefore natural to test the binding between D-

peptides and Aβ42 under different ionic strength to check if this alters the KD values. Ziehm et al. 

quantified the dependence of D3 and Aβ42 interaction on the concentration of sodium chloride using 

SPR technique and found that the binding was strongly weakened when the concentration of NaCl 

was increased to 300 mM [405]. In the present study, the KD values of D-peptides and Aβ42 were 

decreased to around 100 nM when the ionic strength of the buffer was reduced from 99 mM to 61 

mM in MST experiments. Our measurements corroborated the role of charge effects in the interaction 

between D-peptides and Aβ42. The mechanism by which reducing the ionic strength enhances the 

interaction between IDPs carrying opposite charges is not fully resolved. It is possible that under 

high ionic strength conditions solvent ions screen the charges on the protein surface and weaken the 

interaction [406]. In addition, similar to the SPR data, D3 and RD2 also have approximate affinities 

toward Aβ42 monomers according to MST measurements.  

Table 7. Comparison of determined KD values for Aβ42 and D-peptides based on different 

experimental approaches and conditions. 

Experimental approach Aβ42-D3 Aβ42-RD2 

MST a 270 [240, 310] nM 330 [290, 380] nM 

MST b 88 [82, 99] nM 130 [80, 190] nM 

SPR c 4.0 ± 0.9 μM 3.6 ± 0.7 μM 

a measurements were performed in 20 mM sodium phosphate, 50 mM NaCl (pH 7.4) by titrating 

D3 or RD2 to FITC-Aβ42 at 22 °C. 
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b measurements were conducted in 5 mM sodium phosphate, 50 mM NaCl (pH 7.4) by titrating  D3 

or RD2 to FITC-Aβ42 at 22 °C. 

c SPR measurements were carried out at 25 °C by injecting D3 or RD2 diluted in 20 mM sodium 

phosphate, 50 mM NaCl (pH 7.4) to Aβ42 immobilized on sensor chips via biotin-streptavidin 

coupling [214]. 

 

The complex formation between D-peptides and Aβ42 monomers was investigated using 

fluorescence based analytical ultracentrifugation, supported by s-value estimation from the 

molecular dynamics simulation. In AUC measurements different labeling approaches were used to 

determine the size distributions of D-peptide and Aβ42 mixtures, in an attempt to discover the 

heterocomplexes. The first evidence on the formation of the 1:1 D3 and Aβ42 complex came from 

experiments using FITC-D3 and Aβ42, showing the shift in the s-value of the species at ~0.5 S 

(FITC-D3 monomer) toward 0.71 S when Aβ42 was present in high excess. Since D3 monomers are 

unlikely to self-associate into large species, and can hardly reach such a high s-value, the shift in s-

value can only be attributed to the formation of the smallest Aβ42-D3 complexes. While in AUC 

measurements using FITC-Aβ42 and D-peptides, the overlap in the s-value of Aβ42 monomer and 

the 1:1 complex preludes the detectability of the smallest heterocomplex. Additionally, it is also 

evident from the c(s) analyses that Aβ42 monomers and D-peptides could form complexes at about 

1.5 S and larger s-values, although the content of detected complexes is rather low. From the size 

distribution we also observed that there is an increase in the weigth average s-value in Aβ42 and D-

peptide mixtures in all fluorescence AUC measurements, which obviously confirm the presence of 

species with increased s-value in these samples. The overall size distribution of the mixtures further 

confirmed that D-peptide and Aβ42 are able to form complexes at different stoichiometries. As 

supported by MD simulations, we observed complexation between D3 and Aβ42 at multiple 

stoichiometries. All the s-values for the simulated complexes are within the range of experimentally 

determined s-values. However, we were unable to determine the exact stoichiometries of all the 

complexes, because of the low amount of these species in AUC and the possible involvement of 

small complexes in the further formation of large co-precipates. The concentration dependent loss of 

fluorescence signals in the initial centrifugation process of AUC measurements could point to the 

formation of large co-precipates of D-peptide and Aβ42 during the incubation and initial 

centrifugation. We speculate that these high molecular weigth co-precipates sediment fast in the 

centrifugation and thus cannot be recorded by AUC. This was further substantiated by the turbidity 

assay performed using micromolar concentrations of Aβ42 and D-peptides. However it should be 

noted that the concentrations of Aβ used in the present work is still much higher than the 

physiological concentration of Aβ, the presence of co-precipates is mostly observable in vitro in the 

presence of high Aβ concentrations. The fluorescence labeling was conjugated to Aβ42 in AUC 

experiments with RD2. Besides FITC-Aβ42 monomers, the most populated species was observed at 

around 1.85 S. Since the size distributions of RD2 samples are rather similar to those of D3 samples, 

we believe that RD2 should also be able to form complexes with Aβ42 at multiple stoichiometries. 

Although AUC and MD simulations both demonstrate that D-peptides are capable of forming 1:1 

and larger complexes with Aβ42 monomers, much work is needed to further characterize the 
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structural information as well as the exact stoichiometries of the complexes. The low population of 

D-peptide and Aβ complexes in AUC might suggest that the interaction is transient in nature. 

The impact of hydrophilic charged proteins on the fibril formation of Aβ40 was already documented 

by Assarsson et al., reporting that single-chain monellin and calbindin D9k retard Aβ40 fibrillation in 

a charge dependent manner. It has been demonstrated that the more positive charge the ligand has, 

the stronger the retardation effect will be [319]. D-peptides are also hydrophilic are highly charged 

in aqueous solution. The effect of D-peptide on the aggregation of Aβ42 was examined at 

substoichiometric levels to mitigate the rapid precipitation of materials in solution. The lag phase of 

Aβ42 aggregation was significantly delayed in the presence of substoichiometric levels of D3 or 

RD2, even when Aβ42 was incubated with 1% seeds. The rapid elongation process of Aβ42 

fibrillation in the absence of seeds seems to be unaffected by D-peptides according to the ThT kinetics, 

while in Aβ42 samples with 5% seeds we noticed that D-peptides could slow down the elongation 

by comparing the slope of the aggregation kinetics. The retardation of the fibrillation was 

accompanied by a slow secondary structure transition of Aβ42 samples incubated with D3 or RD2 

in CD measurements. Morphologies of Aβ aggregates from AFM imaging also agree well with 

different aggregation pathways of Aβ42 treated with or without D-peptides. Interestingly, the 

sedimentation velocity measurement showed that 0.1 fold RD2 could help to preserve Aβ42 

monomers in solution, which correlates well with the retardation of Aβ42 fibrillation in the presence 

of D-peptides. How do D-peptides influence the fibrillation of Aβ42 at such a low stoichiometry? It 

is unlikely that D-peptides form stable complexes with Aβ monomers and reduce the effective 

concentration of Aβ monomers available for the fibrillation. In ThT and CD experiments which 

usually require micromolar Aβ42, sequestering 10% Aβ42 monomers is not sufficient to induce such 

a strong retardation in secondary structural transition and the fibrillation process. A possible 

explanation is that D-peptides may transiently interact with Aβ monomers and retain them in 

unstructured conformations that are not suitable for the self-association, as can be seen from CD 

measurenments and absorbance based AUC measurements. The high content of Aβ42 monomers in 

Aβ samples incubated with 0.1 fold D3 or RD2 for 24 h revealed that the formation of Aβ42 

oligomers has been decelerated by D-peptide interaction. The stabilization of Aβ monomers therefore 

slows down the nucleation process and prolongs the lag phase. The presence of Aβ seeds could 

accelerate the fibrillation process by catalyzing secondary nucleation and initiating fibril elongation 

[311]. Although the elongation process is not significantly altered by D-peptides in Aβ samples 

without seeds, we found that D-peptides slowed down the elongation in Aβ samples containing high 

concentration of preformed seeds. Based on these findings, the second possible mechanism is that D-

peptides interact with and cancel the catalytic ability of existing Aβ seeds, and prevent them from 

taking part in the further elongation process. For instance, D-peptides can cluster Aβ42 oligomers 

and small fibrillar structures (seeds) and form off-pathway species with them, therefore postponing 

the rapid elongation. Besides, our previous study already demonstrated that D-peptides are able to 

eliminate Aβ42 oligomers in pre-incubated Aβ samples by promoting the formation of large 

aggregates, as indicated in density gradient centrifugation analyses [212]. Combining the evidence 

from AUC and MST that D-peptides bind to Aβ42 monomers and seeding experiments showing that 

D-peptides also interact with Aβ42 assemblies, we propose that both mechanisms contribute to the 

retardation effect of substoichiometric D-peptides on Aβ fibrillation. Furthermore, we envision that 
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applying high molar ratios of D-peptides may exert stronger inhibitory effects on the aggregation of 

Aβ. 

Up to now the detailed mechanisms of the interaction between D-peptides and Aβ42 are still not 

completely resolved. Most of the information about the binding sites came from SPR experiments 

and MD simulations. It seems that there is no well-defined binding site between D-peptides and Aβ42 

monomers. Experimental analyses in the present work and our previous study suggest that 

electrostatic effect is important for the interaction between D3 and Aβ monomers [405]. Olubiyi et 

al. reported that the interaction between D3 and Aβ42 is mainly mediated by the electrostatic 

interaction between D-Arg residues on D3 and Glu and Asp residues on Aβ42. Our latest MD 

simulations also had consistent findings that hydrogen bonds and salt bridges between the oppositely 

charged amino acid residues play dominant roles in the interaction. Apart from hydrogen bonds and 

electrostatic interactions, we also identified 𝜋-cation interactions between D-Arg residues at C-

termini of D3 peptides and Tyr10 or His13 of Aβ42, which can be anticipated from the property of 

Arg residues. These new interaction modes imply that D3 is more versatile than we expected in the 

interaction with Aβ42. Upon binding to D3, the conformation of Aβ42 will remain as random coil 

structures and the molecules seldom form β-sheet structures in these heterocomplexes. The mainly 

disordered conformation of Aβ42 in complex with D3 suggests the highly flexible nature of the 

interaction. The simulation data is in line with CD measurements showing that the presence of 

substoichiometric D3 or RD2 slows down the secondary structure transition of Aβ42. A detailed 

examination of the content of β-structures in MD simulations demonstrated that Aβ42-D-peptide 

complexes have much less β-structures than Aβ42 dimers [325]. The difference in the secondary 

structure between Aβ42-D-peptide complexes and Aβ42 oligomers (for example, Aβ42 dimers) 

could also result in different aggregation processes. 

Due to the similarity in the amino acid composition of D3 and RD2, it is therefore very interesting 

to compare the difference between these two isoforms regarding their interaction with Aβ42. 

Previous SPR measurements demonstrated similar binding affinities of D3 and RD2 toward Aβ42. 

Besides, both D-peptides are effective in restoring the cognition and behavioral ability of AD mouse 

models in animal studies [209, 214]. In particular, RD2 has been demonstrated to significantly reduce 

the Aβ oligomer level in AD transgenic mouse models with full-blown pathologies and completely 

reverse the cognitive impairment [215]. In the present study, effects of D3 and RD2 on the 

aggregation of Aβ42 were mainly addressed at substoichiometric concentrations. The dissociation 

constants were also determined to be quite close for both D-peptides based on MST measurements. 

The complex formation as measured by fluorescence based AUC also displayed similar results that 

the content of monomeric Aβ42 was reduced in the presence of D-peptides, and that additional 

species accumulated in Aβ42 and D-peptide mixtures. The overall effects of D3 and RD2 on the 

aggregation of Aβ42 are rather similar. However, ThT kinetics, seeding experiments and CD 

measurements point out that RD2 seems to be more effective than D3 in retarding the secondary 

structure conversion and fibril formation of Aβ42. Turbidity measurements also substantiated a 

stronger effect of RD2 than D3 in promoting the generation of large co-precipates with Aβ42 at 

micromolar concentrations. The observed differences in these experiments suggest that RD2 might 

be more potent than D3 in recognizing and eliminating Aβ assemblies like oligomers. In MST 
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measurements we observed similar trends for D3 and RD2 that reducing the ionic strength of the 

buffer enhances the binding affinity, which indicates that the charge effect is also vital for the 

interaction between RD2 and Aβ. Nevertheless, alterations in side chains of D-peptides may 

differentially affect the binding pattern, thus leading to different outcomes.  

The low loading concentration of fluorescent molecules in fluorescence based AUC and MST 

measurements permits the measurement at concentration ranges close to the dissociation constant of 

our system (Aβ42 and D-peptides). However, the surface adsorption of fluorescent molecules should 

be addressed appropriately. In the present study we used Tween-20 or PEI to tackle the unspecific 

attachment of Aβ42 or D-peptides to the surface. Commonly used surface blocking proteins such as 

BSA are not practical in our system. It is evident from the AUC measurement of FITC-Aβ42 alone 

that Tween-20 did not interact with Aβ42 since we could only identify FITC-Aβ42 monomers in the 

size distribution analysis. MST data further proved that Tween-20 had no impact on the interaction 

between Aβ42 and D-peptides. A cationic polymer, PEI, was used in AUC and MST experiments on 

FITC-D3. PEI is unlikely to interact with D3 due to the charge-charge repulsion. As shown in the 

size distribution analysis, FITC-D3 is able to form multiple complexes with Aβ42 monomers in 

solutions containing 0.0004% (w/v) PEI. Besides, MST measurements using FITC-D3 and Aβ42 

reported approximate KD value to that determined for FITC-Aβ42 and D3, suggesting that the 

interaction between Aβ42 and D-peptides is not significantly affected by the additives in solution.  

In chapter IV, we applied fluorescence based sedimentation velocity and microscale thermophoresis 

to study the interaction between Aβ42 and three anti-Aβ antibodies recognizing different epitopes. 

One of the advantages of using fluorescence detection and matrix-free methods is that this allows us 

to carry out experiments in concentration ranges close to the dissociation constant of a system. In the 

present study, Aβ42 was used at a concentration lower than the reported critical oligomerization 

concentration, therefore the self-aggregation of Aβ42 could be well controlled to avoid the formation 

of Aβ42 oligomers. The binding parameters for Aβ42 monomers and antibodies can be determined 

reliably. All three antibodies, 6E10, 4G8 and 12F4, are able to form complexes with Aβ42 monomers 

with low-nanomolar affinities. The determined KD values from AUC and MST agree well with those 

reported in SPR studies [373]. It is also interesting to discover that all three antibodies show similar 

affinities of binding to Aβ42 monomers to each other, although they have completely different Aβ 

epitopes. Although antibodies have two equivalent binding sites for Aβ42, the 1:1 binding model is 

sufficient to fit the data and the use of other more complex models such as the hill model did not 

significantly improve the quality of the fit. By using the well-established antigen-antibody system, 

we also validated that fluorescence based AUC and microscale thermophoresis can provide rigorous 

and reliable information for aggregation-prone and intrinsically disordered Aβ42 proteins and their 

binding partners. In addition, the approach of involving specific antibodies might be utilized as a 

competitive assay to identify, for example, the binding site between Aβ and the ligands. 
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Conclusions and perspectives 
 

The present study addressed how a divalent metal ion (Zn2+) and several ligands (D-peptides and anti-

Aβ antibodies) interact with Aβ42 and further influence its aggregation process. Various biophysical 

methods have been applied to characterize the kinetics, morphologies and hydrodynamics of the 

interactions between different binding partners and Aβ42. Moreover, the complex formation between 

D-peptides and Aβ42 monomers, which is essential for understanding the mechanisms of action of 

D-peptides on Aβ aggregation, was elaborated.  

In chapter I, we are able to present an overview about the evolution of Aβ42 aggregation with or 

without Zn2+ treatment by applying analytical ultracentrifugation and other techniques. AUC 

analyses demonstrated that Zn2+ promotes the formation of non-fibrillar species with broad size 

distributions. In particular, the presence of Zn2+ favors the formation of oligomeric aggregates, which 

might be responsible for Zn2+ related Aβ neurotoxicity. Chapter IV shows the successful application 

of fluorescence based AUC and microscale thermophoresis to investigate the interaction between 

anti-Aβ antibodies and Aβ42 monomers in the concentration range of their dissociation constants. 

The complexation and the binding parameters were characterized and quantified. In chapter II and 

III, we investigated how D-peptide D3 and RD2 interact with Aβ42 monomers and further influence 

its fibrillation process. We demonstrated that both D3 and RD2 are able to interact with Aβ42 

monomers with nanomolar affinities. Electrostatic attraction has an important impact on the 

interaction. These D-peptides form complexes with Aβ42 monomers at 1:1 and higher 

stoichiometries. Aβ42 proteins remain mainly in unordered conformations when they are in complex 

with D-peptides, suggesting the highly flexible nature of the interaction between D-peptides and 

Aβ42 monomers. D3 and RD2 can efficiently retard the secondary structural conversion and 

fibrillation of Aβ42 at substoichiometric concentrations, by interacting with both Aβ42 monomers 

and Aβ42 assemblies. Our study confirms the diverse effect of D-peptides on modulating the 

aggregation pathway of Aβ42 by interacting with monomers and eliminating oligomers. Overall, 

these results provide molecular insights into how D-peptides might help to counteract the aggregation 

of Aβ in the central nervous system and confirm the promising potential of D-peptides as clinical 

agents against Aβ related pathologies. 

The key findings of the work can be summarized as follows:  

 Stoichiometric Zn2+ interacts rapidly with Aβ42 and promotes its aggregation by inducing 

the formation of aggregates with less β-sheet structures and heterogeneous in size, compared 

with Zn2+ free Aβ42 aggregates.  

 D3 and RD2 are able to interact with Aβ42 monomers with nanomolar affinities, and 

electrostatic interactions play an important role in the complex formation. 

 The high affinity interaction between D-peptides and Aβ42 monomers leads to complex 

formation at 1:1 and higher stoichiometries. Small complexes formed by D-peptides and 

Aβ42 monomers are highly disordered in conformation. 

 D3 and RD2 slow down the secondary structure transition and the fibril formation of Aβ42 

at substoichiometric concentrations, probably by interacting with not only Aβ42 monomers, 

but eliminating already existing Aβ assemblies like oligomers. The diverse effects of D-
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peptides retard the growth and amplification of Aβ nuclei, and abolish the catalytic activity 

of Aβ seeds.  

 RD2 affects the structural transition and fibril formation of Aβ42 in a similar way to D3, but 

shows stronger efficacies than D3 in prolonging the lag phase and inhibiting the secondary 

structure conversion of Aβ42.  

 Sedimentation velocity centrifugation could be successfully applied to determine low-

nanomolar affinities for three selected anti-Aβ antibodies for binding Aβ42 monomers free 

in solution. The KD value for 12F4 and Aβ42 monomer is reported for the first time. 

Some perspectives also arise from the current study, including: 

 The kinetics and detailed mechanisms of the interaction between D-peptides and Aβ42 

monomers remain to be studied, probably by NMR and/or single-molecule techniques. 

 With regard to the mechanism of action, the question arises on how D-peptides affect 

individual microscopic events of the fibrillation of Aβ42 (such as nucleation and elongation 

processes) and whether this can be applied to Aβ40 and other Aβ mutants remain to be 

explored. 

 Why is RD2 more effective than D3 in modulating the aggregation of Aβ? 
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