
IN
ST

IT
U

TO
 D

E C
IÊN

C
IA

S B
IO

M
ÉD

IC
A

S A
B

EL SA
LA

Z
A

R

FA
C

U
LD

A
D

E D
E C

IÊN
C

IA
S

José Pedro Leite. BIO
PH

YSIC
A

L A
N

A
LYSIS O

F A
LZ

H
EIM

ER’S 
A

M
YLO

ID
-β PEPTID

E A
SSEM

BLY A
N

D
 C

LEA
R

A
N

C
E 

PATH
W

AYS

BIO
PH

Y
SIC

A
L A

N
A

LY
SIS O

F A
LZ

H
EIM

ER
’S 

A
M

Y
LO

ID
 -β PEPT

ID
E A

SSEM
BLY

 A
N

D
 

C
LEA

R
A

N
C

E PA
T

H
W

A
Y

S

José Pedro Santos Leite

BIOPHYSICAL ANALYSIS OF 
ALZHEIMER’S AMYLOID-β PEPTIDE 
ASSEMBLY AND CLEARANCE 
PATHWAYS 

José Pedro Santos Leite

D
 2022

D
.IC

B
A

S 2022

SED
E A

D
M

IN
ISTR

ATIVA

3º CICLO

DOUTORAMENTO EM BIOLOGIA MOLECULAR E CELULAR



 

JOSÉ PEDRO SANTOS LEITE 

 

 

 

BIOPHYSICAL ANALYSIS OF ALZHEIMER’S AMYLOID-β PEPTIDE 

ASSEMBLY AND CLEARANCE PATHWAYS 

 

 

 

 

Tese de Candidatura ao grau de Doutor em  

Biologia Molecular e Celular; 

Programa Doutoral da Universidade do Porto  

(Instituto de Ciências Biomédicas Abel Salazar e  

Faculdade de Ciências) 

 

 

Orientador – Doutor Luís Miguel Gales Pereira Pinto 

Categoria – Professor Associado 

Afiliação – Instituto de Ciências Biomédicas Abel 

Salazar (ICBAS) e  

Instituto de Investigação e Inovação em Saúde (i3S),  

Universidade do Porto 

 

 

Co-orientador – Doutor Filipe Alexandre Almeida Paz 

Categoria – Investigador Principal 

Afiliação – Instituto de Materiais de Aveiro (CICECO),  

Universidade de Aveiro  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

À minha avó 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

“But it ain't about how hard you hit.  

It's about how hard you can get hit and keep moving forward;  

how much you can take and keep moving forward.  

That's how winning is done!” 

 

- Rocky,  

 in Rocky Balboa (2006)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

José Pedro Santos Leite was the recipient of PhD fellowship SFRH/BD/129921/2017 and 

the COVID-related extension fellowship COVID/BD/151890/2021 from Fundação para a 

Ciência e a Tecnologia (FCT). 

 

 

 

 

 

This work was funded by Norte-01-0145-FEDER-000008 - Porto Neurosciences and 

Neurologic Disease Research Initiative at I3S, supported by Norte Portugal Regional 

Operational Programme (NORTE2020), under the PORTUGAL 2020 Partnership 

Agreement; by COMPETE 2020 - Operational Programme for Competitiveness and 

Internationalization (POCI), Portugal 2020, through the European Regional Development 

Fund (FEDER); by Portuguese funds through FCT - Fundação para a Ciência e Tecnologia/ 

Ministério da Ciência, Tecnologia e Ensino Superior in the framework of the project “Institute 

for Research and Innovation in Health Sciences” (POCI-01-0145-FEDER-007274); by 

Fundació La Marató de TV3, Spain (neurodegenerative diseases call, project reference: 

20140330-31-32-33-34); and, by the project CICECO - Aveiro Institute of Materials, POCI-

01-0145-FEDER-007679 (FCT ref. UID/CTM/50011/2013), financed by national funds 

through the FCT/MEC and when appropriate co-financed by FEDER under the PORTUGAL 

2020 Partnership Agreement. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Table of Contents 

Agradecimentos ............................................................................................................... I 

Abstract ...........................................................................................................................III 

Resumo ........................................................................................................................... V 

List of Publications ....................................................................................................... VII 

List of Abbreviations ..................................................................................................... IX 

CHAPTER I. Introduction ................................................................................................ 1 

1.1 The amyloid state .................................................................................................... 3 

1.2 Alzheimer’s disease ................................................................................................ 3 

1.3 The Amyloid-β and P3 (or amyloid-α) peptides ........................................................ 5 

1.3.1 The Amyloid-β peptide: physiological roles ....................................................... 8 

1.3.2 The Amyloid-β peptide: interactions and pathological roles ............................... 9 

1.3.2.1 Circulating proteins ..................................................................................... 9 

1.3.2.2 Cell receptors ............................................................................................10 

1.3.2.3 Intracellular proteins ..................................................................................11 

1.3.2.4 Metal ions ..................................................................................................12 

1.4 The Amyloid Hypothesis .........................................................................................12 

1.5 Structural biology applied to the Amyloid-β peptide ................................................15 

1.5.1 Amyloid-β peptide isolated fragments ..............................................................15 

1.5.2 Aβ-protein complexes: proteases .....................................................................21 

1.5.3 Aβ-protein complexes: antibodies ....................................................................25 

1.5.4 Amyloid-β fibrils: NMR and cryoEM ..................................................................28 

1.6 Thesis: motivation and outline ................................................................................32 

1.7 References .............................................................................................................34 

CHAPTER II. Amyloid-β peptide interaction with proteins ..........................................49 

2.1 Amyloid-β peptide interaction with transthyretin ......................................................51 

2.1.1 Introduction ......................................................................................................53 

2.1.2 Materials and methods .....................................................................................54 

2.1.2.1. Aβ peptides ..............................................................................................54 

2.1.2.2 Transthyretin co-crystallization or soaking with Aβ fragments and 

compounds 35 or 73..............................................................................................55 

2.1.2.3 X-Ray diffraction data, processing and refinement ....................................56 

2.1.3 Results and discussion ....................................................................................56 

2.1.4. References .....................................................................................................60 



2.2 Paper I: Alzheimer’s Aβ1-40 peptide degradation by thermolysin: evidence of 

inhibition by a C-terminal Aβ product ............................................................................65 

2.3 Paper II: Aβ31-35 decreases Neprilysin-mediated Alzheimer’s Amyloid-β peptide 

degradation ..................................................................................................................77 

2.3.1. Supporting Information ....................................................................................90 

CHAPTER III. Fusion-protein constructs for the crystallization of the amyloid-β 

peptide ............................................................................................................................99 

3.1 Introduction .......................................................................................................... 101 

3.2 T4 Lysozyme-Aβ1-40 .............................................................................................. 102 

3.2.1 Materials and methods ................................................................................... 102 

3.2.1.1 Plasmid design ........................................................................................ 102 

3.2.1.2 Over expression and purification ............................................................. 102 

3.2.1.3 Differential scanning fluorimetry............................................................... 103 

3.2.1.4 Circular dichroism (CD) ........................................................................... 104 

3.2.1.5 Protein crystallization ............................................................................... 104 

3.2.1.6 X-Ray diffraction data collection, processing and refinement ................... 105 

3.2.2 Results and discussion .................................................................................. 105 

3.3 T4 Lysozyme-Aβ17-40 ............................................................................................. 113 

3.3.1 Materials and methods ................................................................................... 113 

3.3.1.1 Plasmid design ........................................................................................ 113 

3.3.1.2 Over expression and purification ............................................................. 113 

3.3.1.3 Differential scanning fluorimetry............................................................... 114 

3.3.1.4 Circular dichroism (CD) ........................................................................... 114 

3.3.1.5 Protein crystallization ............................................................................... 114 

3.3.1.6 X-Ray diffraction data collection, processing and refinement ................... 114 

3.3.2 Results and discussion .................................................................................. 115 

3.4 PAC3-Aβ1-40 .......................................................................................................... 119 

3.4.1 Materials and methods ................................................................................... 119 

3.4.1.1 Plasmid design ........................................................................................ 119 

3.4.1.2 Small-scale protein expression tests ....................................................... 119 

3.4.1.3 Purification from E. coli inclusion bodies .................................................. 120 

3.4.1.4 SDS-PAGE and western blot ................................................................... 121 

3.4.2 Results and discussion .................................................................................. 122 

3.5 Conclusion ........................................................................................................... 123 

3.6 References ........................................................................................................... 125 

 



 
 

CHAPTER IV. Dissection of the key steps of Aβ1-40 fibrillogenesis .......................... 129 

4.1. Paper III: Dissection of the key steps of amyloid-β peptide 1-40 fibrillogenesis ... 131 

CHAPTER V. Metal-Organic Frameworks and amyloids ........................................... 141 

5.1 Introduction .......................................................................................................... 143 

5.1.1 References .................................................................................................... 145 

5.2. Paper IV: Fluorescence properties of the amyloid indicator dye thioflavin-T in 

constrained environments .......................................................................................... 147 

5.3. Paper V: Mesoporous Metal−Organic Frameworks as Effective Nucleating Agents 

in Protein Crystallography .......................................................................................... 157 

5.3.1. Supporting Information .................................................................................. 165 

CHAPTER VI. Final Remarks ....................................................................................... 169 

6.1 Final Remarks ...................................................................................................... 171 

6.2 References ........................................................................................................... 179 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

I 
 

Agradecimentos 

 

Apesar de ser o meu nome a figurar na capa desta tese de doutoramento, este trabalho 

nunca teria sido possível sem o contributo, direto ou indireto, de um conjunto de pessoas, 

às quais deixo aqui o meu agradecimento. 

Ao Professor Luís Gales, meu orientador nesta tese, mas sobretudo o mentor do meu 

percurso científico. Cruzei-me por acaso com a cristalografia em 2013 quando o Professor 

me acolheu no seu laboratório para desenvolver a minha dissertação de mestrado em 

Bioengenharia. Nos 8 anos seguintes, não só acreditou nas minhas capacidades como me 

providenciou todas as ferramentas, nomeadamente excelente supervisão científica, 

condições materiais e um elevado grau de autonomia, aliados a muita paciência para 

tolerar os meus erros. Abriu-me todas as portas e permitiu que eu me tornasse no 

investigador que agora finaliza esta tese. Por tudo isto, deixo aqui o meu profundo 

obrigado. 

Ao Doutor Filipe Paz, meu co-orientador, pela disponibilidade e aconselhamento 

científico, abrindo-me horizontes no domínio dos MOFs. Aos colaboradores nacionais e 

internacionais que permitiram enriquecer este trabalho.  

No i3S, à Professora Paula Tamagnini, por me acolher para a realização deste trabalho 

no seu grupo: Bioengineering & Synthetic Microbiology (BSM). Aos meus colegas BSM: 

Paulo Oliveira, Pedro Albuquerque, Ângela Brito, Rita Mota, Sara Pereira, Steeve Lima, 

Eunice Ferreira, Marina Santos, Rute Oliveira, Delfim Cardoso, Frederico Lourenço, João 

Rodrigues, Cátia Gonçalves e Dona Helena. Obrigado por todos os momentos, desde as 

grandes discussões científicas aos momentos mais disparatados que ocorreram no nosso 

“guetto do PhD”, nos almoços, nos lanches e, claro, nas voltinhas. Ao “pessoal da 

cristalografia”, sobretudo à Tatiana Cereija, a quem deixo um obrigado especial por toda a 

ajuda e companheirismo. Ao Frederico Silva pelas grandes discussões “proteicas”. Aos 

elementos das plataformas científicas i3S e ciclotrões ESRF, SOLEIL e ALBA, pela 

assistência técnica.  

Um agradecimento ao Professor Doutor Cláudio Sunkel por me ter aceite no programa 

doutoral em Biologia Molecular e Celular; à minha comissão de acompanhamento, Doutor 

João Cabral e Doutora Isabel Cardoso, pelos conselhos dados; e, aos meus colegas da 5ª 

Edição, 2ª Fase do programa doutoral, “Os miseráveis”. 

Por fim, quero agradecer à minha família e amigos. Em particular à minha avó e aos 

meus pais: esta tese é também vossa. 

 

 

Zé Pedro 



 

II 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

III 
 

Abstract 

 

Alzheimer’s disease (AD) is the most widely known human amyloid disease. Despite 

two major players being associated with it - tau protein and the amyloid-β (Aβ) peptide, 

responsible for intracellular deposition of neurofibrillary tangles or extracellular deposition 

of senile plaques, respectively - AD is largely a multifactorial, complex and puzzling disease. 

As such, intense research efforts over the past half-century only yielded 6 approved 

disease-modulating drugs, with the last one, antibody aducanumab in June 2021, ending a 

near twenty-year gap of drug approval. This stresses the importance of better 

understanding every aspect of AD. In this thesis, we focused on the biophysical in vitro 

analysis of Aβ clearance and assembly.  

Aβ peptides can be enzymatically degraded. Here, Aβ interaction with transthyretin 

(TTR), which is one of the most abundant cerebrospinal fluid (CSF) proteins, and neprilysin 

(NEP), the most prominent amyloid-degrading enzyme (ADE), was investigated. Extensive 

X-ray crystallography trials of TTR-Aβ were performed, as well as of TTR-drug complexes 

that may facilitate TTR/drug/Aβ ternary interactions aiming at Aβ clearance. Regarding 

NEP-Aβ, we found that the reaction is partially inhibited by a reaction product. Crystal 

structures of a NEP structural surrogate model (i.e. bacterial protein thermolysin) showed 

that an Aβ degradation C-terminal product (i.e. Aβ31-X) remained abnormally bound to the 

enzyme’s active site. This Aβ fragment bound similarly to the NEP active site, reducing Aβ1-

40 proteolytic activity. Together with other studies, this pointed to Aβ31-35 as being a critical 

sequence recognized by different target proteins, possibly mediating mechanisms that may 

be toxic to neurons.  

Next, an alternative approach to obtain Aβ structural models through the crystallization 

of Aβ, namely Aβ1-40 or Aβ17-40, fused to a protein partner was also attempted. Three different 

constructs were designed, of which two were successfully expressed, purified and 

crystallized. However, X-Ray data diffraction only yielded a few N-terminal Aβ residues that, 

unfortunately, did not add novel physiological nor disease relevant conformations to the 

existing knowledge.  

Aβ1-40 aggregation kinetics were then investigated using a synergistic approach by 

nuclear magnetic resonance, thioflavin-T fluorescence, transmission electron microscopy 

and dynamic light scattering. We were able to disclose the formation of high molecular 

weight oligomers (HMWO) that convert to fibrils nuclei in the assembly pathway.  

Finally, unconventional methods that made use of metal-organic frameworks (MOFs) 

were applied. MOFs - crystalline porous materials resulting from the combination of a metal 

cluster with a multidentate organic linker - proved very useful as scaffolds to investigate the 

photophysical properties of the widely used amyloid dye Thioflavin-T (ThT). They were also 
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found to be good seeding agents for protein crystallization, though not particularly 

successful for the crystallization of Aβ peptides. 

Overall, the synergetic combination of conventional and innovative approaches led us 

to contribute to a better understanding of the highly complex Aβ clearance and assembly 

pathways. 
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Resumo 

 

A doença de Alzheimer é a doença amilóide humana mais conhecida. Apesar de estar 

intimamente associada a dois componentes de natureza proteica – proteína tau e péptidos 

amilóide-β (Aβ), responsáveis pela deposição intracelular de emaranhados neurofibrilares 

ou deposição extracelular de placas amilóides, respectivamente –, é uma patologia 

altamente multi-factorial, complexa e intrigante. Como consequência, os extensos esforços 

na sua investigação nos últimos cinquenta anos apenas resultaram em 6 fármacos 

aprovados para uso humano com capacidade para de alguma forma atrasar a progressão 

da doença. Prova desta dificuldade é a controversa aprovação em junho de 2021 de um 

novo fármaco, o anticorpo aducanumab, terminando um hiato de cerca de duas décadas 

desde a última aprovação. Perante este cenário, é evidente a necessidade de conhecer 

cada aspecto fisio-patológico da doença de Alzheimer. A presente tese foca-se na análise 

biofísica in vitro de processos de eliminação do péptido amilóide-β, bem como da formação 

de fibras amilóides.   

   Os péptidos amilóide-β podem ser degradados enzimaticamente. Neste trabalho, 

investigou-se a sua interação com transtirretina (TTR), uma das proteínas mais abundantes 

no líquido cefalorraquidiano, e com neprilisina (NEP), a principal enzima que catalisa a 

degradação de Aβ. Em relação à TTR, foram realizados ensaios exaustivos de co-

cristalização com fragmentos de péptidos Aβ e respectiva análise por diffracção de Raio-

X, assim como o estudo cristalográfico de complexos TTR com compostos mediadores da 

interacção ternária TTR/composto/Aβ tendo em vista a eliminação de Aβ. Por outro lado, 

ensaios com neprilisina revelaram que a enzima é parcialmente inibida por um produto da 

reação NEP-Aβ. Estruturas cristalográficas de um substituto estrutural de NEP (i.e. 

termolisina, uma proteína de origem bacteriana) evidenciaram que um produto C-terminal 

da degradação de Aβ (i.e. Aβ31-X) se mantém anormalmente ligado ao local ativo da enzima. 

Este efeito foi igualmente observado no local ativo de NEP, através da quantificação de 

uma redução na proteólise de Aβ1-40 por esta enzima na presença de Aβ31-35. Em linha com 

estudos prévios, isto sugere que Aβ31-35 é uma sequência aminoacídica reconhecida por 

diferentes proteínas, possivelmente com envolvimento em mecanismos neurotóxicos.  

Em seguida, foi empregue uma abordagem alternativa para o estudo cristalográfico do 

péptido Aβ, nomeadamente Aβ1-40 ou Aβ17-40, através da técnica de proteínas de fusão. 

Foram preparadas três construções, das quais duas foram expressas, purificadas e 

cristalizadas com sucesso. Contudo, análise por difração de Raio-X apenas revelou alguns 

aminoácidos em N-terminal de Aβ, não constituindo informação nova na sua conformação 

fisiológica ou patológica.  
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 A agregação de Aβ1-40 foi igualmente estudada usando uma sinergia entre ressonância 

magnética nuclear, fluorescência do corante amilóide Tioflavina T, microscopia electrónica 

de transmissão e dispersão dinâmica de luz. Com esta abordagem, identificámos no 

processo de formação de fibras de Aβ o aparecimento de oligómeros de elevado peso 

molecular que, por sua vez, se convertem em núcleos de fibrilas no processo de agregação.   

Por fim, recorremos ao uso de estruturas metalo-orgânicas - materiais cristalinos 

altamente porosos resultantes da combinação entre núcelos metálicos e moléculas 

orgânicas. Estes materiais permitiram-nos estudar as propriedades fotofísicas da Tioflavina 

T, assim como se mostraram eficazes como agentes de nucleação na cristalização de 

proteínas. No entanto, não contribuíram para a cristalização de péptidos Aβ.  

Em suma, a combinação das técnicas biofísicas aplicadas nesta tese permitiu 

contribuir para um melhor conhecimento sobre os processos de eliminação ou agregação 

de péptidos Aβ. 
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t Time 
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TF Total fraction 
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1.1 The amyloid state 

 

The denaturation and aggregation of proteins and peptides, resulting in the loss of their 

structural and functional properties and the formation of amyloid-like fibrous deposits, are 

associated with more than 20 diseases, like familial amyloidotic polyneuropathy (FAP), 

Parkinson’s or Alzheimer’s disease (AD). The term “amyloid” was first introduced in medical 

science by German pathologist Rudolf Virchow in 1854 to describe abnormal tissue 

formations that reacted positive to a iodine-staining protocol, something typical of starch-

based materials (“amyloid” derives from the Latin word for starch, amylum)(Sipe et al., 

2000). Initially, pathologists defined amyloids exclusively as the disease-associated fibrils 

that deposited extracellularly in body tissues and could be detected by using specific dyes, 

such as Congo Red, yielding a green birefringence under polarized light. Later, in vitro 

identification started to be performed, for example, through fluorescence spectroscopy with 

dye Thioflavin-T (Biancalana et al., 2010). However, amyloids may also be attributed a 

functional role, from bacteria to animals. For example, in Escherichia coli, curli protein-

derived amyloid fibers are involved in host invasion and cell aggregation/biofilm formation, 

while, in humans, several functional amyloids have been identified, such as the protein 

Pmel17 playing a role in the synthesis of the UV-radiation protective pigment melanin and 

proteins involved in programmed necrosis (Barnhart et al., 2006; Brown et al., 2021). 

To accommodate these findings, amyloids are currently defined from a molecular-

based biophysical point of view as all structures characterized by a “cross-β-sheet” motif 

(i.e. not only deposited in tissues). This motif is defined by a unique X-ray fiber diffraction 

pattern, first described by William Astbury, consisting of particularly arranged β-sheets, with 

4.8 Å spacing between strands along the fibril axis and about 10 Å between sheets, 

perpendicular to the fibril axis (Astbury et al., 1935). This is common to all amyloids 

independently of the monomeric species, and, unlike normal occurring β-sheets, cross-β-

sheets are virtually infinite and much more resilient to cleavage (Sunde et al., 1997). 

Amyloids form when the backbone segments of certain proteins/peptides expose their 

amide groups and their concentration exceeds the entropy for fiber formation. Therefore, 

amyloid aggregation is a concentration-dependent phenomenon. The catalyst of this 

process might be denaturation, overexpression or cleavage of a normally folded protein, as 

well as production of an intrinsically disordered protein (Eisenberg et al., 2012).   

 

1.2 Alzheimer’s disease  

 

According to the World Alzheimer's Disease Report by the Alzheimer’s Disease 

International organization (https://www.alz.co.uk/), there are currently about 20 to 30 million 

https://www.alz.co.uk/
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diagnosed Alzheimer’s disease patients. Clinically, the first striking symptom of the disease 

is the progressive loss of short-term memory. As disease advances, more debilitating 

symptoms appear, such as loss of orientation, language impairment and lack of judgment 

(J. Xie et al., 2020). Despite the sheer scale of AD, and decades of intensive research, the 

disease is very far from being completely understood. A complete pathophysiological 

knowledge of AD is therefore of the utmost importance to minimize human and economic 

costs of the disease. 

Alzheimer’s disease was first described by the German doctor Alois Alzheimer in 1906, 

through the histological identification of its two defining pathological features in brain tissue: 

intracellular deposition of neurofibrillary tangles (NFTs) and extracellular deposition of 

amyloid plaques (Alzheimer et al., 1995). The “culprits” for both structures were identified 

during the 1980s, being the tau protein and the amyloid-β peptide (Aβ), respectively 

(Glenner et al., 1984; Wood et al., 1986). AD can be classified under two categories: early-

onset familial AD (fAD) or late-onset sporadic AD (sAD). Both have associated genetic 

factors, such as mutations of the genes of amyloid precursor protein (APP) and presenilin 

1/2 (PSEN1, PSEN2) in fAD (Cruts et al., 1996; St George-Hyslop et al., 1987) or of the 

cholesterol-associated apolipoprotein E (apoE) in sAD (Saunders et al., 1993). However, 

the incidence of both forms is disproportionate, with around 95% of the cases being of sAD. 

Furthermore, despite similar pathological features, they present distinct disease 

progressions (Ricciarelli et al., 2017).  

Over the years, a few hypotheses have been put forward by researchers as the single, 

most important cause of Alzheimer’s disease, with the first being the cholinergic hypothesis 

(Perry, 1986). The evidence linking a cholinergic synaptic dysfunction to neurodegeneration 

is, for example, a decrease in acetylcholine synthesis in the AD brain, cognitive and 

behavioral dysfunction caused by decrease in brain cholinergic markers and the finding that 

cholinergic agonists can rescue cognitive dysfunction (Blokland, 1995; Terry et al., 2003). 

Based on these findings, 4 of the 6 approved clinical drugs for Alzheimer’s disease are 

cholinesterase inhibitors (Francis et al., 1999). However, these drugs do not cure AD. Their 

action regulates the levels of ACh at the neuronal synapsis, delaying disease progression. 

Thus, the cholinergic dysfunction alone does not account for AD, likely acting in synergy 

with other players (i.e., tau and Aβ). A second hypothesis to explain AD is the tau hypothesis 

(Goedert et al., 1991). Tau is an intrinsically disordered protein (IDP) formed by alternative 

splicing of the microtubule-associated protein tau gene and is present throughout the 

nervous system. Under normal conditions, tau is phosphorylated and binds microtubules 

within central nervous system axons, promoting their formation, stability and avoiding 

depolymerization. In addition, it may help in neurite growth and axoplasm transport by acting 

as an enzyme anchor in the cytoskeleton and plasma membrane (J. Xie et al., 2020; Zhao 
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et al., 2014). However, when tau is abnormally phosphorylated (i.e., hyperphosphorylated) 

or suffers other modifications, like glycosylation, it changes its conformation and leads to 

the formation of straight filaments, paired helical filaments and, ultimately, intracellular 

neurofibrillary tangles. This results in loss of its physiological function, leading to impairment 

in neuronal communication, neurodegeneration and loss of memory (Avila et al., 2004). In 

AD patients’ brains, these effects occur due to kinase overactivation (e.g., glycogen 

synthase kinase-3β) and the inactivation of protein phosphatases (e.g., protein tyrosine 

phosphatase-A). Finally, the most spotlighted hypothesis for AD has been arguably the 

amyloid hypothesis, in which the extracellular Aβ senile plaques are the main cause of the 

disease (Hardy et al., 1992). This hypothesis has been evolving throughout the years, from 

the main culprit being the mature plaques to a more recent approach in which soluble 

intermediate Aβ oligomers are the cause for neurodegeneration. In addition, AD has also 

been linked with other pathological features, such as mitochondrial or insulin signaling 

dysfunction, inflammation, calcium transport dysregulation or cell damage by cell cycle 

interference.  

Alzheimer’s disease diagnosis remained virtually unchanged for a long time since its 

identification by Alois Alzheimer, being performed by searching NFTs and/or Aβ plaques 

during autopsy (McKhann et al., 1984). The introduction of biomarkers allowed refining 

disease confirmation when compared to other dementias, and, more importantly, identifying 

the disease at different stages during the patient’s life, not only when dementia presented 

itself, but also in pre-symptomatic or mild cognitive impairment stages (Chrem Mendez et 

al., 2019). This is particularly useful for known early-onset fAD cases. The biomarkers can 

be divided in the invasive collection of cerebrospinal fluid (CSF) levels of Aβ1-42 (subscript 

numbers indicate amino acid number), total tau levels or phosphorylated tau or 

structural/functional neuroimaging (i.e., hippocampus brain volume, brain metabolic activity 

or even Aβ plaques detected through imaging in vivo)(Chrem Mendez et al., 2019). Despite 

Aβ and tau have not been single-handedly and undisputedly attributed blame for AD (for 

example, 30% of not cognitively impaired people present amyloid deposits), they are its 

defining feature, and hence their combined use as biomarkers.  

  

1.3 The Amyloid-β and P3 (or amyloid-α) peptides 

 

Aβ is produced by the cleavage of the amyloid precursor protein (APP). The main form 

of APP in neurons is a 695 amino acid transmembrane protein with a short C-terminal 

cytoplasmic domain and a larger glycosylated N-terminal domain, belonging to the 

transmembrane type-1 protein family. It can be found in glial cells (i.e., oligodendrocytes) 

and, particularly, in neuronal synapses (Chen et al., 2017; Copani, 2017; Ricciarelli et al., 
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2017; J. Xie et al., 2020; Zhao et al., 2014). Regarding a physiological role, APP has been 

implicated in functions such as regulation of synaptic transmission/formation, neuronal 

transport and metal homeostasis (Duce et al., 2010; Priller et al., 2006; Turner et al., 2003).  

APP can be cleaved in one of two ways: “amyloidogenic” or “non-amyloidogenic”, 

resulting in the formation of either Aβ or P3 peptide, respectively. Both pathways are a two-

step process (Figure 1.1). In the “amyloidogenic” pathway, APP is first cleaved by β-

secretase, also known as β-site APP cleavage enzyme 1 (BACE1), generating a 99 residue 

C-terminal fragment (CTFβ/C99) and releasing sAPPβ. The CTFβ/C99 is then cleaved by 

γ-secretase at possible multiple sites yielding different fragments that are, finally, processed 

within endocytic compartments to yield Aβ isoforms (from 37 to 49 residues), of which the 

two most commonly occurring forms are Aβ1-40 and Aβ1-42 (in basal conditions, 90% Aβ1-40 

and 10% of other forms). Besides, other N-terminal truncated post-translationally modified 

forms of Aβ have been identified in vivo and attributed significant role in cytotoxicity, such 

as Aβ2-x and AβpE3-x (pyroglutamate modification) (Wildburger et al., 2017). One possible 

explanation for the overlook of these forms over the decades in AD research might reside 

in the fact that a broadly used in vivo model relies on the so-called Swedish mutation of 

APP, a mutation that greatly increases Aβ production through the action of BACE1 (Cai et 

al., 1993). However, Aβ truncated forms are likely the result of post-synthetic proteolytic 

cleavage.  

On the other hand, in the “non-amyloidogenic” pathway, APP is first cleaved by α-

secretase, releasing a soluble APPα domain (sAPPα) and leaving a membrane-bound 83 

residue C-terminal fragment (CTFα/C83). CTFα/C83 is then cleaved by γ-secretase, 

resulting in the formation of the P3 peptide. Curiously, the P3 peptide is, in fact, Aβ17-40/42. 

P3 has been found to be released twice as much as Aβ from cultured neurons, while amyloid 

plaques encompassing this peptide have been found in AD brains (Kuhn & Raskatov, 2020; 

Moghekar et al., 2011). However, P3 remains largely understudied in the context of AD, 

which may be explained by: exclusive use of antibodies against N-terminal Aβ do not detect 

P3, while antibodies against C-terminal do not distinguish both forms; extraction and 

handling of both peptides should be tailored, as the lack of the hydrophilic N-terminal affects 

peptide solubility and stability; without tyrosines, UV-Vis detection is a challenge (Kuhn & 

Raskatov, 2020). These difficulties explain why only a single study relates CSF P3 peptide 

levels with AD (Abraham et al., 2013) and, crucially, there are no reports of Aβ/P3 

interactions. Nevertheless, P3 has been identified with amyloid characteristics. It forms 

cross-β sheet containing fibrils (as detected by green birefringence and circular dichroism), 

its transmission electron microscopy analyzed fibrils closely resemble Aβ quiescent fibrils, 

it can be detected by the anti-amyloid fibril OC antibody and it aggregates faster than Aβ 

(Ali et al., 2000; Kuhn, Abrams, et al., 2020). Furthermore, oligomer induced cell-toxicity is 
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greater for hydrophobic species, and thus P3 likely plays a role in AD toxicity, despite in 

vitro showing a higher cell viability (Bolognesi et al., 2010; Kuhn, Abrams, et al., 2020). In 

this context, a renaming of P3 peptide to “amyloid-α peptide” has been proposed (Kuhn, 

Abrams, et al., 2020).  

 

 

Figure 1.1. Amyloid precursor protein (APP) two-step cleavage, by either α- and γ-secretase (non-

amyloidogenic pathway) or β- and γ-secretase (amyloidogenic pathway), yielding P3 or Aβ peptides, 

respectively. (inset) Aβ1-42 amino acid sequence. The peptide has two predominantly hydrophilic 

regions (Aβ1-16 and Aβ22-29) and two hydrophobic cores (Aβ17-21 and Aβ30-40/42). Adapted from (Chen 

et al., 2017; Montoliu-Gaya et al., 2015). 

  

The “amyloidogenic” APP cleavage provides strong evidence for the AD amyloid 

hypothesis, particularly the hereditary familial form. BACE1 is a transmembrane aspartyl 

protease and constitutes the limiting step in Aβ formation. γ-secretase, on the other hand, 

is a multicomponent protease complex, composed by presenilin 1 or 2 (PSEN1/2), nicastrin, 

presenilin enhancer 2 and anterior pharynx defective 1, that together exert endopeptidase 

and carboxypeptidase activity. As mentioned before, mutations of the genes of amyloid 

precursor protein (APP) or presenilin 1/2 (PSEN1, PSEN2) correlate with fAD (Cruts et al., 

1996; St George-Hyslop et al., 1987). People with Down’s syndrome have an extra copy for 

the APP gene (present in chromosome 21) and invariantly develop AD, showing 

overproduction of Aβ and P3 peptides, the latter of which are also a major component of 

diffuse amyloid plaques in these patients (Kuhn & Raskatov, 2020). Curiously, people with 

chromosome duplication excluding the APP gene exhibit Down’s syndrome pathology, but 

not AD; on the other hand, people with rare micro-duplication of the APP gene develop AD, 

but not Down’s syndrome (Prasher et al., 1998; Rovelet-Lecrux et al., 2006). Missense 

mutations (i.e., single nucleotide change that results in a different amino acid) are also 

critical. Regarding PSEN1/2, missense mutations lead to the preferential formation of 
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longer, more aggregation prone Aβ forms (like Aβ1-42 and Aβ1-43), such as the well-

documented E280A in PSEN1 (Fuller et al., 2019). On the other hand, an A673T APP 

mutation changes the second residue of Aβ (Figure 1.1, inset), resulting in less 

amyloidogenic cleavage and, when this pathway does occur, the resulting Aβ is less 

aggregation prone (Zheng et al., 2015). Other APP mutations result in a variety of Aβ 

mutations (numbers refer to Aβ residues): A2V (increases Aβ production and aggregation 

(Di Fede et al., 2009)); H6R and D7N (English and Tottori mutation, respectively; more 

prone to fibril seeding and increased oligomeric toxicity (Ono et al., 2010)); A21G (Flemish 

mutation; favors APP amyloidogenic pathway (Tang et al., 2014)); D23N (Iowa mutation; 

increased fibrillation (Grabowski et al., 2001)); finally, several mutations affect residue E22, 

namely E22Δ (Osaka mutation, a deletion that reduces Aβ secretion, favoring intracellular 

aggregation (Ovchinnikova et al., 2011)), E22G (Arctic mutation, results in increased 

protofibril formation and lower Aβ circulating levels (Nilsberth et al., 2001)), E22Q (Dutch 

mutation, increased Aβ aggregation (Davis et al., 1996)) and E22K (Italian mutation, 

potentiates aggregation of stable oligomers (Masuda et al., 2008)).  

 

1.3.1 The Amyloid-β peptide: physiological roles 

 

Traditionally, the Aβ peptide had been defined as exclusively disease-associated when 

in fibril form. However, one might wonder that if evolution maintained it virtually intact 

(particularly, its amyloidogenic core of residues Aβ16-21, KLVFFA, Figure 1.1, inset) across 

different species, it is unlikely to be a simple evolutionary byproduct (Copani, 2017). In fact, 

the Aβ monomer is, like tau, an intrinsically disordered protein (IDP). This confers it the 

ability to bind a multitude of targets. The amyloidogenic APP cleavage pathway is present 

in healthy brain tissue, where numerous proteases, such as neprilysin and endothelin 

converting enzymes, can handle Aβ clearance. As amyloid aggregation is concentration-

dependent, the balance between basal state and pathology seems to be dependent on the 

Aβ production/degradation ratio. The current knowledge of the physiological function of the 

Aβ monomer is limited and comes mostly from indirect observations. Aβ has been attributed 

two tightly interconnected roles: neuronal homeostasis and synaptic activity.  

Aβ in complex with components of extracellular matrix (ECM), like fibronectin, was 

shown to promote neuron growth (Koo et al., 1993). In vitro, in neuron cell lines, absence 

of Aβ (for example, by immuno-depletion) led to cell death, a phenotype reverted by addition 

of physiological concentrations of exogenous Aβ1-40. This effect might occur due to the 

control of neuron excitability, as Aβ levels appear also to be related to the expression of 

potassium channels (Plant et al., 2006). Furthermore, Aβ may modulate neurite outgrowth, 

for example, by increasing tau concentrations, essential for microtubule formation (C. Wang 
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et al., 2000). Interestingly, given the most known symptom of AD, a counter-intuitive function 

of Aβ is that, at physiological levels, it presented a memory enhancing function. Aβ 

administered to mice where APP/Aβ had been previously depleted improved memory tests 

scores (Puzzo et al., 2011). This memory enhancing role may be related to the ability of Aβ 

to increase acetylcholine production and promote neuron growth by activation of protein 

kinases, such as phosphatidylinositol 3 kinase (PI3K) or mitogen-activated protein kinase 

(MAPK), possibly providing a link between Aβ and NFT formation by tau 

hyperphosphorylation if this process becomes deregulated (Luo et al., 1996; Morley et al., 

2012; Sui et al., 2008). Another neuronal homeostatic effect of Aβ is related to brain glucose 

metabolism. Binding the insulin receptor IGF-IR promotes glucose uptake in depolarized 

neurons (Giuffrida et al., 2015). Both Aβ and insulin are able to bind the insulin receptor, 

while type 2 diabetes (insulin-resistant, with occurrence of hyperinsulinemia and 

hyperglycemia) is a known risk factor for Alzheimer’s disease (Sims-Robinson et al., 2010; 

L. Xie et al., 2002). In fact, Aβ inhibits the action of insulin by competing for the receptor. 

Concomitantly, insulin-degrading enzyme (IDE) is also able to cleave Aβ but has higher 

affinity towards insulin (Qiu et al., 1998). In hyperinsulinemia, IDE-mediated Aβ clearance 

is hindered by excess insulin, resulting in elevation of peptide concentration and subsequent 

neurotoxic effects. Interestingly, in other neurodegenerative diseases that do not present 

amyloid plaques, such as amyotrophic lateral sclerosis, CSF Aβ levels are also decreased, 

hinting that this peptide may indeed be important for neuronal function (Sjogren et al., 2002). 

Regarding synaptic activity, Aβ was attributed a role as a repressor of excitotoxicity by 

avoiding excess release of the neurotransmitter glutamate and consequent synaptic activity. 

In APP KO mice, seizures were potentiated; when a γ-secretase inhibitor was used, 

increased excitatory postsynaptic potential was detected, likely due to changes in 

potassium channel expression (Kamenetz et al., 2003; Steinbach et al., 1998). There is also 

proof that excessive N-methyl-D-aspartic acid receptor (NMDA) receptor activation by 

glutamate results in a feedback loop that increases Aβ production as a counter-measure 

(Lesne et al., 2005). Aβ was also found to be a modulator of synaptic vesicle release at the 

pre-synaptic junction in the hippocampus (Abramov et al., 2009). Finally, Aβ was found to 

act similarly to an innate immune response anti-microbial peptide (Kumar et al., 2016).  

 

1.3.2 The Amyloid-β peptide: interactions and pathological roles 

1.3.2.1 Circulating proteins 
 

As examples of Aβ interactions with circulating proteins we have apolipoprotein E 

(apoE), human serum albumin (HSA) and transthyretin (TTR). As mentioned before, the 

most undisputed genetic link associated with sAD so far is an apoE mutation (Saunders et 
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al., 1993). ApoE is involved in lipid metabolism, is present in the brain and blood with 

different isoforms (E2, E3 or E4) and binds Aβ (Aβ12-28) for its clearance with different 

affinities according to the isoform; ApoE4 binds Aβ with less affinity and thus the increased 

propensity for developing AD in individuals where this isoform is more prevalent (Tokuda et 

al., 2000). HSA is the most prevalent protein in the serum, with extremely high binding 

capacities to a plethora of circulating proteins/peptides, including monomeric Aβ (Kuo et al., 

2000). HSA is much more prevalent in the serum than the CSF, which possibly accounts 

for the significant difference between CSF and blood Aβ levels, also explaining why amyloid 

plaques deposit in the brain, but not in peripheral tissues (Stanyon et al., 2012). A decrease 

of HSA levels correlates with the onset of AD (Kim et al., 2006), likely because HSA is able 

to delay or inhibit Aβ fibrillation by sequestering free monomer and, thus, also impacting the 

occurrence of the formation of toxic oligomeric species in the fibrillation pathway (Stanyon 

et al., 2012). Similarly, TTR is also present in the CSF and serum and its levels correlate 

with AD (Ribeiro et al., 2012), being able to inhibit fibrillation and promote Aβ clearance 

(Ribeiro et al., 2014).    

 

1.3.2.2 Cell receptors 

 

Aβ also binds cell receptors, triggering downstream signaling effects. These include the 

insulin-receptor, NMDA receptor, α7nAChR (α7 nicotinic acetylcholine receptors), RAGE 

(receptor for advanced glycation end products) or LRP (low-density lipoprotein receptor-

related protein). RAGE acts as a receptor activating different signaling cascades, but also 

as an Aβ transporter across the BBB, from blood to brain. The latter function leads to an 

increase in cerebral Aβ levels, influencing AD pathology (Deane et al., 2003). Regarding 

the signaling cascade, effects include inflammation, oxidative stress and synaptic 

dysfunction by a positive loop effect of RAGE/Aβ expression (Cho et al., 2009; Herold et 

al., 2007). Contrarily to RAGE, LRP is involved in the clearance of Aβ from the brain across 

the BBB by endocytosis or transcytosis; its levels are reduced in AD, while RAGE is 

overexpressed, constituting yet another candidate mechanism for AD amyloid plaque 

formation initiation (Donahue et al., 2006).  Aβ interaction with NMDA and α7nACh 

receptors may also trigger deleterious consequences. In pathologic conditions, Aβ 

overproduction is detrimental as Aβ oligomers disrupt calcium levels and cause cell death 

by binding to the NMDA receptor (Alberdi et al., 2010). This constitutes the background for 

the action of the NMDA blocker memantine, the only approved AD drug that is not a 

cholinesterase inhibitor (Matsunaga et al., 2015). In addition, Aβ may induce tau 

hyperphosphorylation by binding the α7nACh receptors and triggering the extracellular-

signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) signaling pathways (H. 
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Y. Wang et al., 2003). Aβ may also interact with multiple immunity-related cell receptors, 

triggering cell-mediated and inflammatory responses. For example, interaction of Aβ fibrillar 

forms with toll-like receptors (TLR), such as TLR-2, leads to microglia activation and 

consequent inflammatory response (Jana et al., 2008). Peripheric deposits of the peptide 

can also trigger central nervous system (CNS) deposition. These deposits were already 

observed in AD patients. Recently, it was found that intra-gastrointestinal injection of Aβ 

oligomers affect cognitive function and resulted in weight changes, something also linked 

to AD dementia (Ikeda et al., 2002; Sun et al., 2020). This indicates that Aβ oligomers can 

migrate from the periphery to the brain via, for example, axonal transport in vagal nerves, 

after internalization in the enteric nervous system (Sun et al., 2020). A similar periphery to 

brain transport through monocytes has also been described (Cintron et al., 2015).       

 

1.3.2.3 Intracellular proteins  

 

Besides with circulating proteins and cell-receptors, intracellular Aβ interactions is also 

an early event in AD, including with mitochondrial components (LaFerla et al., 2007). 

Intracellular targets include the endoplasmic reticulum-associated Aβ peptide binding 

protein (ERAB; extracellular Aβ upregulates ERAB and their intracellular interaction causes 

apoptosis (Yan et al., 1997)) and chaperone proteins (i.e., heat-shock proteins (Fonte et al., 

2002)). Mitochondrial dysfunction and accompanying oxidative stress are a key early event 

in AD pathogenesis. For example, Aβ can bind a subunit of cytochrome C oxidase, which 

aggregates the peptide and causes, for instance, respiratory chain impairment (Hernandez-

Zimbron et al., 2012). Similar deleterious effects can also be caused by Aβ interactions with 

voltage-dependent anion channels (VDAC), a component of the mitochondrial permeability 

transition pore (mPTP). Interaction with VDAC-1 leads to mitochondria failure and cell 

death; notably, VDAC-1 is upregulated in AD brains (Manczak et al., 2012). Lastly, 

mitochondrial impairment can also be caused by interaction of Aβ with some of its enzymes, 

such as the mitochondrial peptidasome human presequence protease (hPreP) or Aβ-

binding alcohol dehydrogenase (ABAD). ABAD is an enzyme present in the mitochondrial 

matrix of neurons; Aβ/ABAD interaction causes memory impairment through oxidative 

stress and cell death (Lustbader et al., 2004). In addition, hPreP is an enzyme able to 

degrade Aβ1-40 and Aβ1-42, but its activity is lowered in AD brains. Thus, Aβ accumulation 

and negative effects on mitochondria may inactivate hPreP, further aggravating Aβ 

aggregation (Alikhani et al., 2011; Falkevall et al., 2006).  
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1.3.2.4 Metal ions 

 

Finally, several studies suggest that dyshomeostasis of transient metal cations and 

their interactions with Aβ play an important role in AD pathogenesis. Copper (Cu) and zinc 

(Zn) both localize extracellularly in the brain, showing elevated levels in AD patients and 

being present in amyloid plaques (Brewer et al., 2010; Religa et al., 2006). Zn binds the N-

terminal of Aβ (Aβ1-16)(Zirah et al., 2006), promoting its aggregation to an amorphous state 

(Rezaei-Ghaleh et al., 2011). In an animal model, Cu was found to induce neurotoxicity by 

increasing Aβ levels (Singh et al., 2013). An increase in neurotoxicity has also been linked 

to oxidative stress caused by the reduction of Cu to a more toxic state when bound to Aβ 

(Hureau et al., 2009). Another interesting observation points to the fact that the negative 

effect of the metal might depend on the metal/Aβ molar ratio and the Aβ form in question, 

with the metal directly influencing the peptide’s oligomeric state. Sub-equimolar Cu/Aβ 

ratios resulted in the formation of somewhat stable protofibrils (Aβ1-40 aggregates and Aβ1-

42 in monodisperse cylindrical form), while at supra-equimolecular Cu/Aβ ratios led to the 

formation of toxic oligomeric species, specially of the more toxic/aggregation prone Aβ1-42 

(Ryan et al., 2015). Curiously, both Zn and Cu have a dichotomic effect on Aβ. On the one 

hand, they produce neurotoxic effects by inducing production of reactive oxygen species 

(ROS) and oxidative stress when bound to Aβ (Hureau et al., 2009). On the other hand, by 

promoting Aβ aggregation to an amorphous state, they prevent the formation of highly toxic 

intermediate oligomeric species. In addition, in a monomeric state, Aβ sequesters metal 

ions, avoiding the oxidative stress induced by them (Hou et al., 2006).  However, a strategy 

to inhibit metal-associated plaque formation or, in particular, promote plaque disaggregation 

does not appear to be particularly interesting, as it resulted in increased neurotoxicity by the 

formation of toxic oligomers, in a reversal of the fibril formation pathway (Sharma et al., 

2012). In addition, iron (Fe) also interacts with Aβ, binding at the N-terminal of the peptide 

(Bousejra-ElGarah et al., 2011), accumulates intracellularly and causes toxicity by 

generation of ROS and lipid oxidation (Rottkamp et al., 2001). Accumulation of Fe and Zn, 

intra and extracellularly, respectively, appears to be interconnected, as Zn inhibits the 

transporter of Fe (Duce et al., 2010). Finally, Al is also a potential Aβ aggregation enhancer, 

leading to the formation of β-sheets and neurotoxicity, as well as inhibiting Aβ clearance by 

the serine protease plasmin (Exley, 2006; Korchazhkina et al., 2002).  

 

1.4 The Amyloid Hypothesis  

 

Following the discovery of Aβ as the component of the amyloid plaques (Glenner et al., 

1984), a landmark paper by Hardy and Higgins established the amyloid cascade 
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hypothesis, stating that  the “deposition of amyloid β protein, the main component of the 

plaques, is the causative agent of Alzheimer's pathology and that the neurofibrillary tangles, 

cell loss, vascular damage, and dementia follow as a direct result of this deposition” (Hardy 

et al., 1992). As reviewed by one of the authors of this hypothesis a quarter of century later, 

several cumulative observations support an Aβ-centric AD pathology (Selkoe et al., 2016), 

including the previously mentioned genetic factors (i.e., mutations to the APP, PSEN or 

ApoE genes), neurodegenerative effects and tau hyperphosphorylation. Furthermore, 

neuronal synapse dysfunction appears to inversely correlate to the neuronal distance to 

amyloid plaques, while low Aβ CSF levels as well as plaques detected in vivo by imaging 

techniques precede, by decades, the onset of other metabolic dysfunctions (e.g., glucose 

metabolism) (Selkoe et al., 2016).  

Nevertheless, the amyloid hypothesis has also been put under scrutiny as the cause 

for AD. Some state that the observed oligomeric states of Aβ samples isolated from AD 

brains that cause in vitro cell death are artifacts from purification procedures and do not 

occur in vivo (i.e., the mouse models of AD do not exhibit such neurotoxicity)(Ricciarelli et 

al., 2017). Furthermore, people not clinically diagnosed with dementia present post mortem 

amyloid brain deposits, some studies suggest that NFTs precede amyloid plaques  and 

amyloid plaque does not correlate as strongly with cognitive impairment as other features, 

like NFTs (Schonheit et al., 2004). The counter-arguments for these observations are, 

respectively, that such plaques have a lower Aβ oligomer content than in AD cases, APP 

mutations resulting in increased Aβ production can lead to tau hyperphosphorylation (but 

not the other way around) and, finally, amyloid dysfunction may be the first event in the 

pathologic cascade, triggering, for example, NFTs formation and mitochondrial dysfunction, 

themselves the cause for cognitive impairment (Selkoe et al., 2016). In fact, “Aβ may be the 

trigger, but tau the bullet” in the AD cascade and neurodegeneration (Bloom, 2014). If so, 

Aβ would trigger the “tau hypothesis”. Finally, the existing doubts about the “amyloid 

hypothesis” may stem from the existing in vivo models, resulting in studies that do not 

translate well to the human pathology. Adding to the previously mentioned fact that they do 

not represent the multiple isoforms of Aβ observed in human AD brains, they also model 

fAD (based on known genetic mutations, namely in the APP gene), while sAD accounts for 

the majority of AD cases. Current models show critical features very distinct from human 

AD, namely they do not present extensive neuronal death or NFTs formation and they over 

express APP (which only occurs in a minority of cases, like Down’s syndrome patients). In 

short, they are essentially designed to study APP processing and Aβ formation and not to 

mimic AD in its entirety (accounting, for example, for risk factors associated with sAD). 

Therefore, the development of more accurate models is of the utmost importance (Onos et 

al., 2016; Ricciarelli et al., 2017). 
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In addition, some voices against the amyloid hypothesis claim that the multiple failed 

Aβ targeting drugs under trial over the years prove Aβ is not the main culprit for AD. 

Regarding this, besides the abovementioned lack of appropriate animal models or Aβ 

triggering tau hyperphosporylation as the causative agent of cell death, Doig and colleagues 

proposed an interesting set of reasons for such clinical trial failure, including: a large 

discrepancy between physiological and in vitro concentrations of Aβ (observed oligomeric 

species to which drugs are developed for may never occur in vivo); lack of reproducibility of 

in vitro tests (due to the inherently unstable nature of Aβ preparations); drugs are highly 

specific for a particular Aβ form; small molecules bind much more tightly to aggregates than 

to monomeric Aβ (if aggregates are indeed an AD endpoint, the designed drugs are of little 

effect); proposed targets are not ideal, because they have many substrates (i.e., γ-

secretase inhibitors); clinical trials rely on clearly diagnosed patients, which could be too 

late in disease progression to observe any reverting effect; finally, there is a lack of high 

resolution structural models of Aβ (by themselves or interacting with one of the many 

players mentioned before)(Doig et al., 2017). 

In this context, new amyloid hypotheses are being put forward, explaining the observed 

“failures” of the amyloid cascade hypothesis, while keeping Aβ as the key player in AD. 

Over the years, the amyloid hypothesis has been evolving, from the idea that Aβ mature 

plaques are the cause of dementia to a more contemporary view where Aβ exerts its toxicity 

through soluble and toxic oligomeric species, that not only act directly on several cell 

processes, but also deplete a physiological pool of Aβ monomer, itself critical for neuronal 

homeostasis. This originates the “Aβ dysfunction” hypothesis (Hillen, 2019). Contrary to the 

amyloid cascade hypothesis, where Aβ is regarded as a disease-only component, the 

amyloid dysfunction hypothesis gives great relevance to the discussed physiological role of 

Aβ as modulator for the synaptic vesicle cycle: disruption of the Aβ production/clearance 

balance by yet unknown factors hinders its neurotrophic effects. In addition, formation of 

different forms, ratios and/or oligomeric species not only inhibit Aβ’s physiological effect, 

but also interact with multiple cell components to cause, or at least indirectly induce, 

neurodegeneration. This hypothesis allows to address some of the criticisms to the amyloid 

cascade hypothesis, such as amyloid plaques not correlating with cognitive impairment. 

Furthermore, it gives some explanations (beyond key issues, like drug delivery and 

bioavailability) to previous failures in AD amyloid clinical trials: secretase modulators should 

be more efficacious than inhibitors and tested immunotherapies against the monomer or 

mature fibrils do not work, because the true culprits are oligomers (Hillen, 2019). In 

conclusion, an amyloid hypothesis, whatever form it may assume, still lives on.  
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1.5 Structural biology applied to the Amyloid-β peptide 

 

In this section, current structural information will be discussed, with emphasis on single 

crystal analysis by X-Ray diffraction, including isolated fragments and protein-Aβ crystal 

complexes. The few available cases of protein-fusion constructs encompassing Aβ regions 

will be discussed in the context of CHAPTER III. In addition, data from the recently 

advanced cryogenic electron microscopy (cryoEM) technique and fibril models obtained 

with nuclear magnetic resonance (NMR) and cryoEM is also briefly discussed.   

 

1.5.1 Amyloid-β peptide isolated fragments 

 

Until now, no crystal structures of the full isolated Aβ peptide are available. However, 

Aβ fragments have been crystallized, disclosing some structural features of Aβ aggregates, 

presumably in disease-relevant conformations. Eisenberg and collaborators determined 7 

distinct Aβ fragment structures, that together comprise the segment Aβ16-42, and coined the 

term “steric zipper” (Colletier et al., 2011; Nelson et al., 2005; Sawaya et al., 2007). This 

consists of complementary interconnected sidechains of amino acids in adjacent sheets, 

physically resembling the teeth of a zipper, and constitutes the core binding motif of the 

amyloid cross-β motif. Crystallographic data suggests features that confer the cross-β motif 

its robustness (Figure 1.2). First, the zipper interface is dry, which potentiates the strength 

of the hydrophobic interaction, in combination with hydrogen bonds. Next, it is formed by 

self-complementary, interdigitating amino acid sequences, independent of their nature (e.g., 

size, electrostatic nature). It is, however, worth noting that some amyloids might be formed 

by heterosteric zippers (Luhrs et al., 2005). Finally, their typical in-register conformation 

allows not only strong hydrogen bonds, but also stacking, particularly for glutamine, tyrosine 

and asparagine residues. A second striking feature extrapolated from Eisenberg’s work is 

that Aβ assemblies are structurally polymorphic in nature, meaning that for the same 

environmental conditions (temperature, pH, etc) different structural arrangements are 

possible for the same fragments, as is the case of Aβ16-21 (Figure 1.2A-C). This 

polymorphism presents three variations. The fact that different regions of the Aβ peptide 

can interdigitate results in segmental polymorphism; the same fragment can stack in 

different conformations, which is termed packing polymorphism; finally, despite typically 

amyloid fibrils being homotypic (same segment constitutes the cross-β-sheet spine), 

heterotypic polymorphism has been observed (binary mixtures of Aβ yield fibrils with distinct 

morphologies) (Colletier et al., 2011). Overall, polymorphism is one of the possible 

explanations for the difficulties in obtaining high resolution atomic crystallographic models 

and the multitude of different fibril arrangements obtained through NMR. The 
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crystallographic data, however, only confirms segmental and packing polymorphism of Aβ 

fragments suggesting that, for Aβ, each molecule has multiple interaction sites capable of 

being the backbone of the cross-β-spine of the fibril. This might further explain why amyloid 

fibrils of the same Aβ peptide present different degrees of toxicity in neuronal cells (A T 

Petkova et al., 2005). Two observations point to the fact that the segments presented in 

Figure 1.2 are very similar to the structure of the core of the full fibrils. Firstly, the X-ray 

diffraction patterns of the microcrystals and of fully formed protein fibrils are closely related, 

namely regarding the inter-sheet and inter-strand distances (Sawaya et al., 2007). 

Secondly, if single amino acid mutations within the identified steric zipper forming fragments 

are generated, the formation of the full fibrils is impacted. For instance, mutations M35L, 

G37D and G38F slow or even disrupt the fibril formation process  (Kanski et al., 2002; Luhrs 

et al., 2005).  

Cross-seeding fibril formation properties of distal Aβ segments that alone do not 

fibrillate were also investigated (Do et al., 2018). The selected fragments were the mutants 

Aβ19-24 F19I (named I6V by the authors) and Aβ27-32 I32F (named N6F by the authors) and 

were selected based on the following criteria: contain pairs of hydrophobic residues that 

facilitate nucleation, opposite net charges to promote cross aggregation and a Rosetta 

energy of around -20 kcal.mol-1 (this energy function uses small molecule and protein 

crystallographic data to estimate the energy of each biomolecule conformation; the lower 

the value, the more stable it is (Alford et al., 2017)). The native selected fragments contain 

residues described to be essential for fibril structure formation, such as F19, D23, K28 and 

I32. Therefore, the introduced mutations (F19I and I32F) aimed at reducing the aggregation 

propensity of each fragment (Do et al., 2018). Using a combination of atomic force 

microscopy (AFM) and Ion-mobility spectrometry–mass spectrometry (IM-MS), it was 

shown that the peptides by themselves did not aggregate to mature fibril (with I6V being 

less aggregation prone than N6F). However, when combined, they did form hetero-

oligomers and full fibrils, with I6V also forming homo-oligomers. When alone, the I6V 

fragment formed a class 7 steric zipper without a dry interface (Figure 1.2L), meaning that 

the interactions are not as stable and explaining the formation of globular aggregates rather 

than full fibrils. On the other hand, the N6F crystals form a class 1, tightly hydrophobic steric 

zipper (Figure 1.2M) with two possible interfaces (packing polymorphism), very similar to 

the ones by the native peptide fragment (Figure 1.2D), and thus is more prone to 

aggregation than I6V, as assessed by AFM (Do et al., 2018). When crystallized in an 

equimolar condition, only crystals of the I6V fragment were obtained. However, these were 

in a different packing than before, now showing a class 8 steric zipper with anti-parallel β-

sheets (Figure 1.2N). The authors proposed a catalysis mechanism in which N6F induces 

I6V to form homo or hetero oligomers more readily and even full fibrils. Together, these 
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results suggest that distal Aβ fragments that by themselves do not aggregate are able to do 

so when mixed together (Do et al., 2018). 

 

 
Figure 1.2. X-ray diffraction crystal structures of Aβ peptide fragments. Images represent a top view 

on the fibril axis. (A-C) Aβ16-21 polymorphs; (D) Aβ27-32; (E) Aβ29-34; (F) Aβ30-35; (G-H) Aβ35-42 

polymorphs; (I-J) Aβ35-40 polymorphs; (K) Aβ37-42. (L) Aβ19-24 F19I (named I6V by the authors). (M) 
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Aβ27-32 I32F (named N6F by the authors). (N) I6V crystals when crystallized in the equimolar 

presence of N6F. Water molecules as red spheres. Adapted from (Colletier et al., 2011; Do et al., 

2018; Sawaya et al., 2007). 

 

In X-ray crystallography, a diffraction pattern is obtained by the diffraction of X-ray 

photons upon interacting with a relatively large and robust macromolecule crystal. For IDPs 

like Aβ, crystal growth has been a very difficult hurdle to overcome. As such, some recent 

works have been employing a cryo-EM derived technique called micro electron diffraction 

(microED), in which data can be collected from crystals up to six orders of magnitude 

smaller than for X-ray crystallography (i.e., microcrystals) (Shi et al., 2013). First, a microED 

study of Aβ24-34 and its crossing seeding with a fragment from human islet amyloid 

polypeptide (hIAPP) may provide a structural link between AD and type II diabetes (Krotee 

et al., 2018). This cross seeding was observed in vivo, with hIAPP or Aβ seed injection in 

hIAPP transgenic mice inducing amyloid deposition (Oskarsson et al., 2015)), and thought 

to occur because fibrils of one peptide lower the energy barrier for nucleation of the other. 

The microED structure reveals a class I steric zipper of in-register antiparallel β-sheets, with 

dry interface in two possible arrangements (Figure 1.3A). Of the two interfaces, the 

diffraction pattern of interface A closely relates to the diffraction pattern of Aβ1-42 fibrils, 

leading the authors to propose this as the spine of those fibrils (Krotee et al., 2018). To 

further support this, Aβ24-34 also evidenced cytotoxicity, particularly in fibrillar form. 

Interestingly, the Aβ24-34 structure is very similar to hIAPP19–29 S20G and cross-seeding 

appears to rely more on structural similarities than sequence homology (Krotee et al., 2018). 

This work may provide an important link between AD and type II diabetes and new avenues 

for therapy of both diseases, as hIAPP fibril inhibitors also worked on Aβ1-42 (Krotee et al., 

2018). Next, there is the microED structure of Aβ20-34 and Aβ20-34 L-isoaspartate D23 

(Warmack et al., 2019). Post-translational modifications (PTMs) on the Aβ peptide make 

aggregation more likely, such as isomerization of D23 (or N23 in the Iowa mutation) 

resulting in increased aggregation, despite the presence of a repair enzyme in the brain (L-

isoaspartate (D-aspartate) O-methyltransferase, PCMT1) (Warmack et al., 2019). Both 

structures form steric zippers, in two possible interfaces, with a β-helix-like turn topology 

(Figure 1.3B). Despite similarities with the previously discussed Aβ24-34 structure, as well as 

with full fibril structures, Aβ20-34 and Aβ20-34 L-isoaspartate D23 show a previously unknown 

interface (Figure 1.3, interface B). In the native peptide, this interface contains water 

molecules and an important bond is established between D23 and K28 (Figure 1.3B). On 

the isomerized form, however, the interface is not only completely dry but also evidences 

higher surface complementarity, with D23 interacting with S26 (Figure 1.3B). This 

observation, or possibly the facilitation of a nucleus formation by the methylene group of L-
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isoaspartate D23, may explain why the PTM peptide has increased fibrillation propensity 

and why such fibrils are more resistant and stable (for example, to SDS degradation). The 

same mechanism occurs in the Iowa mutation. Notably, despite being detected in low 

concentration in vivo, isomerized Aβ can seed fibrils of the native peptide and is resistant 

to PCMT1 action. The slow and gradual accumulation of PTM such as isomerization might, 

therefore, be at the stem of sporadic AD (Warmack et al., 2019). Lastly, there is the microED 

structure of Aβ16–26 D23N (Iowa mutation) (Griner et al., 2019). As previously mentioned, 

tau hyperphosphorylation and/or aggregation may be triggered by Aβ dysregulation. The 

Aβ16–26 D23N structure (Figure 1.3C) reveals an anti-parallel β-sheet with a C-terminal non-

β extended conformation. The class VII steric zipper is formed by residues K16, V18, F20 

and E22 of one strand interdigitating with L17, F19 and the N-terminus of another. 

Interestingly, the overall structure is similar to form I of Aβ16-21 (Figure 1.2A), with a notable 

exception: the hydrogen bonds are out-of-register (i.e., non-canonical cross-β motif). This 

feature, together with a comparison with elongated β strand also observable in residues 

K16-E22 in a cryo-EM Aβ1-42 fibril model (Gremer et al., 2017), led the authors to propose 

the structure as sharing both amyloid and toxic oligomeric features (Griner et al., 2019). 

Using a rational design approach, Aβ inhibitors were designed based on this structure. The 

selected molecules inhibited Aβ1-42 fibrillation, neutralized toxic oligomers and could 

dissociate pre-existing aggregates (both in vitro and in disease conformations, retrieved 

from brain samples). More importantly, these inhibitors allowed the study of Aβ-tau cross-

seeding. Aβ was found to cross-seed tau, although to a lesser extent than tau to itself. Aβ 

aggregation inhibitors led to a decrease in tau seeding, hinting that Aβ oligomers/fibrils may 

indeed be a trigger for NFT formation. Through mutant analysis and comparison with 

previous structures (backbone alignment and residue complementarity), the interaction 

could be mapped to tau and Aβ segments (VQIINK/VQIVYK and Aβ16-22, respectively) In 

addition, the inhibitors are specific for these AD players (they do not act, for example, on 

hIAPP). Overall, this structural analysis provided important clues linking Aβ and tau (Griner 

et al., 2019), assuming extreme relevance under the previously discussed possible AD 

pathogenesis events: Aβ is critical to trigger NFT neurotoxicity but not the “bullet” itself.  
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Figure 1.3. Micro electron diffraction crystal structures of Aβ peptide fragments, looking down on 

fibril axis. (A) Aβ24-34, showing two possible class I steric zipper dry interface arrangements, with in-

register antiparallel β-sheets. Black mesh represents 2Fo-Fc map at 1σ contour. (B) Aβ20-34 (orange) 

and Aβ20-34 L-isoaspartate D23 (blue) crystal structures. For each fragment, two possible interfaces 

are present. Black mesh represents 2Fo-Fc map at 2σ contour, red crosses are water molecules. 

Residue D23 (native or isomerized) highlighted by red arrow. (C) Aβ16–26 D23N crystal structure, with 

a dry and out-of-register class VII steric zipper between K16, V18, F20 and E22 of one strand and 

L17, F19 and the N-terminus of another. Adapted from (Griner et al., 2019; Krotee et al., 2018; 

Warmack et al., 2019). 
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1.5.2 Aβ-protein complexes: proteases  

 

 Aβ was found to be the proteolytic target of several proteases, including Zn2+ dependent 

M16 metalloproteases, such as insulin-degrading enzyme (IDE; EC 3.4.24.56) and human 

presequence protease (hPreP; EC 3.4.24), the M3 peptidase neurolysin (NLN; EC 

3.4.24.16) and the M2 peptidase family angiotensin-1-converting enzyme (ACE; EC 

3.4.15.1). Over the years, Aβ-protein complexes with these enzymes have been 

crystallized. IDE, a M16A class zinc metalloprotease, is composed by homologous N and 

C-terminal subunits, connected by a 28 amino acid loop. In general terms, IDE-N is the 

catalytic subunit and IDE-C stabilizes the substrates for catalysis, containing an exosite that 

binds the N-terminal side of the substrate. The structures of IDE E111Q (inactive mutant) 

in complex with Aβ1-40, as well as the cysteine free IDE E111Q (cysteines required a 

reducing agent for crystallization, which affected substrate conformation and subsequent 

recognition mechanisms) in complex with Aβ1-42 were solved (Guo et al., 2010; Shen et al., 

2006). Two segments of complexed Aβ1-40 are visible:  N-terminal residues D1-E3 and K16-

D23; the binding of Aβ1-42 was found to be identical (Figure 1.4A) (Guo et al., 2010; Shen et 

al., 2006). The Aβ N-terminal residues act as anchors to stabilize the peptide and allow IDE 

mediated cleavage. A few identified cleavage sites have been proposed: V18-F19, F19-F20 

and F20-A21. IDE preferably cleaves, initially, around 10 or more residues away from the 

N-terminal of the substrate, in peptides that are no longer than 80 amino acids, due to steric 

limitations of the catalytic pocket. Furthermore, selectivity depends on the substrate 

conformation and charge complementarity. Other identified Aβ cleavage sites, like H14-

Q15, are less frequent and likely occur as secondary cleavage events. The fact that Aβ1-40 

and Aβ1-42 have identical binding modes suggests that IDE acts on the monomeric species. 

Thus, the disclosure of this catalytic mechanism can have important implications for AD as 

well as diabetes (Guo et al., 2010; Shen et al., 2006).  

 hPreP is a mitochondrial enzyme and has been linked to AD. Belonging to the M16C 

family, hPreP has an identical two-homologous subunits overall structure as IDE, with the 

difference being that they are connected by an extended helical linker rather than a loop 

region. The mechanism of Aβ cleavage by hPreP  has been elucidated by solving the 

structure of the complex with Aβ1-40, using hPreP  E107Q to reduce catalytic activity while 

maintaining native protein folding for substrate recognition (Figure 1.4B) (King et al., 2014).  

hPreP substrate recognition also depends on its size, shape, and charge distribution. 

However, in solution, hPreP is mainly monomeric and in closed conformation, while IDE is 

in dimeric open state. In addition, substrate recognition at the exosite and cleavage is 

distinct. IDE binds Aβ through hydrogen bonds, leading the peptide to maintain structure 

within the catalytic pocket. For cleavage to ensue, unfolding is necessary, and cleavage 



CHAPTER I 

 

22 
 

occurs stochastically and sequentially at a few predefined sites. For hPreP, on the other 

hand, the peptide binds in an opposite direction when compared to IDE. Furthermore, the 

exosite recognizes hydrophobic patches of Aβ, constraining, along with the catalytic pocket, 

cleavage to specific sites, such as F20-A21. This cleaves Aβ exclusively at the 

amyloidogenic core and thus prevents Aβ aggregation in mitochondria. This “locking” 

mechanism is particularly relevant because the catalytic site of hPreP is negatively charged, 

as is Aβ peptide at mitochondrial pH. This way cleavage, otherwise impossible due to 

electrostatic repulsion, occurs (King et al., 2014). In the context of AD, enhancing the activity 

of these enzymes would be beneficial. As an example, benzimidazole-based compounds 

were designed and demonstrated to improve Aβ degradation by hPreP (Vangavaragu et 

al., 2014). However, hPreP mediated Aβ cleavage may generate fragments that are 

themselves hydrophobic and, thus, aggregation-prone, such as Aβ35-40. Considering this, a 

second mitochondrial matrix peptidase, called neurolysin (NLN), was found to cleave Aβ, 

acting synergistically and downstream of hPreP (Teixeira et al., 2018). PDB entry 5LV0 

reports the complex of a less catalytically active NLN (E475Q) with Aβ38-40 (Figure 1.4C). 

Neurolysin has two major domains surrounding a somewhat restrict catalytic pocket. 

Together with mass-spectrometry analysis, NLN alone could not degrade Aβ1-40, degrading 

only peptides up to 20 amino acids. When the peptide was incubated with a mixture of 

hPreP and NLN, degradation fragments could be detected, particularly at the C-terminal 

(Teixeira et al., 2018). Together, these results illustrate that Aβ degradation, in the 

mitochondria, is a complex pathway involving, at least, these two enzymes. Therefore, 

complete abrogation of amyloid formation through peptidase activity modulation should 

account for the multiple enzymes involved.     

 Next, there is the complex of Aβ with angiotensin converting enzyme (ACE), a M2 class 

zinc metallopeptidase. Its main function is the cleavage of vasopeptides, converting 

angiontensin I to angiotensin II, as well as bradykinin, therefore having an important role in 

blood pressure regulation. However, it can degrade a variety of other substrates, including 

Aβ (Larmuth et al., 2016). The structural interaction of Aβ with the N-domain of ACE was 

investigated (Larmuth et al., 2016). Contrary to the previous examples, an active form of 

the enzyme was used. Structure of the complexes showed that the overall protein structure 

is not changed by Aβ binding. For the tested fragments Aβ1-16, Aβ4-10, the fluorogenic Aβ(4-

10)Y and Aβ35-42, two residues at the N-terminal ACE catalytic site are visible, while for Aβ10-

16 there are two pairs visible, with an identical binding mechanism for all (Figure 1.4D). Some 

Aβ cleavage sites of Aβ by ACE have been identified, mainly at the Aβ N-terminal side. 

Overall, the structures suggest a main proteolytic site at H14-Q15 (Larmuth et al., 2016).   

 Finally, a brief mention to two Aβ-protein complexes deposited at the PDB. First, there 

are the coordinates of Aβ in complex with anticalins (PDB entries 4MVI, 4MVL and 4MVK). 
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Lipocalins are small circulating proteins (typically 150 to 180 amino acids) that bind and 

scavenge poorly soluble compounds, such as vitamins or hormones. Structurally, they are 

formed essentially by a β barrel that houses the ligand binding pocket, with the access 

restricted by a loop region. By engineering of this loop region, so-called anticalins able to 

bind and sequester Aβ have been developed, as a potential alternative to antibodies as an 

Aβ clearance therapy (Rauth et al., 2016). Figure 1.4E shows an example of Aβ1-40 in 

complex with anticalin US7, with region Aβ16-28 visible at the anticalin binding pocket. 

Complementary assays showed that equimolar concentrations of Aβ and anticalins inhibited 

fibril formation (by monomer or prenuclear oligomeric intermediates sequestration) in a dose 

dependent manner. Furthermore, Aβ42 cytotoxicity was also prevented by anticalins. In 

short, the authors propose anticalins as a potential form of AD treatment using the 

peripheral sink hypothesis: anticalin binding to Aβ in peripheral tissues would displace the 

equilibrium across the BBB, increasing Aβ brain clearance and, hopefully, reduce brain 

aggregates and their toxic effects (Rauth et al., 2016). However, it should be mentioned 

that a previous study using the amyloid degrading enzyme neprilysin enhanced with 

albumin showed that decreasing peripheral Aβ levels in mice, rats and even monkeys did 

not alter the cerebral levels of the peptide, casting some doubts over the peripheral sink 

hypothesis (Henderson et al., 2014). The complex of Aβ with phospholipase A2, in which 

Aβ28-35 residues are visible (Figure 1.4F), is also available. Phospholipases A2 are a family 

of enzymes that catalyze the hydrolysis of membrane glycerophospholipids, releasing, for 

example, the precursor of prostaglandins. The interaction of phospholipase A2 with Aβ has 

been linked to toxicity from mitochondrial dysfunction, through disruption of membrane 

potential and ROS production (Zhu et al., 2006).      
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Figure 1.4. Aβ in complex with proteases. (A) (left) Close-up view of the Aβ1-40 residues (orange) in 

complex with IDE E111Q (green). D1-E3 and K16-D23 from Aβ are visible. (right) Close-up view of 

the Aβ1-42 residues D1-E3 (grey) in complex with the exosite of cysteine free IDE E111Q. (B) close-
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up view of Aβ residues (orange) in complex with the catalytic site of hPreP (purple). (C) hNLN E475Q 

(grey) in complex with Aβ38-40 (cyan), from PDB entry 5LV0. (D) (left) close view of the ACE-Aβ 

catalytic site (an AA dipeptide place-holds for all observed fragments; grey and red spheres represent 

water and zinc, respectively); (right) detailed view of observed Aβ fragments with 2Fo-Fc map 

contoured at 1 σ. (E) Aβ1-40 (cyan) in complex with anticalin US7 (grey), from PDB entry 4MVI. 

Residues Aβ16-28 are visible, binding within the anticalin β barrel. (F) Aβ (visible residues Aβ28-35, in 

cyan) in complex with phospholipase A2 (grey), from PDB entry 3JTI. Panels C, E and F made in 

PyMol (Schrodinger, 2015) with indicated PDB entries. A, B and D adapted from (Guo et al., 2010; 

King et al., 2014; Larmuth et al., 2016; Shen et al., 2006)).  

 

1.5.3 Aβ-protein complexes: antibodies 

 

 PFA1/PFA2, WO2, 12A11/10D5/12B4, Gantenerumab, C706 and Bapineuzumab/3D6 

are antibodies that bind to the N-terminal region of Aβ in a closely related fashion, with the 

peptide devoid of typical α/β secondary structure (Figure 1.5A) (Basi et al., 2010; Bohrmann 

et al., 2012; Gardberg et al., 2007; Miles et al., 2013; Miles et al., 2008; Teplyakov et al., 

2017). The antibodies establish hydrogen bonds, salt bridges and van der Waals 

interactions with Aβ, mainly through Aβ2-8. Gantenerumab binds segment Aβ1-11 in an 

extended conformation (Bohrmann et al., 2012). However, the peptide orientation is 

reversed 180° when compared to the previous antibodies (Figure 1.5B), which may be 

explained by primary structure differences of complementarity-determining regions (CDR) 

between the antibodies. The peptide binds gantenerumab through hydrogen bonds of the 

amino or carbonyl atoms. Interestingly, this antibody also binds the more central region 

Aβ18-27 (no structure available), suggesting that it can bind different forms of Aβ, from 

monomers to fibrils. This was confirmed using transgenic mice and functional assays, which 

showed the potential of gantenerumab for clearing oligomers and plaques through 

activation of effector immune cells (Bohrmann et al., 2012). C706, 3D6 and its humanized 

form, Bapineuzumab, are other available examples of antibody-Aβ complex structures 

targeting the N-terminal, with a major difference residing in the fact that Aβ is in an 

helical/coiled conformation, rather than an extended one, stabilized by intramolecular 

hydrogen bonds (Figure 1.5C,D) (Feinberg et al., 2014; Miles et al., 2013; Teplyakov et al., 

2017). Aducanumab also binds N-terminal Aβ in an extended conformation (Figure 1.5E) 

(Arndt et al., 2018). The differences between CDRs determine that, despite being all in an 

extended conformation, Aβ interactions with PFA1, gantenerumab and aducanumab are all 

different. Aducanumab-Aβ have a shallow interaction (i.e., not through deep binding 

pockets), and this antibody is highly selective for aggregated forms of Aβ, with this 

observation being a theoretical advantage in a potential treatment by not interfering with 
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monomeric Aβ and its physiological role (Arndt et al., 2018). However, it does not show 

appreciable affinity for N-terminal post-translationally modified versions of Aβ, such as AβpE3 

(Arndt et al., 2018), a prevalent isoform in AD amyloid deposits, that can convert Aβ42 from 

stable fibrils to more toxic oligomeric species (Nussbaum et al., 2012; Wu et al., 2014). 

Immunotherapies targeting Aβ have been displaying disappointing results in clinical trials, 

likely because targeting the monomer disrupts its physiological effects; in that regard, 

oligomer/fibril targeting antibodies, such as gantenerumab or aducanumab, may be more 

promising (Panza et al., 2019). In June 2021, aducanumab (under the commercial name of 

Aduhelm) became the six approved AD targeting drug, the first since 2003 (Cavazzoni, 

2021). In addition, since AβpE3 is a disease related isoform, targeting this form may be the 

best option of an AD immunotherapy. Piechotta and colleagues presented three antibodies 

(C#6, C#24 and C#17) against AβpE3 (Piechotta et al., 2017).  These antibodies exhibit high 

affinity (in nM range) for epitopes in the region AβpE3-18, as well as high specificity (i.e., do 

not bind Aβ42). AβpE3 is more prone to aggregation due to the formation of a so-called “pEF 

head”, constituting a bulky hydrophobic core composed by superposition of residues pE3 

and F4. Despite presenting slight variations in the AβpE3 binding pockets, C#6/C#24/C#17 

bind Aβ in similar conformations (Figure 1.5F) (Piechotta et al., 2017). In vitro, 

C#6/C#24/C#17 bind AβpE3 oligomers and prevent fibril formation; in vivo, C#6 showed 

memory improvement in mice pre-treated with Aβ oligomers (Piechotta et al., 2017).  

 Then, crystal structures of two closely related antibodies bound to the mid region of Aβ 

are available. Solanezumab structure shows the binding of Aβ16-26, while crenezumab binds 

Aβ11-25 (Figure 1.5G/H). The mechanism is identical in both cases, with the Aβ β-hairpin 

disrupted and several intra- and intermolecular interactions, in particular F19 and F20, 

which bind to a hydrophobic pocket of the antibody (Crespi et al., 2015; Ultsch et al., 2016). 

An antibody bound to residues 16 to 28 of a conformation-restricted Aβ1-42 was also 

reported, with possible implications, for example, in measuring peptide levels in CSF and 

blood (Kageyama et al., 2021).  

 Lastly, there is the example of ponezumab, an antibody binding the C-terminal of Aβ1-

40 (Figure 1.8I)(La Porte et al., 2012).  Aβ30-40 can be traced in the complex, presenting four 

β-turns conformation instead of pronounced α/β secondary structure. V40 is the residue 

with the most interaction with the peptide (La Porte et al., 2012).   
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Figure 1.5. Crystallographic structures of antibodies binding N-terminal (A-F), mid-region (G,H) or 

C-terminal (I) Aβ fragments. (A) Superposition of Aβ2-6 in complex with PFA1 (red), PFA2 (green), 

WO2 (blue), 12A11 (pink), 10D5 (yellow) and 12B4 (cyan). (B) Binding of Aβ1-11 (stick representation) 

to Gantenerumab (surface representation. (C) Helical conformation of Aβ1-6 in complex with 

Bapineuzumab. (D) C706 complexed with Aβ1-16. (E) Aducanumab (cartoon representation, with 

heavy chain in green and light chain in cyan) in complex with Aβ1-11 (stick representation, with carbon 

in magenta, nitrogen in blue and oxygen in red). (F) N-terminal AβpE3 (yellow sticks) in complex with 

c#17 antibody (light chain in orange; heavy chain in cyan). (G) Aβ15-26 (both copies of the asymmetric 

unit in stick representation) bound to solanezumab (in surface representation). (H) Aβ11-25 in stick 

representation overlaid with 2Fo-Fc map at 1σ in complex with crenezumab. (I) Ponezumab (cartoon 

representation) binding C-terminal Aβ30-40 (stick representation). Adapted from (Arndt et al., 2018; 

Basi et al., 2010; Bohrmann et al., 2012; Crespi et al., 2015; Gardberg et al., 2007; La Porte et al., 

2012; Miles et al., 2013; Miles et al., 2008; Piechotta et al., 2017; Teplyakov et al., 2017; Ultsch et 

al., 2016).     
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1.5.4 Amyloid-β fibrils: NMR and cryoEM 

 

Given the difficulties in crystallizing Aβ, the structure of mature Aβ assemblies has been 

studied by solid-state NMR (ssNMR) and cryoEM. Here, some examples will be briefly 

addressed. Luhrs et al. presented the first full Aβ1-42 fibril structure. The N-terminal Aβ1-17 

was disordered, with the remaining peptide adopting a U-shaped form of two parallel and 

in-register β-strands (Aβ18-26 and Aβ31-42), stabilized by intramolecular salt bridges, and a 

turn at Aβ27-30. The fibril would grow by successive stacking of U-shaped monomers along 

the fibril axis (Figure 1.6A) (Luhrs et al., 2005). More recently, three independent studies 

presented higher resolution and virtually identical S-shaped models for Aβ1-42 fibrils, with the 

difference that, in two of them, the fibril building unit is dimeric rather than a monomer 

(Figure 1.6B exemplifies the monomeric assembly) (Colvin et al., 2016; Wälti et al., 2016; 

Xiao et al., 2015). These models assume great importance, because hint to the S-shaped 

structure being a thermodynamically favorable fibril polymorph of Aβ1-42, since these three 

samples were prepared in different conditions. Furthermore, bonds K28-A42 and G29-I41 

may explain why Aβ1-42 fibrils are different from Aβ1-40 and why despite having virtually 

identical sequences, one peptide does not seed fibril growth of the other (Xiao et al., 2015).  

Aβ1-40, on the other hand, appears to assume a U-shaped form, with the fibril packing 

seeming to be dependent on environmental conditions (Bertini et al., 2011; Lu et al., 2013; 

Paravastu et al., 2008; A T Petkova et al., 2006; Schütz et al., 2015). As examples, Petkova 

and colleagues proposed a model of the monomer with two β-strands connected by a loop 

in region Aβ25-29 (Figure 1.6C). Two monomers assemble and form the cross-β mature fibril 

(the steric zipper is proposed to be in the C-terminal region) (A T Petkova et al., 2006). 

Bertini et al. proposed an identical model, with only minor changes in intermolecular bonds 

between cross-β sheet forming monomers (Bertini et al., 2011). Then, a three-fold symmetry 

related fibril model was also found, where hydrophobic residues face the interior of the fibril, 

while polar residues face the outside (Paravastu et al., 2008). A very interesting aspect is 

that fibrils obtained from an Alzheimer’s patient’s brain tissue present a similar three-fold 

symmetry (Figure 1.6D) (Lu et al., 2013). In the same study, another patient’s sample 

presented different inter-residue bonds; knowing that both patients had different clinical 

profiles, this suggests that polymorphism plays a role in disease progression/severity (Lu et 

al., 2013). Aβ mutations or post translational modifications can also influence fibril structure. 

For example, in the case of the Osaka deletion mutation Glu22Δ, a rigid dimer with more 

than two β-sheets, connected by loops, constitute the fibril forming unit (Schütz et al., 2015). 

Aβ1-40 and Aβ1-42 only form in-register parallel fibrils, with antiparallel amyloid sheets only 

typical of smaller fragments, such as Aβ16-22 or Aβ11-25 (A. T. Petkova et al., 2004; Tycko et 

al., 2003). However, the Iowa mutation (i.e., Aβ1-40 D23N) is known to form both parallel and 
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anti-parallel fibrils, with Qiang and co-workers providing a purely antiparallel fibril model 

(Qiang et al., 2012). Despite showing equal toxicity to parallel structures, Aβ1-40 D23N anti-

parallel β-sheet structures were thought to trigger early-onset AD. Like wild type Aβ1-40 

(Paravastu et al., 2008; A T Petkova et al., 2006), Aβ1-40 D23N fibrils show a U-shaped 

conformation with β-sheet from the N-terminal side contacting with opposing one from C-

terminus. However, the structure is thermodynamically less favorable than parallel 

structures, slowly converting to this arrangement over time (Qiang et al., 2012). Finally, post 

translational modifications, such as pyroglutamation, isomerization, nitration or 

phosphorylation lead to early fibril amyloid formation (compared to wild type form), with 

increased neuronal cytotoxicity and concentrating in mature plaques more easily. In this 

context, a fibril model for Aβ1-40 phosphorylated at S8 (pS8-Aβ40) was disclosed (Hu et al., 

2019). As with the Iowa mutant, these fibrils exhibit a similar arrangement to wild type Aβ1-

40 (Hu et al., 2019). However, here the N-terminal is not disordered, showing strong inter-

strand interaction with the amyloid core. This N-terminal conformation may serve as a 

docking point for monomers, catalyzing aggregation, and possibly accounting for the 5-fold 

increase in elongation rate constant for seeded fibrillation when compared to wild type Aβ1-

40. In addition, pS8-Aβ40 can cross seed wild type Aβ1-40, wild type Aβ1-42 and pE3-Aβ1-40 and 

pS8-Aβ40 fibrils also show a more rigid fibrillar core and are thermodynamically more stable. 

Altogether, these observations hint at the structural importance of Aβ N-terminal residues 

and may explain how low abundance species, such as pS8-Aβ40, can nonetheless dominate 

amyloid polymorphisms (Hu et al., 2019).           

Finally, cryoEM has also been recently employed to assess the supramolecular 

structure of mature fibrils. For example, Zhang et al. propose a model for Aβ1-42 where two 

protofilaments of stacked U-shaped monomers assemble together with a hollow core to 

form the mature fibril, similar to an early NMR model (Luhrs et al., 2005; Zhang et al., 2009). 

For Aβ1-40, Sachse et al. found a U-shaped dimeric arrangement as well, but with no hollow 

core between monomers, a close packing through the C-terminal region and a disordered 

N-terminal (Sachse et al., 2008). Schmidt et al. present a tilde-shaped dimeric conformation 

for Aβ1-42 fibrils (Schmidt et al., 2015). In this model, the monomers are in face-to-face 

conformation, with a steric zipper interface residing in the center region of the segment from 

E22/D23 to the C-terminus of the peptide. Another, higher resolution Aβ1-42 fibril model 

suggests a LS-shaped fibril (Figure 1.6E) (Gremer et al., 2017). The fibril is in a slightly 

tilted, helical conformation, with C-terminal of each monomer in S-shape and an L-shaped 

N-terminal. Here, the C-terminal is not exposed, constituting the protofilament steric zipper 

interface (reinforcing the region as a target for inhibition). Furthermore, the Aβ20-25 segment 

might explain the pathological hereditary mutations A21G (Flemish), E22G (Arctic), E22K 

(Italian) and D23N (Iowa); in contrast, the arrangement for the N-terminal may explain why 
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mutation A2T (Icelandic) is possibly protective (disruption of the hydrophobic cluster 

comprised by A2/V36/F4/L34) (Gremer et al., 2017). Lastly, we have an example of a cryo-

EM model derived from purified Alzheimer’s brain tissue (Figure 1.6F) (Kollmer et al., 2019). 

The fibrils were isolated post-mortem from the meninges of three different patients. 

Interestingly, they not only proved more resistant to proteolytic cleavage than in vitro 

generated fibrils, but also showed good correlation between morphology and patient 

neuropathology (Kollmer et al., 2019). In terms of composition, they exhibit a low Aβ1-42 

content, with the differences being mainly between peptide fragment length (as opposed to 

PTMs). Structure-wise, the cryo-EM data of one of the fibrils shows that they are right-

handed fibrils (typically, fibrils are left-handed (Gremer et al., 2017; Schmidt et al., 2015)), 

composed by two C-shaped Aβ1-40 molecules, with each one with four cross-β sheet motifs 

(Aβ2-8; Aβ10-13; Aβ15-19; Aβ32-34). Furthermore, major disordered regions are absent (Figure 

1.6E)(Kollmer et al., 2019). Despite a degree of uncertainty in the detailed geometry of the 

poly-peptide backbone and sidechains, an N-terminal arch and a central position of the fibril 

at Aβ24-26 (rather than Aβ30-42) are unique features of these fibrils (Kollmer et al., 2019). The 

authors suggest that specific neuropathology may derive from specific fibril morphologies, 

instead of peptide composition (Kollmer et al., 2019).  
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Figure 1.6. (A) U-shaped Aβ1-42 fibril, with β-sheets in cyan and turn region in grey. (B) S-shaped 

Aβ1-42 fibril, with view down the fibril axis. (C) Top view of Aβ1-40 U-shaped wild type monomer forming 

a symmetric dimer fibril structure. (D) Fibril structure of Aβ1-40 sample from an Alzheimer’s patient. 

(E) LS shaped (L: N-terminal; S: C- terminal) conformation of mature Aβ1-42 fibrils. (F) Cryo-EM 

structure of fibril extracted from an AD patient. Adapted from (Gremer et al., 2017; Kollmer et al., 

2019; Lu et al., 2013; Luhrs et al., 2005; A T Petkova et al., 2006; Xiao et al., 2015). 
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1.6 Thesis: motivation and outline 

 

Alzheimer’s disease is associated with the presence of amyloid-β (Aβ) fibrils in the 

brain. Structural characterization of Aβ peptides, from monomers to higher order species 

(i.e. oligomers to fibrils), by themselves or with their multiple known interactors, is a key 

factor to a better understanding of the pathology. However, given the intrinsically disordered 

nature of Aβ, the use of single crystal X-ray diffraction has proved very difficult, as peptide 

crystallization is very elusive. Furthermore, due to the peptide’s polymorphism, Nuclear 

Magnetic Resonance analysis of fibrils evidences the myriad of possible disease-relevant 

occurring forms, sometimes leading in the literature to the proposal of several conflicting 

models. Thus, a complete understanding of the molecular basis behind Aβ aggregation and 

physiological interactions is still lacking. With this PhD thesis, we aim at adding novel 

information to the overall understanding of the Aβ peptide role in one of the most puzzling 

and crippling diseases of our time. To do so, we resort to a plethora of in vitro biophysical 

and biochemical techniques to achieve novel structural elucidation of physio-pathological 

roles of Aβ peptides, as well as functional dissection of an Aβ assembly pathway. 

In Chapter II, we study the interaction between Aβ and Aβ proteases: transthyretin, 

thermolysin and neprilsyin. Initially, we attempt to co-crystallize or perform crystal soaking 

of transthyretin with a myriad of Aβ fragments. Furthermore, taking advantage of the TTR 

crystallization expertise acquired, wild type TTR was co-crystallized with two small-

molecules to explore the importance of these molecules in TTR tetramer stabilization for 

AD modulation. After a further screening for candidates for crystallographic interactions, we 

found that thermolysin (TLN), a bacterial metalloprotease, also cleaves Aβ (Zhang et al., 

2009). This protein is easily crystallizable and shares catalytic consensus with the amyloid-

degrading enzyme neprilysin (NEP), making TLN a good template for NEP inhibitor design 

and kinetic analysis (Dion et al., 1995; Roques et al., 1993; Tiraboschi et al., 1999). In this 

context, we used TLN as a template for the crystallographic study of the interaction with Aβ, 

resulting in Paper I - Alzheimer’s Aβ1-40 peptide degradation by thermolysin: evidence of 

inhibition by a C-terminal Aβ product. These findings are then assessed on NEP: Paper II - 

Aβ31-35 decreases Neprilysin-mediated Alzheimer’s Amyloid-β peptide degradation.  

In Chapter III, we present the use of a fusion-protein approach with the goal of obtaining 

Aβ crystallographic information. Three constructs were designed. Two include the full Aβ1-

40 (T4 Lysozyme-Aβ1-40 and PAC3-Aβ1-40), while the third aimed at studying the P3 peptide 

(i.e. Aβ17-40, in the construct T4 Lysozyme-Aβ17-40). With this approach we intended to 

circumvent the major bottleneck in protein crystallization, which is crystal growth, using 

heterologous partners that potentiate polar contacts favorable to crystal growth.  
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It is widely accepted that higher order oligomeric species, which are next to impossible 

to follow by conventional structural techniques (i.e. X-Ray diffraction or NMR), are 

responsible for neurotoxic events. In this regard, the use of complementary biophysical 

techniques in combination with quantitative and theoretical modeling have emerged as a 

prime strategy to study amyloid oligomerization and fibril formation. In Chapter IV, this 

strategy is employed to study the aggregation behavior of Aβ1-40: Paper III - Dissection of 

the key steps of amyloid-β peptide 1-40 fibrillogenesis.    

Finally, Chapter V describes the application of metal-organic frameworks (MOFs) to the 

amyloid field. MOFs are a class of crystalline materials synthesized from the combination 

of metal ions (or a cluster thereof) and multidentate organic linkers. The multiplicity of 

combinations of these components confers MOFs their defining features: permanent 

porosity, high specific surface area and versatile pore geometry. Among the uses of MOF 

materials in research is the so-called crystalline sponge method. As defined by the authors, 

“crystalline sponges are porous metal complexes that can absorb and orient common 

organic molecules in their pores and make them observable by conventional X-ray structure 

analysis” (Hoshino et al., 2016). The goal of this method is to obtain structural information 

of hard to crystallize guest molecules, typically small organic molecules, since there is no 

need to crystallize the guest molecule as long as it is embedded in the host porous material 

in a repetitive orientated way compatible with X-Ray diffraction analysis (Du et al., 2018). In 

this context, we initially attempted to use the crystalline sponge method to study Aβ. Despite 

no peptide structural data could be obtained from diffraction at synchrotron facilities, we still 

employed MOFs to the amyloid field. First, we used MOFs to study the fluorescence 

properties of Thioflavin T (ThT). This benzothiazole dye was first described as an amyloid 

probe in 1959 (Vassar et al., 1959). However, despite extensive use ever since, the exact 

binding mechanism to amyloids is poorly understood (Groenning, 2010). Due to the 

difficulties in obtaining crystal structures of amyloid structures, co-crystallization with ThT 

has been elusive. Nevertheless, understanding the ThT amyloid binding mechanism can 

have important implications, for example, in the design of small amyloid inhibiting 

molecules. As ThT binds to all amyloids independent of their monomeric components, the 

interaction is likely due to physical constraints imposed by the characteristic cross-β motif 

rather than binding to specific amino acids. We study this interaction in Paper IV: 

Fluorescence properties of the amyloid indicator dye thioflavin T in constrained 

environments. Finally, from our initial experiments with the crystalline sponge method using 

MOFs and Aβ, we disclosed a protein crystal seeding potential of the meso porous Tb-

mesoMOF, resulting in Paper V - Mesoporous Metal−Organic Frameworks as Effective 

Nucleating Agents in Protein Crystallography.    
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2.1 Amyloid-β peptide interaction with transthyretin 
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2.1.1 Introduction  

 

Transthyretin (TTR) is a transporter protein of the thyroid hormone thyroxine and of 

retinol (also known as vitamin A) bound to retinol-binding protein (hence its name, as 

indicated by underlined text segments), regulating the plasma levels of both molecules 

(Episkopou et al., 1993). It is produced in the liver, choroid plexus and retinal pigment 

epithelium, being released to the bloodstream, cerebrospinal fluid and eye, respectively (Liz 

et al., 2020). Structurally, it is a homo-tetrameric protein, composed by four identical 13.75 

kDa, 127 amino acid monomers. It predominantly has β-chain structure, with the dimer 

stabilized mainly by hydrogen bonds, while the dimer-dimer interface mostly contains 

hydrophobic interactions (Hamilton et al., 2001). The dissociation of the TTR tetramer leads 

to the generation of an amyloid aggregation prone monomer, causing senile systemic 

amyloidosis (Westermark et al., 1990). In addition to wild type TTR, there are several single 

point mutations that increase the amyloidogenic potential of TTR, such as V30M, L55P, 

V122I, causing autosomal-dominant hereditary amyloidosis familial amyloid polyneuropathy 

(FAP, first described in Portugal by (Andrade, 1952)), familial amyloid cardiomyopathy or 

familial leptomeningeal amyloidosis. Currently, liver transplant is the main treatment for 

these diseases, with a more recent alternative use of tetramer kinetic stabilizers (i.e. small-

molecules, typically halogenated, that bind the thyroxine binding pocket and halt tetramer 

dissociation) also being pursued. Tafamidis was the first approved drug for that purpose 

(Bulawa et al., 2012).  

Over the years, TTR has been associated with Alzheimer’s disease and the amyloid-β 

peptide. TTR accounts for around 20% of the total CSF protein content (Schreiber et al., 

1990). The first in vitro TTR-Aβ interaction was confirmed by Schwartzman and colleagues, 

who observed by transmission electron microscope and using the amyloid dye thioflavin-T 

at a 300:1 Aβ:TTR molar ratio causing Aβ inhibition (Schwarzman et al., 1994). This was 

later confirmed in a C. elegans AD animal model, where co-expression of TTR with Aβ 

significantly decreased amyloid deposits (Link, 1995). Then, significant negative correlation 

between TTR CSF levels and AD has been established and corroborated in different reports 

(Elovaara et al., 1986; Gloeckner et al., 2008; Serot et al., 1997), as well as with TTR plasma 

levels (Han et al., 2011). However, the role of TTR as an AD biomarker is still under debate, 

as other studies found no difference between CSF levels in AD and control groups (Schultz 

et al., 2010). Nevertheless, several observations point to a role of TTR in AD, including a 

protective feedback loop found in an AD mouse model overexpressing Aβ in which TTR 

gene was up-regulated to cope with increased levels of the peptide (Stein et al., 2002), 

suppression of TTR by an antibody results in Aβ overexpression and loss of protection 

against neuronal death (Stein et al., 2004), expressing human wtTTR in mice halts Aβ 
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deposition (Buxbaum et al., 2008) and thickening of basement membranes (an early 

hallmark of AD) is observed in mice with lower TTR expression (Ricardo Vieira et al., 2019).  

TTR-Aβ interaction seems at this point undeniable, although the exact mechanism of 

such interaction is still unknown. Possible mechanisms include TTR mediated inhibition and 

disruption of Aβ fibril formation (Costa et al., 2008), TTR proteolytic action on Aβ (Silva et 

al., 2017) and an increased effect of the TTR tetramer over Aβ inhibition (Alemi et al., 2017). 

However, TTR-Aβ structural information has undoubtedly been elusive. Currently, most of 

the knowledge arises from computer modeling simulations or mass-spectrometry assisted 

assays. A few examples include modeling of Aβ binding sites in the TTR monomer surface, 

identification of TTR 38-42 as a critical segment for the interaction, Aβ binding to TTR residues 

from strands A and D located in or around the thyroxine binding pocket and possible binding 

to the TTR EF helix and loop (Du et al., 2012; Du et al., 2010; Schwarzman et al., 1996; 

Schwarzman et al., 1994; Schwarzman et al., 2005). A study combining computer modeling 

and NMR also indicated that TTR-Aβ interaction occurs at the surface of the protein and 

that Aβ18-20 is the critical peptide region for binding (Gimeno et al., 2017). Here, we aimed 

at obtaining crystallographic information of the TTR-Aβ complex, by performing co-

crystallization and crystal soaking experiments of wtTTR and mutant TTR L55P with a 

plethora of Aβ peptides and its fragments.  

 

2.1.2 Materials and methods 

2.1.2.1. Aβ peptides 

 

The following fragments were tested: Aβ1-40, Aβ1-42, Aβ1-11, Aβ1-16, Aβ1-28, Aβ1-37, Aβ6-20, 

Aβ10-20, Aβ10-35, Aβ12-28, Aβ16-20, Aβ19-20, Aβ20-29, Aβ25-35, Aβ29-40, Aβ31-35 and Aβ33-42, purchased 

from Bachem (Switzerland); and, two iodinated Aβ16-21 forms, KLVF(I)FA and KLVFF(I)A, 

here denominated IAβ1 and IAβ2, respectively (synthesized by IQAC - Institut de Química 

Avançada de Catalunya, Spain). Peptide samples were prepared based on (Broersen et al., 

2011). Briefly, lyophilized Aβ peptides were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol 

(HFIP) and incubated overnight at room temperature to disassemble possible pre-existing 

amyloid aggregates. The next day, HFIP was removed with a gentle stream of nitrogen, and 

further dried with a vacuum concentrator for 2.5 h to remove remaining traces. Dried peptide 

films were thoroughly resuspended in dimethyl sulfoxide (DMSO) and stored at -20˚C until 

further use. 
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2.1.2.2 Transthyretin co-crystallization or soaking with Aβ fragments and 

compounds 35 or 73 

 

 Transthyretin wild type (wtTTR) and TTR L55P amyloidogenic mutant (TTR55 for short) 

were produced as previously described (Furuya et al., 1991) and kindly gifted by the 

Molecular Neurobiology group (i3S, Porto, Portugal). Both proteins were subsequently 

prepared for crystallographic studies by diafiltration and concentration in 10 mM HEPES pH 

7.5 using a 3 kDa Amicon® Ultra-4 centrifugal filter unit (Merck, Germany). Concentration 

ranges were 4 - 8.5 mg.ml-1 and 8 - 10 mg.ml-1 for TTR55 and wtTTR, respectively. Protein 

concentration was determined by absorbance at 280 nm in a Nanodrop ND-1000 

Spectrophotometer (Thermo Fisher Scientific, USA), using MW of 55 kDa and a ε of 77 600 

M-1 cm-1. For co-crystallization trials, Aβ peptides were incubated overnight at 4ºC with TTR, 

in a fragment/compound to protein molar ratio average of 10:1. In addition, co-crystallization 

with in-drop protein/Aβ peptide mixing also tested. For soaking experiments, pre-grown 

protein crystals were transferred to fresh drops containing each Aβ peptide and allowed to 

incubate for at least three days before crystal cryo-protection. Crystallization was performed 

by hanging-drop vapor diffusion at 293 K, with 500 µl reservoir and drops with a total volume 

of 4 µl, after a 5 minute, 4ºC sample spin. For wtTTR, crystallization conditions were 

selected based on (Gales et al., 2005) (0.2 M sodium acetate buffer pH 5.2/5.4/5.6, 2 M 

ammonium sulphate, 7% glycerol) and (Lima et al., 2010) (100 mM Tris-HCl pH 7.5, 100 

mM KCl , 20-28% PEG 400). Crystals were transferred to reservoir solutions with glycerol 

(up to 20%) for cryo-protection and flash frozen in liquid nitrogen. For TTR55, crystallization 

conditions were based on (Castro-Rodrigues et al., 2011) (3% PEG 8000, 0.1 M Cacodylate 

pH 6.5, 2-3 mM Zn acetate). For cryo-protection, crystals were submitted to a two-step 

sequential cryo-protectant (5% PEG 8000, 0.1 M Cacodylate pH 6.5, 3 mM Zn acetate, 20% 

glycerol and 5% PEG 8000, 0.1 M Cacodylate pH 6.5, 3 mM Zn acetate, 35% glycerol) or 

directly to 10% PEG 8000, 0.1 M Cacodylate pH 6.5, 3 mM Zn acetate, 25% glycerol, before 

flash freezing in liquid nitrogen. For co-crystallization with compounds 35 and 73, TTR (9.9 

mg.ml-1) was incubated with each compound (molar ratios 35/TTR = 20 and 73/TTR=50) 

at 4 °C ON, in HEPES buffer 10mM pH 7.5. Crystals suitable for X-ray diffraction were 

obtained by hanging-drop vapour-diffusion techniques at 20 °C. Crystals were grown within 

1 week by mixing 2 μl of the protein:compound solutions with 2 μl of reservoir solution. The 

reservoir solutions used in the crystallization trials contained acetate buffer 0.2 M pH 4.8-

5.4, ammonium sulfate 1.8-2.2 M and 7% glycerol. Crystals were transferred to reservoir 

solutions containing increasing concentrations of glycerol (10 to 25%) and flash frozen in 

liquid nitrogen. 
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2.1.2.3 X-Ray diffraction data, processing and refinement 

 

High-resolution X-Ray diffraction data was collected from cryo-cooled single crystals at 

100 K in synchrotron beamlines PROXIMA-1 and PROXIMA-2 of the French National 

Synchrotron Source (SOLEIL, Paris, France) (Coati et al., 2017), at the XALOC beamline 

of the ALBA synchrotron center (Barcelona, Spain)(Juanhuix et al., 2014) and ID29 and 

ID30B of European Synchrotron Radiation Facility (ESRF, Grenoble, France)(Gabadinho 

et al., 2010). Images were processed with the XDS program package (Kabsch, 2010) with 

a random 5% sample of the reflection data flagged for R-free (Brunger, 1992). Diffraction 

intensities were converted to structure factors in the CCP4 format (Bailey, 1994) and unit 

cell content estimated with Matthew’s coefficient (Matthews, 1968). Phases were generated 

by molecular replacement with Phaser MR using manually prepared models from PDB 

entries 1Y1D and 3SSG for wtTTR and TTR55, respectively (Castro-Rodrigues et al., 2011; 

Gales et al., 2005). Final models were obtained after iterative cycles of refinement and 

manual model building with Refmac/PHENIX and Coot, respectively (Adams et al., 2010; 

Emsley et al., 2010; Murshudov et al., 1997).  

 

2.1.3 Results and discussion 

 

As mentioned before, disclosing the TTR-Aβ interaction at the molecular level has been 

elusive. In fact, some uncertainty and conflicting results exist regarding which protein and 

peptide species interact. While TTR tetramer stabilization is essential (Alemi et al., 2017), 

some found that TTR monomer binds tighter to Aβ monomer and that the TTR tetramer 

binds preferably to Aβ aggregates (Du et al., 2010). Others conclude that monomeric TTR 

does not bind monomeric Aβ in solution and that Aβ aggregation inhibition is caused by 

binding of TTR tetramer to Aβ monomer and of TTR monomer and tetramer to Aβ oligomers 

(Li et al., 2013). Moreover, such Aβ aggregation inhibition effect may derive from co-

aggregation of TTR and Aβ to amorphous non-amyloid deposits (Garai et al., 2018). From 

a crystallographic point of view, until now only indirect observations have been reported. 

More precisely, TTR crystal structures indicate that the interaction occurs through copper 

ions (Ciccone et al., 2018). 

In our TTR-Aβ crystallization trials, we tested wtTTR and TTR55 with many Aβ 

fragments, in co-crystallization or crystal soaking experiments. The TTR potential to bind 

Aβ has been inversely correlated with the amyloidogenic potential of the TTR variant (Costa 

et al., 2008), including a report that TTR55 is actually incapable of binding Aβ (Schwarzman 

et al., 2004). Nevertheless, that variant can be crystallized in a reservoir condition 

containing zinc (Castro-Rodrigues et al., 2011). In a long-shot attempt to capitalize on the 
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known affinity of Aβ for divalent metal cations (Zirah et al., 2006), pre-grown TTR55 crystals 

in zinc-free reservoir solution were used for soaking experiments. Furthermore, given the 

observations that small-molecules, such as iododiflunisal (IDIF), stabilize the TTR tetramer 

and potentiate interaction with Aβ (Ribeiro et al., 2014), TTR crystallization in a ternary 

complex with IDIF-IAB1 and IDIF-IAB2 was also attempted. Despite TTR crystals could be 

routinely obtained in a variety of conditions (Figure 2.1), X-Ray diffraction data was only 

obtained from wtTT and TTR55 co-crystallized and/or soaked with Aβ1-40, Aβ1-16, Aβ12-28, 

IDIF-IAB1 or IDIF-IAB2. Sadly, no electron density corresponding to Aβ residues was found. 

 

 

 

Figure 2.1. Examples of wild type transthyretin crystals co-crystallized with Aβ fragments. Fragments 

were incubated with the protein overnight at 4˚C, followed by vapor-diffusion crystallization: (A) Aβ1-

28, with TTR crystallized in 0.2 M sodium acetate buffer pH 5.4, 2 M ammonium sulfate, 7 % glycerol; 

(B) Aβ29-40, with TTR crystallized in 100 mM tris pH 7.5, 100 mM KCl, 20 % PEG 400.    

 

The following portion of the work was extracted from Cotrina, E.Y.; Santos, L.M.; Rivas, J.; Blasi, D.; 

Leite, J.P.; Liz, M.A.; Busquets, M.A.; Planas, A.; Prohens, R.; Gimeno, A.; Jiménez-Barbero, J.J.; 

Gales, L.; Llop, J.; Quintana, J.; Cardoso, I.; Arsequell, G. (2021). Targeting transthyretin in 

Alzheimer’s disease: drug discovery of small-molecule chaperones as disease-modifying drug 

candidates for Alzheimer’s disease. European Journal of Medicinal Chemistry, 226, 113847. doi: 

https://doi.org/10.1016/j.ejmech.2021.113847 

 

Nevertheless, taking advantage of the established TTR crystallization pipeline, 

crystallization with compounds candidates as small-molecule chaperones (SMCs) was 

performed. Starting from a computational analysis of candidate molecules, the aim consists 

on repurposing currently approved drugs and direct them for AD treatment, circumventing 

the extremely expensive and time-consuming process of novel drug design, especially as 

the current pipeline for AD drugs in phase I is exhausted. In this case, by stabilizing the TTR 

tetramer, TTR/Aβ interaction could be potentiated. After a few rounds of selection, a set of 

compounds was chosen for a high-throughput screening ternary test (TTR/Aβ/compound), 

two of which, compound 35 (5-(4-nitrophenylazo)-3-iodosalicylic acid) and compound 73 (4-

Benzothiazol-2-yl-2-methyl-phenylamine), were selected for the structure elucidation of the 
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TTR complexes by X-ray diffraction, because their TTR-ligand structures have not been 

previously analyzed. Both compounds bind in the so-called thyroxine binding sites (Figure 

2.2; Table 2.1). Compound 35 (Figure 2.2, left panel) binds very deeply with the iodinated 

ring located at the outmost part of the T4 channel. This binding induces the rotation of S117 

side chains of the four monomers creating new strong intermonomer hydrogen bonds 

between these residues. The K15 residues, located at the entrance of the binding sites, 

establish interactions with the carboxylate substituents of the ligand. Compound 73 does 

not bind so deeply in the channel as 35 (Figure 2.2, right panel) and, consequently, it does 

not induce the formation of such strong interactions between the S117 residues of the TTR 

tetramer. The K15 residues, in the TTR: 73 complex, are not pointing to the center of the 

channel and are not involved in interactions with the compound. However, careful analysis 

should be considered, as good TTR tetramer stabilizers do not necessarily have good 

chaperone action. 

 

 

 

Figure 2.2. Close view of one binding site of the crystal structures of TTR:35 (left, PDB ID 6EP1) 

and TTR:73 (right, PDB ID 6EOY). The two-symmetry related positions of each compound are shown 

with carbon atoms in grey and orange. The 2Fo-Fc electron density maps at 1σ are drawn as a blue 

mesh around compounds 35 and 73 and residues K15 and S117 highlighted in stick representation.   

 

 

 

 

TTR:35

PDB ID 6EP1

TTR:73

PDB ID 6EOY
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Table 2.1. TTR-compound diffraction data collection, processing and refinement statistics. 

Collection and processing 

Compound 35 73 

Wavelength (Ǻ) 1.033 0.973 

Space Group P 21212  P 21212  

Unit-cell parameters (Å)   

  a 42.96 42.97 

  b 84.87 85.64 

  c 64.75 64.24 

Resolution range (Å) 84.866 - 1.299 (1.303 - 

1.299) 

35.72 - 1.38 (1.43 - 1.38) 

Observed reflections 292370 (2710) 196098 (18525) 

Completeness (%) 99.9 (61.5) 98.4 (95.7) 

Multiplicity 5.0 (4.8) 4.0 (4.0) 

<I/(I)> 17.8 (1.5) 11.2 (1.1) 

Rmerge(%)# 3.8 (85.1) 4.2 (125.7) 

Refinement 

Rcryst(%) 16.3 18.6 

Rfree(%) 18.3 19.8 

RMSD for bonds (Ǻ) 0.006 0.006 

RMSD for angles (°) 0.870 0.959 

Average main chain B-factor (Ǻ2) 20.27 23.82 

Average side chain B-factor (Ǻ2) 25.16 26.89 

Average compound B-factor (Ǻ2) 34.33 42.94 

Average water B-factor (Ǻ2) 38.30 39.34 

Ramachandran plot statistics (%) 

Favoured regions 99.10 96.36 

            Allowed regions 0.90 3.64 
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CHAPTER III. Fusion-protein constructs for the 

crystallization of the amyloid-β peptide 
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3.1 Introduction 

 

In macromolecular crystal structure determination by X-Ray diffraction, crystallization 

is widely regarded as the major bottleneck (Holcomb et al., 2017). For this reason, fusion 

proteins constitute a complex strategy to crystallize a peptide or protein of interest. Fusion-

proteins are chimeric constructions from two or more different protein segments linked 

together and expressed as a single protein. They may be used to aid the crystallization of 

hard to crystallize proteins or peptides (e.g. highly hydrophobic or complexes with weak 

interactions) (Kobe et al., 2015). In addition, fusion-proteins also help tackle the phase 

problem in X-Ray diffraction data for newly crystallized targets, avoiding the use of seleno-

methionine protein expression or heavy-atom derivatization of pre-formed crystals. T4 

Lysozyme (lysozyme from phage T4) is a possible heterologous partner in fusion 

constructs, since it is a soluble well folded protein and readily crystallizes under many 

conditions (Kobe et al., 2015). It is mostly used with membrane proteins where polar areas 

are scarce (Lee et al., 2015; Thorsen et al., 2014; Tuukkanen et al., 2019).       

Given its hydrophobic and intrinsically disordered nature, Aβ emerges as a prime 

candidate for crystallization using a fusion protein approach. However, to date, only three 

reports are available (Nisbet et al., 2013; Streltsov et al., 2011; Takano et al., 2006). 

Together, these fusion protein models shed some light on oligomerization of Aβ in a pre-

fibrillary state. However, in the big picture of Alzheimer’s disease research, they are clearly 

scarce and, strikingly, none encompasses the full-length peptide. Here, we designed three 

constructs to try obtaining atomic resolution crystallographic structures of the peptide. First, 

the peptide was added to the C-terminal end of T4 Lysozyme (used as a heterologous fusion 

partner), yielding T4 Lysozyme-Aβ1-40. Then, a construct encompassing Aβ17-40 and also 

using T4 Lysozyme as heterologous partner was used to investigate possible structural 

differences by the lack of the N-terminal region, given that it significantly affects the fibril 

formation rate (Kuhn et al., 2020). Finally, a construct in which Aβ1-40 is “intra protein” (i.e., 

not on the N- or C-terminal sides of the heterologous partner) was designed. Proteasome 

assembly chaperone 3 (PAC3) was selected for this approach as heterologous fusion 

partner (Satoh et al., 2019). This protein has a mobile loop region that in the native crystal 

packing faces a porous network (S51-V61). With our fusion construct (henceforth referred 

as PAC3-Aβ1-40), we aimed at inserting Aβ1-40 within this constrained environment.  
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3.2 T4 Lysozyme-Aβ1-40 

3.2.1 Materials and methods 

3.2.1.1 Plasmid design  

 

T4Lysozyme-Aβ1-40 fusion protein construct was designed in silico and ordered from 

GenScript (USA). Briefly, Aβ1-40 nucleotide sequence optimized for expression in E. coli was 

obtained from the literature (Walsh et al., 2009). The nucleotide sequence of a wild-type 

cysteine-free inactive mutant of T4 lysozyme, named T4 lysozyme wt* T26Q, was obtained 

by merging and reverse translating PDB entries 3RUN and 1QT4 (Economou et al., 2012; 

Kuroki et al., 1999; Stothard, 2000). The peptide and the protein were merged to form a 

sequence starting with T4 lysozyme at the N-terminal side, directly followed by Aβ1-40 and 

added to the pET-15b (Novagen) expression plasmid between restriction sites NdeI and 

BamHI. The His-tag is located at the N-terminal of the construction, prior to the T4 lysozyme 

sequence. The fusion protein was named T4Lysozyme-Aβ1-40. The final plasmids were 

codon optimized for E. coli, synthesized, and purchased from Genscript (USA). Aminoacid 

sequence and overall information, computed with Expasy ProtParam (Wilkins et al., 1999), 

is presented on Table 3.1. Upon arrival, plasmids were transformed into E. coli DH5α for 

plasmid propagation, obtained by using NZYMiniprep kit (NZYTech, Portugal), and 

sequenced for integrity confirmation (StabVida, Portugal), before proceeding. 

 

Table 3.1. Amino acid sequence of T4Lysozyme-Aβ1-40 fusion protein construct and general 

construct information. Legend: His-tag and thrombin cleavage site underlined; T4 Lysozyme wt* 

T26Q in italic; Aβ1-40 in bold. 

 

3.2.1.2 Over expression and purification 

 

For overexpression, a glycerol stock of T4Lysozyme-Aβ1-40 transformed E. coli BL21 

(DE3) was inoculated in LB media supplemented with ampicillin (100 µg.ml-1) and grown 

overnight at 37°C. The next day, appropriate amount of pre-culture was inoculated in fresh 

LB/ ampicillin (100 µg.ml-1) for an initial OD600 of 0.1. Culture was incubated at 37°C until 

OD600 around 0.6, at which point it was subjected to a cold shock at 4°C for 30 minutes 

(Qing et al., 2004). IPTG at 0.25 mM was then added and cultures incubated at 18°C 

HHHHHHSSGLVPRGSHMNIFEMLRIDEGLRLKIYKDTEGYYQIGIGHLLTKSPSLNAAKSELDKAI
GRNTNGVITKDEAEKLFNQDVDAAVRGILRNAKLKPVYDSLDAVRRAALINMVFQMGETGVAGF
TNSLRMLQQKRWDEAAVNLAKSRWYNQTPNRAKRVITTFRTGTWDAYKNLDAEFRHDSGYEV
HHQKLVFFAEDVGSNKGAIIGLMVGGVV 

Number of amino acids: 220 

Molecular weight (kDa) 24.741 

Theoretical pI 9.47 

Extinction coefficient (M-1 cm-1) 26930 
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overnight. Grown culture was collected by centrifugation (3990 x g, 4ºC, 30 min on a 

Beckman JLA 8.1000 rotor). Cell pellets were resuspended in lysis buffer (50 mM Tris-HCl 

pH 7.4, 0.3 M NaCl, 0.2 mg.ml-1 lysozyme, 10 μg.ml-1 DNase, 1 mM MgCl2, 1 mM PMSF 

and a tablet of Roche cOmpleteTM protease inhibitor cocktail) and stored at -20°C. Pellets 

were thawed and lysed by sonication (macrotip on a Branson Sonifier® 250 200W; Duty 

50%, output 5, 3x30 s, with 1 minute interval on ice). The soluble fraction was clarified by 

centrifugation (35 000 x g, 45 min., 4°C, on a Beckman JA-25.50 rotor) and filtered (0.22 

µm filter), imidazole added to a final concentration of 20 mM and finally loaded on a nickel 

immobilized metal affinity chromatography (IMAC) column (His-TrapTM HP, GE Healthcare, 

USA), pre-equilibrated with 50 mM Tris-HCl pH 7.4, 0.3 M NaCl, 20 mM imidazole as binding 

buffer. Elution was performed in a step-mode with elution buffer 50 mM Na-citrate pH 6.0, 

0.3 M NaCl, 500 mM imidazole at 6%, 10%, 40%, 60% and 100%. Collected fractions were 

pooled using 3 kDa Amicon® Ultra-15 centrifugal filter units (Merck, Germany), spun to 

remove precipitates and loaded onto a Superose 12 10/300 size exclusion chromatography 

(SEC) column (GE Healthcare, USA), with 50 mM Na-citrate pH 6.0, 0.1 M NaCl as mobile 

phase. Selected purified fractions were pooled and concentrated with a 3 kDa Amicon® 

Ultra-4 centrifugal filter unit (Merck, Germany). Concentration was determined by 

absorbance at 280 nm in a Nanodrop ND-1000 Spectrophotometer (Thermo Fisher 

Scientific, USA) according to data on Table 3.1. Protein aliquots were flash frozen in liquid 

nitrogen and stored at -20°C until used.    

 

3.2.1.3 Differential scanning fluorimetry 

 

To evaluate protein stability in a range of pH values and salt concentrations, a thermal 

shift assay was performed. Conditions are illustrated on Table 3.2. The plate was sealed 

(BioRad Microseal B Adhesive Sealer) and incubated at room temperature for 30 minutes, 

followed by addition of SYPRO Orange (Thermo Fisher Scientific, USA) to a final 

concentration of 2.5x. The plate was then heated from 20 to 80°C in 0.5°C increments on 

an iCycler iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad, USA). Fluorescence 

was followed with a Cy3 dye filter and resulting melting curves analyzed with CFX manager 

software (BioRad, USA). The inflexion point of the melting curve indicates melting 

temperature.  
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Table 3.2. Conditions tested in differential scanning fluorimetry. 

 

 

3.2.1.4 Circular dichroism (CD) 

 

CD spectra was recorded in a J-815 spectrometer (Jasco, Japan), at 20°C controlled 

by a Peltier system. Spectra was recorded using a 1 mm pathlength quartz cell (Hellma 

Analytics, Germany) from 260 to 190 nm, at 50 nm.min-1, D.I.T. of 2 s, data-pitch 0.2 nm 

and 16 accumulations per measurement. Spectra was smoothed using the Savitzky–Golay 

algorithm and corrected for the blank sample. CD data was converted to molar ellipticity 

using:  

Ө (𝑑𝑒𝑔. 𝑐𝑚2. 𝑑𝑚𝑜𝑙 − 1) =
𝑚𝑑𝑒𝑔 × 106

𝑙 (𝑚𝑚) × 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (𝜇𝑀) × 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑏𝑜𝑛𝑑𝑠
 

 

3.2.1.5 Protein crystallization  

 

T4Lysozyme-Aβ1-40 crystallization was extensively screened at 293 K using commercial 

sparse-matrix crystallization kits. Drops were set up in 96-well plates using an Oryx4 protein 

crystallization robot (Douglas Instruments, UK) in 1:1 protein to precipitant ratio. Protein 

concentration was tested from 6 to 35 mg.ml-1. Protein crystals were identified in three 

distinct conditions: SG-1 Screen 2-31 (30% w/v PEG 1500), SG-1 Screen 2-41 (30% w/v 

PEG 4000) and JCSG-plus 2-8 (1.0 M ammonium phosphate dibasic, 0.1 M sodium acetate 

pH 4.5). These were refined to obtain improved crystals. Crystals took about a week to form, 

were cryo-protected in mother liquor supplemented with glycerol (gradient up to 20% for 
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JCSG-plus 2-8) or by increasing precipitant concentration (for SG-1 Screen 2-31 and SG-1 

Screen 2-41) and flash-frozen in liquid nitrogen.    

 

3.2.1.6 X-Ray diffraction data collection, processing and refinement 

 

High-resolution X-Ray diffraction data was collected from cryo-cooled single crystals 

(100 K) on a PILATUS 6M detector (Dectris, Switzerland) at synchrotron beamline BL13 

XALOC (ALBA, Spain)(Juanhuix et al., 2014) and on EIGER X 16/9M detectors (Dectris, 

Switzerland) at the PROXIMA-1 and PROXIMA-2A beamlines of the French National 

Synchrotron Source (SOLEIL, France)(Coati et al., 2017). Images were processed using 

standard software packages (Bailey, 1994; Kabsch, 2010). For data indexed to the P212121 

space group, phases were generated by molecular replacement with Phaser MR using a 

manually prepared model starting from T4 Lysozyme PDB entry 3RUN (Economou et al., 

2012; McCoy et al., 2007). For data indexed to the P43212 space group, a combination of 

the CCP4i online pipeline MoRDa and ARP/wARP was used (Chojnowski et al., 2020; E. 

Krissinel et al., 2018; Vagin et al., 2015). The final models were obtained after refinement 

and manual model building with Refmac/PHENIX and Coot, respectively (Adams et al., 

2010; Emsley et al., 2010; Murshudov et al., 1997). Protein structure figures were generated 

with PyMol (Schrodinger, 2015). A summary of T4Lysozyme-Aβ1-40 X-ray diffraction data 

collection and refinement statistics is presented on Table 3.3.  

 

3.2.2 Results and discussion 

 

After iterative expression and purification optimization, the T4 Lysozyme-Aβ1-40 fusion 

construct was obtained. Before crystallization studies, a brief biophysical characterization 

was performed. First, circular dichroism spectroscopy disclosed that the sample retains 

secondary structure conformation in solution (Figure 3.1A). In addition, crystallization 

likelihood was assayed by differential scanning fluorimetry (Figure 3.1B), testing a range of 

pH and salt concentrations (see Table 3.2). Accordingly, several of the conditions tested 

resulted in a melting temperature (Tm) above 318K (44.85˚C). This threshold was empirically 

determined to translate in a crystallization success rate of 49% (Dupeux et al., 2011). 

Together with the sigmoidal profile of the melting curve (Figure 3.4B, left), these results 

suggest that the T4 Lysozyme-Aβ1-40  was likely to crystallize (Dupeux et al., 2011).     
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Figure 3.1. Biophysical characterization of T4 Lysozyme-Aβ1-40. (A) Circular dichroism spectroscopy 

shows that the fusion construct possesses secondary structure features (i.e., it is not a random, 

disordered sample). (B) Determination of melting temperature by variation of buffer pH/salt 

concentration by differential scanning fluorimetry. (left) Representative thermal denaturation curve, 

with melting temperature calculated at the inflection point indicated by dashed line; (right) color 

representation of melting temperatures for conditions tested (see Table 3.2): <50 ˚C (red), 50-54˚C 

(orange), 55-60˚C (yellow) and >60˚C (green).  

 

According to the obtained Tm values, crystallization experiments were made at 293K 

(Dupeux et al., 2011). After an exhaustive screening, in which several crystals that 

appeared were later determined by X-Ray diffraction to be salt crystals, good diffracting 

protein crystals appeared in three conditions: the closely related SG-1 Screen 2-31 and SG-

1 Screen 2-41, and JCSG-plus 2-8. These were successfully optimized in lab. Out of a total 

of 72 collected and analyzed T4 Lysozyme-Aβ1-40 crystals, diffraction data was collected 

and processed from 46. Despite the number of tested crystals, only a few showed electron 

densities attributable to Aβ (data collection, processing and refinement statistics can be 

found on Table 3.3).  
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Table 3.3. T4 Lysozyme-Aβ1-40 X-Ray diffraction data collection, processing and refinement 

statisticsa. 

Collection and processing 

Dataset ID Dataset 1 Dataset 2 Dataset 3 Dataset 4 Dataset 5 

Cryo loop code B8X3_ba3382 B8X5_ad9380 B8X6 ag3340 B8X8 ag3333 ag3088 

Visible Aβ residues Aβ1-10 Aβ1-8 Aβ1-5 + Aβ1-9 Aβ1-17 
Unassigned 

density only 

Synchrotron radiation facility ALBA ALBA ALBA ALBA SOLEIL 

Beamline XALOC XALOC XALOC XALOC PROXIMA-1 

Detector PILATUS 6M PILATUS 6M PILATUS 6M PILATUS 6M Dectris Eiger 16M 

Wavelength (Ǻ) 0.9793 0.9793 0.9793 0.9793 0.9786 

Frames 1800 1800 1200 1400 3600 

Rotation (°) 0.1 0.1 0.2 0.15 1.0 

Space Group P 212121 P 212121 P 212121 P 212121 P 43212 

Unit-cell parameters (Å) 

 a 38.811 38.199 38.691 37.534 83.315 

 b 55.585 56.510 55.930 55.879 83.315 

 c 167.664 160.325 168.023 158.543 107.348 

           α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 

Resolution range (Å) 
46.33  - 1.60  

(1.657  - 1.60) 

46.19  - 1.55 

(1.605  - 1.55) 

42.01  - 1.60 

(1.657  - 1.60) 

79.27  - 1.80 

(1.864  - 1.80) 

41.66  - 1.90 

(1.968  - 1.90) 

Observed reflections 299421 (15295) 301460 (8470) 395772 (20196) 235281 (13370) 809840 (120405) 

No. of unique reflections 48372 (2394) 50420 (2039) 48033 (2403) 31916 (1825) 30506 (4367) 

Completeness (%) 98.8 (100) 97.9 (81.1) 97.5 (100) 100 (100) 100 (100) 

Multiplicity 6.2 (6.4) 6.0 (4.2) 8.2 (8.4) 7.4 (7.3) 26.5 (27.6) 

<I/(I)> 11.6 (2.2) 13.6 (1.4) 12.7 (1.1) 13.8 (3.4) 25.5 (4.5) 

Half-set correlation CC1/2  0.996 (0.900) 0.998 (0.557) 0.998 (0.502) 0.997 (0.837) 1.000 (0.973) 

Rmerge
b 0.070 (0.478) 0.068 (0.714) 0.080 (1.575) 0.088 (0.646) 0.084 (0.777) 

Rmeas
c 0.084 (0.570) 0.081 (0.886) 0.092 (1.796) 0.102 (0.754) 0.086 (0.792) 

Rp.i.m.
d 0.045 (0.307) 0.044 (0.516) 0.044 (0.853) 0.050 (0.385) 0.017 (0.150) 

Refinement 

Rwork(%) 0.2235 (0.2781) 0.2061 (0.3131) 0.2110 (0.3103) 0.2003 (0.2632) 0.2269 (0.2960) 

Rfree(%) 0.2502 (0.3248) 0.2231 (0.3275) 0.2340 (0.3466) 0.2414 (0.3166) 0.2532 (0.3836) 

RMSD for bonds (Ǻ) 0.006 0.007 0.008 0.007 0.007 

RMSD for angles (°) 0.82 1.05 1.21 0.92 0.87 

Ramachandran plot statistics (%) 

Favoured regions 96.54 96.93 97.72 97.16 98.77 

             Allowed regions 3.17 2.23 2.28 2.84 1.23 

             Outliers 0.29 0.84 0.00 0.00 0.00 

Rotamer outliers (%) 0.34 0.33 0.66 0.33 0.75 

B-factor (Ǻ2) 

             Average 37.47 26.24 36.77 30.97 32.66 

             Macromolecules 37.49 25.60 36.61 30.72 32.05 

             Solvent 37.15 32.05 39.23 34.82 39.53 
aStatistics for the highest-resolution shell are shown in parentheses 
b𝑅𝑚𝑒𝑟𝑔𝑒 = ΣΣ|𝐼𝑖(ℎ𝑘𝑙) − 〈𝐼ℎ𝑘𝑙〉| 𝑖 ℎ𝑘𝑙 ΣΣ𝐼𝑖(ℎ𝑘𝑙)𝑖 ℎ𝑘𝑙 ⁄ , where 𝐼𝑖(ℎ𝑘𝑙) is the observed intensity and 〈𝐼ℎ𝑘𝑙〉 is the average intensity 
of multiple observations of symmetry-related reflections.  
c𝑅𝑚𝑒𝑎𝑠 = Σ √ 𝑛 𝑛−1 ℎ𝑘𝑙 Σ |𝐼𝑖(ℎ𝑘𝑙) − 〈𝐼ℎ𝑘𝑙〉| 𝑛𝑖=1 ΣΣ𝐼𝑖(ℎ𝑘𝑙)𝑖 ℎ𝑘𝑙 ⁄, where 𝐼𝑖(ℎ𝑘𝑙) is the observed intensity and 〈𝐼ℎ𝑘𝑙〉 is the 
average intensity of multiple observations of symmetry-related reflections.  
d𝑅𝑝.𝑖.𝑚. = Σ √ 1 𝑛−1 Σ |𝐼𝑖(ℎ𝑘𝑙) − 〈𝐼ℎ𝑘𝑙〉| 𝑛𝑖=1 ℎ𝑘𝑙 ΣΣ𝐼𝑖(ℎ𝑘𝑙)𝑖 ℎ𝑘𝑙 ⁄ , where 𝐼𝑖(ℎ𝑘𝑙) is the observed intensity and 〈𝐼ℎ𝑘𝑙〉 is the 
average intensity of multiple observations of symmetry-related reflections 
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Most of the datasets were obtained from condition SG-1 Screen 2-31 (30% w/v PEG 

1500). Initial image processing was ambiguous about the space group, indicating 

orthorhombic P222 and related ones, such as P2221, P21212 and P212121. To tackle this 

issue, space group was determined using XDS package without biasing unit cell parameters 

(Kabsch, 2010), settling with P212121. In addition to the P212121 data sets, crystals grown 

with crystallization condition JCSG-plus 2-8 indexed to space group P41212. This dataset, 

initially processed by the SOLEIL automatic processing pipeline (Coati et al., 2017), was 

solved using the MORDA pipeline (Vagin et al., 2015), and, after addressing enantiomorphic 

ambiguity, the space group P43212 was assigned. Both space groups encompass an 

asymmetric unit with two molecules (Figure 3.2). Confirming information extracted from the 

elution profile of the protein in a size-exclusion chromatography (data not shown), PISA 

analysis indicates that the dimer is a crystallographic occurence (i.e. T4 Lysozyme-Aβ1-40 

does not complexate in solution) (Evgeny Krissinel et al., 2007), with contacts exclusively 

between lysozyme chains’ amino acids. In terms of crystal arrangement, for the P212121 

data, the His-tag/thrombin cleavage site at the N-terminal end (of chain A) and Aβ at the C-

terminal end (of chain B) are important to establish the network. Regarding P43212 data, no 

electron density was found for His-tag/thrombin cleavage site or at the C-terminal of the 

construct beyond T4 Lysozyme residues.  
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Figure 3.2. Crystal packing (A) and three-dimensional structure (B) of T4 Lysozyme-Aβ1-40 fusion-

protein, obtained in two different crystallization conditions and indexed to two distinct space groups 

(P212121 data from Dataset 1 crystallized in 30% w/v PEG 1500 and P43212 data from Dataset 5 

crystallized in 1.0 M ammonium phosphate dibasic, 0.1 M sodium acetate pH 4.5; see Table 3.3). 

Legend: crystal packing (A) in ribbon representation; asymmetric unit (B) in cartoon representation; 

T4 Lysozyme chains in shades of grey; fusion-protein N-terminal end in red and C-terminal end in 

green.  

 

Aβ residues only appear in P212121 data and almost entirely on chain B of the 

asymmetric unit (Figure 3.3A-D), with an exception for Dataset 3, where the first five 

residues of the peptide are present at the C-terminal of chain A (Figure 3.3C, left). Due to 

the constrained environment, they adopt a helical conformation. Dataset 4 presents the 

longest fitted Aβ segment (Aβ1-17; Figure 3.3D). Here, both Aβ1-9 and Aβ12-17 are well fitted 

to the 2FoFc map at 1.0 σ. Oddly, density for Aβ9-11 could not be found. For this dataset, unit 

cell dimensions are slightly different when compared to Datasets 1 through 3, with shorter 

dimensions in a and c (Table 3.3), which may be explained by a somewhat more rigid 

arrangement conferred by interactions of the extended Aβ segment (Figure 3.4B). The 

overall absence of complete or longer Aβ electron densities may be explained by the crystal 
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arrangement in the P212121 space group, in which the C-terminal of both chains in the 

asymmetric unit face relatively loosely packed regions, leading into the pores observed in 

Figure 3.2A.  

Regarding the P43212 data, a significant electron density is present (Figure 3.3E). This 

density was subjected to extensive attempts of manual model building, including the 

implementation of Phenix map modification tools, such as RESOLVE (Liebschner et al., 

2019). Poly-alanine tracing hints that about 12 residues may fit the density. Model building 

attempts included fitting single Aβ segments (e.g. Aβ15-28 and Aβ27-40) or interpreting the map 

as two Aβ chains from different molecules (e.g. Aβ28-32 and Aβ21-28). However, side-chain 

fitting could not be unambiguously performed, with apparent symmetry related residues 

within the found density. As such, the data could not be solved (Figure 3.3E). 
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Figure 3.3. X-Ray diffraction data of isolated amyloid-β peptide residues from datasets listed on 

Table 3.3 (contour for 2FoFc maps at 1.0 σ). For clarity purposes, residue numbering follows Aβ1-40 
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nomenclature instead of the fusion-protein construct numbering and displayed residues are 

highlighted in green in the full peptide sequence. A – Dataset 1, Aβ1-10 (DAEFRHDSGY). B – Dataset 

2, Aβ1-8 (DAEFRHDS). C – Dataset 3, Aβ1-5 (DAEFR, left) and Aβ1-9 (DAEFRHDSG, right). D – 

Dataset 4, Aβ1-17 (DAEFRHDSGYEVHHQKL), with Aβ9-11 fitted but assigned zero occupancy. E – 

Dataset 5, a U-shaped electron density corresponding to around twelve residues (as seen by poly-

alanine tracing) was found between the two molecules of the asymmetric unit. Despite extensive 

attempts, no Aβ residues side-chains could be fitted. Legend: Aβ residues in stick representation, 

with oxygen atoms in red, nitrogen atoms in blue and carbon atoms in green; lysozyme chains in 

grey cartoon representation, with C-terminal portion highlighted in green. 

 

 

Figure 3.4. Close-up view of Aβ residues’ interactions, for Dataset 1 Aβ1-10 (A) and Dataset 4 (Aβ1-

17). Lysozyme residues backbone in gray and Aβ residues in green, oxygen atoms in red and nitrogen 

atoms in blue. Side chains of residues involved in polar bonds (dashed lines) are represented as 

sticks and labeled (lysozyme residues according to T4 Lysozyme-Aβ1-40 numbering and Aβ to Aβ1-40 

sequence numbering). Residues attributed zero occupancy (B) are displayed in yellow.   
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3.3 T4 Lysozyme-Aβ17-40 

3.3.1 Materials and methods 

3.3.1.1 Plasmid design  

 

T4Lysozyme-Aβ17-40 fusion protein construct was designed as previously described for 

T4Lysozyme-Aβ1-40. Aminoacid sequence and overall information, computed with Expasy 

ProtParam (Wilkins et al., 1999), is presented on Table 3.4.  

 

Table 3.4. Amino acid sequence of T4Lysozyme-Aβ17-40 fusion protein construct and general 

construct information. Legend: His-tag and thrombin cleavage site underlined; T4 Lysozyme wt* 

T26Q in italic; Aβ17-40 in bold. 

 

3.3.1.2 Over expression and purification 

 

For overexpression, a glycerol stock of T4Lysozyme-Aβ17-40 transformed E. coli Nico21 

(DE3) was inoculated in LB media supplemented with ampicillin (100 µg.ml-1) and 1% 

glucose and grown overnight at 37°C. The next day, appropriate amount of pre-culture was 

inoculated in fresh LB/ ampicillin (100 µg.ml-1)/ 1% glucose for an initial OD600 of 0.1. Culture 

was incubated at 37°C until OD600 around 0.6, at which point it was subjected to a cold shock 

at 4°C for 30 minutes (Qing et al., 2004), followed by adding absolute ethanol to a final 

concentration of 2%. Protein expression was induced with IPTG to a final concentration of 

0.2 mM, with cultures incubated overnight at 15°C. Grown culture was collected by 

centrifugation (3990 x g, 4ºC, 30 min on a Beckman JLA 8.1000 rotor). Cell pellets were 

subjected to an osmotic shock protocol to remove E. coli periplasmic fraction and reduce 

downstream purification contaminants (Magnusdottir et al., 2009) and subsequently 

resuspended in lysis buffer (50 mM Tris-HCl pH 7.4, 0.5 M NaCl, 0.2 mg.ml-1 lysozyme, one 

cOmplete Protease inhibitor tablet), flash frozen in liquid nitrogen and stored at -20°C. 

Thawed cells were lysed by sonication (macrotip on a Branson Sonifier® 250 200W; Duty 

50%, output 5, 4x20 s, with 1 minute interval on ice). The soluble fraction was clarified by 

centrifugation (35 000 x g, 45 min., 4°C, on a Beckman JA-25.50 rotor), imidazole added to 

a final concentration of 40 mM and loaded on a nickel IMAC column (His-TrapTM HP, GE 

Healthcare, USA), pre-equilibrated with 20 mM Sodium phosphate pH 7.4, 0.5 M NaCl, 40 

HHHHHHSSGLVPRGSHMNIFEMLRIDEGLRLKIYKDTEGYYQIGIGHLLTKSPSLNAAKSELDKAI
GRNTNGVITKDEAEKLFNQDVDAAVRGILRNAKLKPVYDSLDAVRRAALINMVFQMGETGVAGF
TNSLRMLQQKRWDEAAVNLAKSRWYNQTPNRAKRVITTFRTGTWDAYKNLLVFFAEDVGSNK
GAIIGLMVGGVV 
Number of amino acids 204 

Molecular weight (kDa) 22.804 

Theoretical pI 9.72 

Extinction coefficient ( M-1 cm-1) 25440 
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mM imidazole as binding buffer. Elution was performed in a step-mode with elution buffer 

20 mM Sodium phosphate pH 7.4; 0.5 M NaCl, 500 mM imidazole at 16% 32% and 100%. 

Collected fractions were pooled using 3 kDa Amicon® Ultra-15 centrifugal filter units (Merck, 

Germany), spun to remove precipitates and loaded onto a Superose 12 10/300 size 

exclusion chromatography (SEC) column (GE Healthcare, USA), with 50 mM Na phosphate 

pH 7.4, 150 mM NaCl as mobile phase. Selected purified fractions were pooled and 

concentrated with a 3 kDa Amicon® Ultra-4 centrifugal filter unit (Merck, Germany). 

Concentration was determined by absorbance at 280 nm in a Nanodrop ND-1000 

Spectrophotometer (Thermo Fisher Scientific, USA) using data from Table 3.4. Protein 

aliquots were flash frozen in liquid nitrogen and stored at -20°C until further use.    

 

3.3.1.3 Differential scanning fluorimetry 

 

See 3.2.1.3.  

 

3.3.1.4 Circular dichroism (CD) 

 

See 3.2.1.4.  

 

3.3.1.5 Protein crystallization  

 

T4Lysozyme-Aβ17-40 crystallization screening was performed by sitting-drop vapor-

diffusion with an Oryx4 protein crystallization robot (Douglas Instruments, UK), using 

commercial sparse-matrix crystallization kits in 1:1 protein to precipitant ratio, in 96-well 

plates, at 293 K. A single protein crystal growing condition was identified from SG-1 Screen 

1-38 (0.1 M sodium citrate pH 5.5, 20 % w/v PEG 3000). Crystals, which took up to a year 

to form, were cryo-protected in 0.1 M sodium citrate pH 6.0, 20 % w/v PEG 1000, 20% 

glycerol and flash-frozen in liquid nitrogen.  

 

3.3.1.6 X-Ray diffraction data collection, processing and refinement 

 

High-resolution X-Ray diffraction data was collected from cryo-cooled single crystals 

(100 K) on a PILATUS 6M detector (Dectris, Switzerland) at synchrotron beamline BL13 

XALOC (ALBA, Spain)(Juanhuix et al., 2014) and on EIGER X 9M detector (Dectris, 

Switzerland) at the PROXIMA-2A beamline of the French National Synchrotron Source 

(SOLEIL, France)(Coati et al., 2017). Images were processed using standard software 
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packages (Bailey, 1994; Kabsch, 2010). For phase generation, molecular replacement, 

model building and refinement, a combination of the CCP4i online pipeline MoRDa and 

ARP/wARP was employed (Chojnowski et al., 2020; E. Krissinel et al., 2018; Vagin et al., 

2015). The model was manually inspected, and final model was obtained after iterative 

cycles of refinement and manual model building with Refmac/PHENIX and Coot, 

respectively (Adams et al., 2010; Emsley et al., 2010; Murshudov et al., 1997). Protein 

structure figures were generated with PyMol (Schrodinger, 2015). A summary of 

T4Lysozyme-Aβ17-40 X-ray diffraction data collection, processing and refinement statistics is 

presented on Table 3.5.  

 

3.3.2 Results and discussion 

 

T4Lysozyme-Aβ17-40 plasmid design and protein expression and purification workflows 

followed an identical strategy to the previously discussed T4Lysozyme-Aβ1-40, albeit with 

some optimization and minor differences (e.g., buffer compositions) to better suit this 

protein. Eventually, it was obtained as a homogeneous soluble sample. Circular dichroism 

spectroscopy confirmed the presence of secondary structure in solution (Figure 3.5). In 

addition, differential scanning fluorimetry hinted that this fusion-protein retains an 

empirically tested crystallization success rate of 49%, as several conditions present a 

melting temperature (Tm) above 318K (44.85°C) (Dupeux et al., 2011). Nevertheless, 

thermal-stability wise, T4Lysozyme-Aβ17-40 shows less stability when compared to 

T4Lysozyme-Aβ1-40. One may wonder that the lack of the N-terminus in this construct turns 

the fusion-protein less stable, as reported for the native p3 peptide when compared to Aβ1-

40 (Kuhn et al., 2020).  

 

 

Figure 3.5. Biophysical characterization of T4 Lysozyme-Aβ17-40. (A) Circular dichroism spectroscopy 

shows that the fusion construct is correctly folded in solution (i.e., not a random, disordered sample). 

(B) Determination of melting temperature by variation of buffer pH/salt concentration by differential 

scanning fluorimetry, with a representative thermal denaturation curve (left; melting temperature 

calculated at the inflection point indicated by dashed line) and color representation of melting 
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temperatures for conditions tested (right; see Table 3.2): <50 ˚C (red), 50-54˚C (orange), 55-60˚C 

(yellow). 

 

Given the DSF results, T4 Lysozyme-Aβ17-40 crystallization screening followed the same 

methodology as the one employed for T4 Lysozyme-Aβ1-40. One condition, SG-1 Screen 1-

38 (0.1 M sodium citrate pH 5.5, 20 % w/v PEG 3000), indicated a protein X-Ray diffraction 

electron pattern. Notably, these crystals, took up to a year to form. Data collection, 

processing and refinement statistics are presented on Table 3.5. It indexed to space group 

P3121 and the asymmetric unit contains one molecule (Matthews, 1968). Diffraction images 

were initially processed by the SOLEIL automatic processing pipeline (Coati et al., 2017) 

and phases were found by molecular replacement using the MORDA pipeline, followed by 

manual model building and refinement (Adams et al., 2010; Emsley et al., 2010; Vagin et 

al., 2015). The crystal arrangement shows a porous channel network, to which the C-

terminal is facing (Figure 3.6A, B). With this fusion-protein construction, we intended to 

avoid the flexibility of the N-terminal observed in the T4 Lysozyme-Aβ1-40 data. However, 

there is electron density only assignable to four Aβ residues (Aβ17-20, Figure 3.6C). Thus, 

no relevant peptide structural information could be extracted from this fusion-protein 

construction. 
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Table 3.5. T4 Lysozyme-Aβ17-40 X-Ray diffraction data collection, processing and refinement 

statisticsa. 

 
Collection and processing 

Dataset ID Dataset 6 

Cryo loop code B2X2 BI1273 

Visible Aβ residues Aβ17-20 

Synchrotron radiation facility ALBA 

Beamline XALOC 

Detector PILATUS 6M 

Wavelength (Ǻ) 0.9792 

Frames 1000 

Rotation (°) 0.2 

Space Group P3121 

Unit-cell parameters (Å) 

 a 81.071 

 b 81.071 

 c 56.881 

           α, β, γ (°) 90, 90, 120 

Resolution range (Å) 
44.2  - 2.40  

(2.487  - 2.40) 

Observed reflections 80308 (9056) 

No. of unique reflections 8734 (916) 

Completeness (%) 100 (100) 

Multiplicity 9.2 (9.9) 

<I/(I)> 13.1 (4.4) 

Half-set correlation CC1/2 0.998 (0.971) 

Rmerge
b 0.110 (0.580) 

Rmeas
c 0.123 (0.646) 

Rp.i.m.
d 0.055 (0.281) 

Refinement  

Rwork(%) 0.1838 (0.2178) 

Rfree(%) 0.2312 (0.3046) 

RMSD for bonds (Ǻ) 0.008 

RMSD for angles (°) 0.89 

Ramachandran plot statistics (%) 

Favoured regions 96.99 

             Allowed regions 3.01 

             Outliers 0.00 

Rotamer outliers (%) 1.42 

B-factor (Ǻ2) 

             Average 48.83 

             Macromolecules 48.84 

             Solvent 47.87 
aStatistics for the highest-resolution shell are shown in parentheses 
b𝑅𝑚𝑒𝑟𝑔𝑒 = ΣΣ|𝐼𝑖(ℎ𝑘𝑙) − 〈𝐼ℎ𝑘𝑙〉| 𝑖 ℎ𝑘𝑙 ΣΣ𝐼𝑖(ℎ𝑘𝑙)𝑖 ℎ𝑘𝑙 ⁄ , where 𝐼𝑖(ℎ𝑘𝑙) is the observed intensity and 〈𝐼ℎ𝑘𝑙〉 is the average intensity 
of multiple observations of symmetry-related reflections.  
c𝑅𝑚𝑒𝑎𝑠 = Σ √ 𝑛 𝑛−1 ℎ𝑘𝑙 Σ |𝐼𝑖(ℎ𝑘𝑙) − 〈𝐼ℎ𝑘𝑙〉| 𝑛𝑖=1 ΣΣ𝐼𝑖(ℎ𝑘𝑙)𝑖 ℎ𝑘𝑙 ⁄, where 𝐼𝑖(ℎ𝑘𝑙) is the observed intensity and 〈𝐼ℎ𝑘𝑙〉 is the 
average intensity of multiple observations of symmetry-related reflections.  
d𝑅𝑝.𝑖.𝑚. = Σ √ 1 𝑛−1 Σ |𝐼𝑖(ℎ𝑘𝑙) − 〈𝐼ℎ𝑘𝑙〉| 𝑛𝑖=1 ℎ𝑘𝑙 ΣΣ𝐼𝑖(ℎ𝑘𝑙)𝑖 ℎ𝑘𝑙 ⁄ , where 𝐼𝑖(ℎ𝑘𝑙) is the observed intensity and 〈𝐼ℎ𝑘𝑙〉 is the 
average intensity of multiple observations of symmetry-related reflections 
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Figure 3.6. (A) Crystal packing (grey ribbon representation) of T4 Lysozyme-Aβ17-40 fusion-protein 

crystallized in SG-1 Screen 1-38 (0.1 M sodium citrate pH 5.5, 20 % w/v PEG 3000) and indexed to 

space group P3121. (B) Three-dimensional structure of T4 Lysozyme-Aβ17-40 (cartoon representation 

in grey, with fusion-protein N-terminal and C-terminal ends highlighted in red and green, 

respectively). (C) X-Ray diffraction data of isolated amyloid-β peptide residues from dataset 6 (Table 

3.5), with contour for 2FoFc map at 1.0 σ. Residue numbering follows Aβ1-40 nomenclature instead of 

the fusion-protein construct numbering (e.g., L181 from T4 Lysozyme-Aβ17-40 corresponds to L17 

from Aβ1-40). (D) Close-up view of Aβ (Aβ17-20) residues’ interactions within the crystal packing, for 

dataset 6 (Table 3.5). Side chains of residues involved in polar contacts (dashed lines) are 

represented as sticks and labeled (lysozyme residues according to T4 Lysozyme-Aβ1-40 numbering 

and Aβ to Aβ1-40 sequence numbering). Legend: Aβ residues in stick representation, with oxygen 

atoms in red, nitrogen atoms in blue and carbon atoms in green; lysozyme chains in grey cartoon 

representation, with relevant side-chains as sticks. 
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3.4 PAC3-Aβ1-40 

3.4.1 Materials and methods 

3.4.1.1 Plasmid design  

 

PAC3-Aβ1-40 fusion protein construct was designed similarly to T4Lysozyme-Aβ1-40 and 

T4Lysozyme-Aβ17-40. The nucleotide sequence for proteasome-assembling chaperone 3 

(PAC3) was obtained by reverse translation of amino acid sequence from PDB entry 6JPT 

(Satoh et al., 2019; Stothard, 2000). The final construction, PAC3-Aβ1-40, contains, from N 

to C terminal: histidine-tag, thrombin cleavage site, three alanine spacer, HRV3C cleavage 

site and PAC3-Aβ1-40 chimera. The final plasmid was codon optimized for E. coli, 

synthesized, and purchased from Genscript (USA). Aminoacid sequence and overall 

information, computed with Expasy ProtParam (Wilkins et al., 1999), is presented on Table 

3.6.  

 

Table 3.6. Amino acid sequence of PAC3 and PAC3-Aβ1-40 fusion protein construct, plus general 

construct information of the latter. Legend: PAC3 – loop region in bold; removed residues to insert 

Aβ1-40 in underlined bold. PAC3-Aβ1-40 fusion protein – His-tag and thrombin cleavage site underlined; 

triple alanine spacer in italic; HRV3C cleavage site in underlined bold; PAC3 amino acids in regular 

characters; Aβ1-40 in bold. 

 

3.4.1.2 Small-scale protein expression tests 

 

Initial PAC3-Aβ1-40 expression tests were performed in small-scale 3-ml cultures of E. 

coli Nico21(DE3) and using the same conditions as reported for T4 Lysozyme-Aβ17-40 (see 

section 3.3.1.2). Then, they were further expanded by searching the total fraction instead 

of solely the soluble fraction, using E. coli strains Rosetta (DE3), BL21(DE3), BL21(DE3) 

pLysS, Artic Express (DE3) and SoluBL21, in 100 ml cultures. For the Rosetta (DE3) tests, 

the following variables were tested:  IPTG concentration at 0, 0.25 and 0.5 mM; induction 

temperature of 18 or 30°C; and induction time of 1h, 2h, 3h, 4h or 5h (30°C) or over-night 

growth (18°C). PAC3-Aβ1-40 transformed E. coli Rosetta (DE3) glycerol stock was inoculated 

in LB media supplemented with ampicillin (100 µg.ml-1) and grown overnight at 30°C. The 

PAC3 

MEDTPLVISKQKTEVVCGVPTQVVCTAFSSHILVVVTQFGKMGTLVSLEPSSVASDVSKPVLTT
KVLLGQDEPLIHVFAKNLVAFVSQEAGNRAVLLAVAVKDKSMEGLKALREVIRVCQVW  

PAC3-Aβ1-40 fusion protein 

HHHHHHSSGLVPRGSHMAAALEVLFQGPEDTPLVISKQKTEVVCGVPTQVVCTAFSSHILVVVT
QFGKMGTLVSLEPSSVASDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVLTTKV
LLGQDEPLIHVFAKNLVAFVSQEAGNRAVLLAVAVKDKSMEGLKALREVIRVCQVW  

Number of amino acids 183 

Molecular weight (kDa) 19.688 

Theoretical pI 6.66 

Ext. Coefficient (M-1 cm-1) 7115 (Cys form cystines)/ 6990 (Cys reduced) 
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next day, appropriate volume of pre-culture was used to achieve an initial OD600 of 0.1. 

Cultures were grown at 30°C until reaching an OD600 around 0.6. Then, IPTG was added to 

induce expression and temperature was set to testing value. At each endpoint, cells were 

collected and stored frozen at -20°C. Afterwards, cells were lysed in lysis buffer (50 mM 

Tris-HCl pH 8.0; 0.3 M NaCl) by sonication (microtip at the following settings: output 3, duty 

cycle 30% for 2x10 s on a Branson Sonifier® 250 200W). For the BL21(DE3), BL21(DE3) 

pLysS, Artic Express(DE3) and SoluBL21 tests, the following variables were tested:  IPTG 

concentration at 0 and 0.1 mM; induction temperature of 10°C (Artic Express) or 15 and 

30°C (BL21, BL21pLysS and SoluBL21); and induction time of 1h and 2h (30°C) or over-

night growth (10°C and 18°C; in these cases, a cold shock step was also included (Qing et 

al., 2004)). PAC3-Aβ1-40 transformed E. coli strains glycerol stocks were inoculated in LB 

media supplemented with ampicillin (100 µg.ml-1) and glucose (1%, except for BL21(DE3) 

pLysS) and grown overnight at 30°C. The next day, appropriate volume of pre-culture was 

used to achieve an initial OD600 of 0.1. Cultures were grown at 30°C until reaching an OD600 

around 0.6. Then, absolute ethanol to a final concentration of 2% was added, followed by 

IPTG to induce expression, and temperature was set to testing value. At each endpoint, 

cells were collected and stored frozen at -20°C. Afterwards, cells were lysed in lysis buffer 

(50 mM Tris-HCl pH 8.0; 0.3 M NaCl; 0.2 mg.ml-1 lysozyme) by sonication (microtip at the 

following settings: output 3, duty cycle 30% for 2x10s on a Branson Sonifier® 250 200W). 

Results were assessed by combined SDS-PAGE/Western Blot analysis of the total (i.e., 

soluble and insoluble fraction) and soluble fractions, with the amount loaded per well 

normalized by each culture’s optical density for comparison purposes, according to the 

formula: 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑡𝑜 𝑙𝑜𝑎𝑑 (µ𝑙) =  
270

(
𝑉𝑜𝑙𝑢𝑚𝑒 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑒𝑙𝑙𝑠

𝑉𝑜𝑙𝑢𝑚𝑒 𝑏𝑢𝑓𝑓𝑒𝑟
) × 𝑂𝐷600

 

 

3.4.1.3 Purification from E. coli inclusion bodies 

 

To extract PAC3-Aβ1-40 from the insoluble fraction, a purification protocol from inclusion 

bodies was tested, based on “GE Healthcare Handbook Purifying Challenging Proteins 

Principles and Methods” and application note 18-1134-37 AC “Rapid and efficient 

purification and refolding of a (histidine)6-tagged recombinant protein produced in E. coli as 

inclusion bodies” (Cytiva Life Sciences, USA). Thawed cell pellet was resuspended in 

resuspension buffer (20 mM Tris-HCl pH 8.0) and lysed by sonication (macrotip on a 

Branson Sonifier® 250 200W; Duty 50%, output 5, 4x10 s, with 1-minute interval on ice). 

Total lysate was centrifuged at 10 000 x g for 10 min., 4°C, followed by resuspension of the 
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pellet (insoluble fraction) in cold isolation buffer (20 mM Tris-HCl pH 8.0, 2M Urea, 0.5 M 

NaCl; 2% Triton-X 100). The resuspension was re-sonicated, centrifuged and pellet 

resuspended in cold isolation buffer twice. At this point, pellet was resuspended in washing 

buffer (20 mM Tris-HCl pH 8.0, 0.5 M NaCl, 2% Triton-X 100), centrifuged and flash-frozen 

in liquid nitrogen for storage. Thawed washed pellet was solubilized by incubating with 

agitation at room temperature for 1h in binding buffer (20 mM Tris-HCl pH 8.0, 0.5 M NaCl, 

6M Urea, 10 mM imidazole, 1 mM β-mercaptoethanol). Extract was loaded on a nickel 

immobilized metal affinity chromatography column (His-TrapTM HP, GE Healthcare, USA), 

and refolding performed on-column with a gradient against refolding buffer (20 mM Tris-HCl 

pH 8.0, 0.5 M NaCl, 10 mM imidazole, 1 mM β-mercaptoethanol). Alternatively, refolding 

was tested by serial dialysis against decreasing concentrations of urea, outside the His-

TrapTM HP column. Finally, elution was performed with a gradient of elution buffer (20 mM 

Tris-HCl pH 8.0, 0.5 M NaCl, 500 mM imidazole, 1 mM β-mercaptoethanol). Throughout 

different attempts at inclusion body purification, several parameters were tested and varied, 

such as composition of buffers (e.g., imidazole concentrations; Triton-X 100 

concentrations), solubilization time and extract loading time and temperature on His-TrapTM 

HP column. Fractions of interest were pooled using 3 kDa Amicon® Ultra-15 centrifugal 

filter units (Merck, Germany) and applied to a Superose 12 10/300 size exclusion 

chromatography (SEC) column (GE Healthcare, USA), with 50 mM Na-Phosphate pH 7.4; 

150 mM NaCl as mobile phase.  

   

3.4.1.4 SDS-PAGE and western blot 

 

SDS-PAGE was performed based on (Laemmli, 1970). NZYColour Protein Marker II 

(NZYTech, Portugal) was used as molecular weight ladder and gels were stained by using 

PageBlue™ Protein Staining Solution (Thermo Fisher Scientific, USA). Gel images were 

acquired with a GS-800 calibrated imaging densitometer (Bio-Rad, USA). For western blot 

analysis, samples were separated by SDS-PAGE as described above and then transferred 

to a polyvinylidine difluoride membrane (Amersham Hybond P 0.45; GE Healthcare, USA) 

in a semi-dry system (primary antibody, in a 1:2000 dilution, Invitrogen Anti-6x-HisTag, 

eBiosciences; secondary antibody, in a 1:5000 dilution; Sigma Anti-Mouse IgG H+L x-

adsorbed HRP SAB3701073).   
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3.4.2 Results and discussion 

 

Small-scale protein expression screens using E. coli strain NiCo21(DE3), designed to 

decrease contamination of IMAC fractions with E. coli proteins, led to no protein expression 

detected in the soluble fraction. Alternatively, other E. coli strains were tested, both in the 

total and soluble fractions. The strains were: ArcticExpress (DE3), with low-growth 

temperature and chaperonins to promote recombinant protein folding and solubility; 

BL21(DE3), for high protein expression; Solu21, based on BL21 to improve soluble 

mammalian protein expression; and, BL21(DE3) pLysS, to increase stability of target 

protein and eliminate background expression (i.e. basal expression without IPTG added 

and, therefore, no need to add 1% glucose to the growth media). Overall, PAC3-Aβ1-40 was 

found to be expressed into inclusion bodies, as indicated by gel bands in the total fractions 

and absent in the soluble fractions, whose identity was confirmed by western blot using an 

antibody against His-tag of the construct (Figure 3.7). Nevertheless, for the case of 

expression using E. coli Arctic Express, a faint degree of expression to the soluble fraction 

was detected (Figure 3.7).      

 

 

Figure 3.7. PAC3-Aβ1-40 small-scale protein expression screens, analyzed by western blot. The 

protein has an expected molecular weight of 19.7 kDa (indicated by black arrow). Western blot 

analysis of expression in E. coli strains ArcticExpress (DE3), BL21 (DE3), Solu21 and BL21 (DE3) 

pLysS. Legend: MW – molecular weight; TF – total fraction; SF – soluble fraction; ON – overnight. 

 

Scaled-up expression using E. coli Arctic Express was performed and iterative attempts 

made to purify protein from the soluble fraction. However, no soluble protein was obtained. 

Facing this prospect, purification from inclusion bodies was pursued, with several iterations 
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of a protocol initially designed from the sources listed in section 3.4.1.3. Inclusion bodies 

were subjected to two rounds of isolation and washing, prior to solubilization of the target 

protein. Surprisingly, PAC3-Aβ1-40 was found to be solubilized at the first isolation step, as 

indicated by electrophoretic analysis of the supernatant from this step (Figure 3.8). Here, 

buffer contained urea and a significant amount of Triton X-100. Because of this, optimization 

trials were performed to achieve a solubilization protocol compatible with IMAC, as protein 

refolding was attempted on-column. Alternatively, the “classical” inclusion body protein 

refolding protocol using serial dilutions was also tested. However, IMAC elution of 

solubilized protein extracts yielded no appreciable protein amounts. To sum up, despite the 

exhaustive attempts performed, both from an expression and purification point of view, 

soluble amounts of PAC3-Aβ1-40 could not be obtained and, thus, no crystallization could be 

attempted.  

 

 

Figure 3.8. Combined Page Blue stained SDS-PAGE (left) and western blot (right) analysis of PAC3-

Aβ1-40, which was expressed to the insoluble fraction of E. coli Arctic Express (DE3). PAC3-Aβ1-40 

has an expected molecular weight of 19.7 kDa (indicated by black arrows). Legend: MW – molecular 

weight; TF – total fraction; SF – soluble fraction; SN1 – supernatant of first isolation step; SN2 – 

supernatant of second isolation step.  

 

3.5 Conclusion 

 

Despite the recognized theoretical potential of fusion-proteins for crystallization, the 

number of X-Ray diffraction structures is rather limited when compared to the total number 

of depositions available at the PDB. For example, as of 2015, from a total of around 102 000 

crystallographic structures available, only around 100 were fusion-protein constructs using 

one of the most used heterologous partners, maltose-binding protein (MBP) (Kobe et al., 
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2015; Waugh, 2016). These statistics clearly evidence low success rates, which may be 

explained by the high “trial and error” nature of this technique. Despite the best educated 

efforts in conjugating target and heterologous partners chemistries, there are no definitive 

formulas for their selection, as well as critical aspects, such as the type and length of linker 

to include, if any. For Aβ, only three fusion constructs cases were reported, with none 

encompassing the full-peptide, and one of which requiring a ternary complex to aid 

crystallization (Nisbet et al., 2013; Streltsov et al., 2011; Takano et al., 2006).  

Here we designed and attempted to crystallize Aβ using three distinct constructs: 

T4Lysozyme-Aβ1-40, T4Lysozyme-Aβ17-40 and PAC3-Aβ1-40. As the peptide is highly 

hydrophobic, a feature shared with integral membrane proteins, T4 Lysozyme was initially 

selected among the most common fusion tags, since this protein has been successfully 

used to solve the structure of cell receptors, particularly from the G protein-coupled family 

(Gacasan et al., 2017). T4Lysozyme-Aβ1-40 and T4Lysozyme-Aβ17-40 were successfully 

expressed in E. coli and single crystal X-Ray diffraction could be performed for both. 

However, the obtained structures were disappointing given the initial expectations. Only a 

very limited amount of Aβ residues could be traced to the electron density, and no significant 

or novel disease-relevant information could be extracted. Regarding PAC3-Aβ1-40, the 

construct proved to be overly hydrophobic, essentially expressing to inclusion bodies and, 

despite extensive efforts, it was not possible to solubilize and refold it. Thus, no 

crystallization screening could be set up. 
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5.1 Introduction 

 

Excerpt adapted from: Mendes, R. F., Figueira, F., Leite, J. P., Gales, L., & Almeida Paz, F. A. (2020). Metal–

organic frameworks: a future toolbox for biomedicine? Chemical Society Reviews, 49(24), 9121-9153. 

doi:10.1039/D0CS00883D 

 

Metal-Organic Frameworks (MOFs), and Coordination Polymers (CPs) in general, 

stand now as a well-established emerging class of materials which rose as serious 

contestants in a myriad of consumer and industrial applications in modern society (Czaja et 

al., 2009; Silva et al., 2015). Their structural versatility, stability and ability to be tailored into 

different crystallite sizes (ranging from bulk micrometric materials down to the nanometer 

size) paved the way for their use in many applications (Firmino et al., 2017; Li et al., 2016; 

Liang et al., 2017; Mendes et al., 2016; Mendes et al., 2015; Pereira et al., 2018; 

Ramaswamy et al., 2014; Ren et al., 2013; Zhu et al., 2017). 

Particularly interesting is the potential usefulness of these compounds in 

biomedical/bioengineering applications (Della Rocca et al., 2011; Gimenez-Marques et al., 

2016; Keskin et al., 2011; Sun et al., 2013). In the past decade, we have witnessed a 

tremendous increase of research in various areas of biomedicine, which was vastly 

promoted by our better understanding of the various biological mechanisms governing the 

human body. A few areas of research, particularly those focused on anticancer and 

antitumoural studies, still face great challenges, mainly because of:  

 

i) stability of the designed and prepared organic molecules under specific conditions;  

ii) efficiency of delivery to the intended target and  

iii) continuous and controlled biodistribution.  

 

This class of hybrid materials shows real promising abilities for their use in biomedicine, 

particularly the ability of the co-existence in the same material of bioactive organic linkers 

and biologically relevant metal centres, sometimes with networks very stable in aqueous 

medium. MOFs can also truly sustain exceptional pore volume, thus opening the window 

towards bio-applications based on the encapsulation and protection of bioactive molecules 

(accomplished by trapping molecules in the framework and allowing their release over time 

with controllable kinetics) (Baeza et al., 2017; Chowdhury, 2017b; Wang et al., 2018). The 

literature is rich with studies of MOFs used in imaging (Chowdhury, 2017a; Shah et al., 

2018; Zhang et al., 2019), as API (active pharmaceutical ingredient) delivery agents and 

phototherapy studies (Lan et al., 2019; Liu et al., 2016). Most reports lack, however, a 

transposition into real-life applications, those which may really interest pharmaceutical 
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industry. Figure 5.1 shows potential uses of MOF materials in biomedicine. In this chapter, 

the use of MOFs with amyloids will be explored. 

 

 

Figure 5.1. Possible applications of MOFs in biomedicine. 
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5.2. Paper IV: Fluorescence properties of the amyloid 

indicator dye thioflavin-T in constrained environments 
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ThT:salicylate complex was first synthesized by Ricardo Amorim. TGA and fluorescent 

microscopy measurements made with assistance from Seyedali Emani and Adélio Mendes 

(FEUP, Porto, Portugal) and Paula Sampaio (i3S, Porto, Portugal), respectively. 
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5.3. Paper V: Mesoporous Metal−Organic Frameworks as 

Effective Nucleating Agents in Protein Crystallography 
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Portugal). TGA measurements made with assistance from Seyedali Emani and Adélio 

Mendes (FEUP, Porto, Portugal). 
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6.1 Final Remarks  

 

Following the first report of Alzheimer’s disease (AD) in 1907 (Alzheimer et al., 1995), 

extensive research has been devoted to AD, particularly since the main components of its 

two most striking features have been identified: tau protein intracellular neurofibrillary 

tangles and Aβ peptide extracellular senile plaques (Glenner et al., 1984; Wood et al., 

1986). Currently, no definitive or unique cause for the disease is known. Three main 

hypotheses have been proposed over the years (i.e. cholinergic dysfunction, tau protein 

hyperphosphorylation or Aβ amyloid cascade), but none has single-handedly accounted for 

AD (Goedert et al., 1991; Hardy et al., 1992; Perry, 1986).  

In this thesis, we focused on in vitro studies of Aβ peptides, with the aim of expanding 

the overall knowledge of Aβ and its interactions and oligomeric states, crucial to completely 

understand normal and pathological functions of this puzzling peptide.  

 

Chapter II – Amyloid-β peptide interaction with proteins 

 

Given their intrinsically disordered nature, Aβ peptides are known to interact with a wide 

array of peptides and proteins, including circulating proteins in the blood and cerebrospinal 

fluid, intracellular proteins (within the cytoplasm or organelles, namely mitochondria) and 

multiple membrane receptors (as reviewed by (Han et al., 2016)). A sub-set of Aβ 

interactors are amyloid-degrading enzymes (ADEs), responsible for the enzymatic 

clearance of the peptide, such as serine protease plasmin (Jacobsen et al., 2008), cysteine 

protease cathepsin B (Mueller-Steiner et al., 2006) and zinc-metalloproteases angiotensin-

converting enzyme, insulin-degrading enzyme or neprilysin (Bernstein et al., 2014; Kilger et 

al., 2011; Nisemblat et al., 2008). Furthermore, carrier protein transthyretin (TTR) has also 

been linked to Aβ proteolytic clearance (C. S. Silva et al., 2017). Interestingly, a failure in 

clearance mechanisms has been linked more strongly to AD when compared to disruption 

in production rates (Mawuenyega et al., 2010). In this context, understanding the molecular 

mechanisms of Aβ clearance may help elucidate novel therapeutic avenues. Here, we 

aimed at characterizing Aβ interaction with transthyretin and neprilysin.   

 

Transthyretin  

The human TTR structure is well known, with first reports dating from the 1970s and 

hundreds of structures since describing several mutations and interactions with small 

molecules (Blake et al., 1971; Palaninathan, 2012). Despite the mounting evidence linking 

TTR and Aβ, the exact oligomeric states, as well as interaction mechanism are elusive. 

Recent studies suggest that TTR inhibits fibril formation by binding to Aβ oligomers 
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(Ghadami et al., 2020; Nilsson et al., 2018). NMR interaction studies also suggested that 

tetrameric TTR-monomeric Aβ interaction is possible, disclosing Aβ18-21 as the core segment 

of the interaction. However, one study indicates that the Aβ monomer binds the thyroxine 

pocket, while the other suggests that the core interaction occurs on the surface of the TTR 

tetramer (Gimeno et al., 2017; Li et al., 2013).  

Here, we extensively attempted to co-crystallize or perform TTR crystal soaking with 

Aβ. Although we routinely obtained good diffracting crystals of wtTTR or TTR55, we were 

never able to attribute density to Aβ. An indication that the TTR-Aβ complex failed to form 

was given during X-Ray diffraction data collection by the fact that unit cell dimensions and 

space group assigned to wtTTR or TTR55 never differed from the apo protein structures. 

To the best of my knowledge, to date, only one report mentioning TTR-Aβ crystallography 

is available (Ciccone et al., 2018). Ciccone and co-workers studied the influence of divalent 

metals, particularly copper, on TTR-Aβ interaction (Ciccone et al., 2018). However, and 

similarly to our results, they were also unable to obtain electron density attributable to Aβ. 

These results may stem from the fact that tetrameric TTR-monomeric Aβ is a weak or very 

transient interaction. Claims that TTR can proteolytic degrade Aβ are scarce and still lack 

enzyme kinetic analysis. Regarding our experiment parameters, protein buffer pH was 7.5 

and reservoir solution pH was either between 5.2 to 5.6 or 7.5. Taking Aβ1-40 and Aβ1-42 as 

reference, their critical aggregation concentration (CAC) is in the nanomolar range 

(94 ± 37 nM for Aβ1-40 and 28 ± 4 nM for Aβ1-42, at pH 7.4)(Iljina et al., 2016). Moreover, the 

CAC lowers with a decrease in pH (Brännström et al., 2014). Together, the weak TTR-

monomeric Aβ interaction, the CAC, pH values and crystallographic time scale may explain 

the absence of the crystallographic complex.  Alternatively, given the metallopeptidase 

nature of TTR, a TTR-Aβ crystal complex may only be obtained if an inactive mutant of the 

protein is tested, although only about 7% of wtTTR fraction is proteolytically active (Liz et 

al., 2012). The inactive TTR-Aβ complex could potentially be obtained by size-exclusion 

chromatography prior to crystallization (King et al., 2014; Shen et al., 2006). Finally, we took 

advantage of the established TTR crystallization pipeline and studied its interaction with two 

small-molecule chaperones, with both binding to the thyroxine binding pocket. This strategy 

envisions to contribute to the AD drug development pipeline by repurposing already 

approved drugs capable of enhancing Aβ clearance by TTR. The fact that the drug pipeline 

directly targeting Aβ has consistently offered less than optimal results indicates that a direct 

strategy to eliminate Aβ may be an oversimplification of this issue. Despite aducanumab 

ending a near two decade long hiatus in AD drug approval - although not without 

controversy (Lowe, 2021)) - most of AD drug candidates fail within or before phase III trials 

(Amanatkar et al., 2017). Thus, the use of naturally occurring Aβ clearance pathways may 

be beneficial.  
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Neprilysin 

Neprilysin (NEP) is regarded as the major ADE, with numerous accounts linking it to 

Alzheimer’s disease (Hellstrom-Lindahl et al., 2008; Maruyama et al., 2005). Given the 

relevance of the NEP-Aβ interaction, we aimed at further elucidating its mechanism, starting 

by structural studies with thermolysin (TLN). TLN is a bacterial protein, originally from 

Bacillus thermoproteolyticus Rokko, that is used as a kinetic and structural surrogate model 

for NEP (Dion et al., 1995; Roques et al., 1993; Tiraboschi et al., 1999). They share the 

same catalytic motifs (i.e. HExxH and ExxxD) (Bayes-Genis et al., 2016; Tiraboschi et al., 

1999); are structurally similar (Benchetrit et al., 1988), have the same catalytic mode (i.e., 

attack on the N-terminus of hydrophobic residues), are inactivated by the same inhibitors 

and share stereochemical dependence (Roques et al., 1993). Plus, TLN crystallizes easily, 

is commercially available and can be effectively inactivated by a simple metal change (from 

zinc to cadmium)(Holland et al., 1995), instead of requiring the process of generating single-

residue inactive mutants. Following confirmation that TLN also cleaves Aβ (Zhang et al., 

2009), we performed crystallographic assays with active and inactive TLN (aTLN and iTLN, 

respectively), in complex with several Aβ fragments (Aβ1-40, Aβ29-40, Aβ1-16, Aβ20-29 and Aβ31-

35). From these experiments, we concluded that TLN cleavage of Aβ between residues 30 

and 31 generates a C-terminal product that presents a prolonged residence binding time to 

the enzyme, possibly delaying or inhibiting further catalysis.  

Motivated by these results, and by the fact that cleavage at Aβ30-31 has also been 

reported for NEP (Mital et al., 2018), we set out to assess if this striking effect translated to 

this ADE. Currently, the majority of available NEP structures at the PDB disclose interaction 

with small molecule inhibitors, with only one account of interaction with a substrate (Moss 

et al., 2020). Initially, we attempted NEP crystallization, based on reservoir conditions 

reported on the PDB, as well as sparse matrix screening, with the goal of co-crystallizing or 

performing crystal soaking with Aβ fragments. However, no crystals could be obtained. To 

assess the kinetic effect of Aβ C-terminal fragments on NEP, we performed a combination 

of enzyme kinetics, saturation-transfer difference nuclear magnetic resonance (STD-NMR) 

and molecular dynamics simulations. Our results showed that NEP mediated catabolism of 

Aβ1-40 is slowed by a C-terminal degradation product containing Aβ31-32 (i.e. II motif), as we 

predicted with the TLN-Aβ structures. In fact, using two substrates (fluorescent fragment 

Abz-VHHQKL-EDDnp and Aβ1-40), we found that Aβ31-35 shows a KI value around ten times 

lower than fragments Aβ10-20 and Aβ20-29.  

This effect should now be assessed in vivo. Here, we used 750:1 (substrate) or 2500:1 

(inhibitor) Aβ to NEP molar ratios. Similar proportions are within known physiological levels 

of Aβ and NEP. In normal and AD conditions, Aβ levels were determined to range from pico 

to nanomolar in brain extracellular fluids, possibly reaching micromolar concentrations in 
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intracellular compartments (Hu et al., 2009) or in the extracellular environment, as a 

consequence of interacting with cholesterol in ganglioside clusters (Matsuzaki, 2007) or 

macromolecular crowding events (Munishkina et al., 2004). On the other hand, neprilysin, 

localizing in pre and post neuronal synapses, has levels in the picomolar range, as 

determined in post-mortem midfrontal cortex (Miners et al., 2009). In conclusion, further 

studies are essential to understand if this in vitro observation translates to in vivo, starting 

by detecting Aβ31-X fragments in cells and tissues. Depending on the microenvironment 

features, persistence of such fragments may impact NEP activity on Aβ clearance.  

 

Chapter III – Fusion-protein constructs for the crystallization of the amyloid-β peptide 

 

A complete X-Ray diffraction model of Aβ is yet to be determined. Currently, there are 

three reports of the application of fusion-protein technology to study Aβ structure (Nisbet et 

al., 2013; Streltsov et al., 2011; Takano et al., 2006). Nevertheless, this technology offers 

great potential for hard to crystallize targets (Kobe et al., 2015). In this chapter, we aimed 

at using a fusion-protein approach to obtain a full Aβ1-40 model, plus a construct to study the 

P3 peptide (also dubbed amyloid-α peptide). 

Three fusion-protein constructs were tested: T4Lysozyme-Aβ1-40, T4Lysozyme-Aβ17-40 

and PAC3-Aβ1-40. In short, only T4Lysozyme-Aβ1-40 and T4Lysozyme-Aβ17-40 were 

successfully expressed and purified from E. coli after several iterative rounds of 

optimization, followed by crystallization and X-Ray diffraction data collection, processing 

and refinement. However, crystal data was almost limited to T4 Lysozyme residues, with 

very few Aβ residues to which electron density could be assigned and no significant or novel 

pathophysiological relevant conformations observed. On the other hand, the PAC3-Aβ1-40 

construct could never be successfully expressed and purified in soluble form for 

crystallization trials.    

Despite its advantages (Kobe et al., 2015), fusion-protein crystallography is very 

depending on trial and error in finding the best suitable construct. Variables to optimize 

include overexpression host, expression vector, heterologous partner, purification tag and 

linker. A few alternative follow-ups based on the results here presented will be discussed 

next: 

- Expression host and vector: expression was performed in E. coli with a pET system 

plasmid, which together constitute the most commonly used for easy, soluble, non-

toxic protein expression in bacteria (Jia et al., 2016). Ideally, changes to these 

parameters should only be considered if the final construction presents specific 

requirements. For example, insect cells can be used if disulphide bond formation 

is important, or mammalian cells if modifications like glycosylation are critical 
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(Sharifi - Sirch et al., 2016). In the case of the constructs here presented, 

optimization should focus elsewhere (see next);     

- Carrier protein: T4 Lysozyme was selected as the main heterologous partner, 

because of its successful use to assist in the crystallization of both soluble and 

membrane-bound proteins, which, like Aβ, are highly hydrophobic (Gacasan et al., 

2017; Kubitza et al., 2018). Furthermore, lysozyme variants have proved to be 

successful for the structure determination of small peptides (Donahue et al., 1994). 

On the other hand, PAC3 was selected with the rationale of exploring its native 

crystal packing by inserting Aβ intra-protein. While using T4 Lysozyme as a carrier 

protein could be improved, for example, by  employing a modified form of the 

protein (“minimal T4 Lysozyme”) or by placing Aβ within its third intracellular loop 

(Thorsen et al., 2014), PAC3 should be replaced altogether. Alternative carrier 

protein options include thioredoxin (Corsini et al., 2008), glutathione S-transferase 

(GST) (Zhan et al., 2001), barnase (Niemann et al., 2006), green fluorescent 

protein (Suzuki et al., 2010) and the most widely used one, maltose-binding protein 

(MBP) (Waugh, 2016). Whichever the choice, the carrier protein should be kept on 

the N-terminal of the construction to maximize protein folding and expression yield 

(Moon et al., 2010); 

- Purification tag: here, a His-tag was used. This tag was selected because of its 

ease of use, low cost and possibility to detect using an anti-His antibody (Jia et al., 

2016). Given the purification of truncated forms, as was the case for T4Lysozyme-

Aβ1-40, the first logical step would be to move the tag to the C-terminal of the 

construct. However, it was reported that purification tags can have a drastic effect 

on protein crystallization and crystal contact formation and quality, an effect mostly 

influenced by amino acid composition rather than size (Bucher et al., 2002). Thus, 

a screening of purification tags should ideally be performed. Some alternatives for 

small-sized, structure-less tags include the Strep-tag/Strep-tag II (biologically inert 

and does not interfere with protein folding) (T. G. M. Schmidt et al., 2007), FLAG 

(presents internal enterokinase cleavage site, but requires very expensive resins) 

(P. M. Schmidt et al., 2012) or Fh8 (enhances protein solubility and purification) 

(Costa et al., 2014). In addition, larger tags can be used, such as GST or MBP 

(Kosobokova et al., 2016). These can have the dual role of being simultaneously 

a purification tag and a carrier protein.    

- Linker between carrier protein and target: for the T4Lysozyme-Aβ1-40 and 

T4Lysozyme-Aβ17-40 constructs no linker sequence between carrier and target was 

introduced, while for PAC3-Aβ1-40 a three-alanine spacer between the pET15b-

native thrombin cleavage site and the HRV3C cleavage site was included. In 
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fusion-protein crystallography, a rigid assembly between fusion components is 

preferable, to avoid conformational heterogeneity that may hinder crystal contact 

formation (Kobe et al., 2015). However, there are no rigorous criteria in choosing 

a suitable linker. Despite the three-alanine sequence being reported several times 

in successful fusion-protein crystallization (Moon et al., 2010), there are no 

systematic studies, with possible options including natural occurring intra domain 

linkers (rich in threonine, serine, glycine and alanine or proline, arginine, 

phenylalanine, threonine,  glutamate and glutamine residues), as well as rigid 

proline-rich linkers (Kobe et al., 2015). The exact composition of the linker is greatly 

subjected to the carrier/target combination and constitutes yet another key point of 

optimization, similarly to the work performed by Jin and co-workers (Jin et al., 

2017).    

 

To sum up, our fusion-protein constructs did not result in novel nor complete Aβ 

structural models. However, the margin for improvement and testing is exponential. 

Following a comprehensive design of fusion-constructs, the “trial and error” expression, 

purification and crystallization workflows would benefit immensely from the application of 

automated high throughput screening systems. As an example, for protein expression and 

purification, we have the systems developed by the Berkeley Structural Genomics Center 

(Nguyen et al., 2004) or the Piccolo robot (Wollerton et al., 2006). Using robotic liquid 

handlers, expression is performed in small-scale, followed by protein solubility tests (i.e. 

soluble fraction and inclusion bodies screening) and purification in 96-well plates; detection 

is performed by dot blot using His-tag targeting antibodies, with positive hits further 

analyzed by SDS-PAGE (Nguyen et al., 2004). The Piccolo system allows to circumvent 

the iterative and resource/time-consuming process of optimizing protein expression by 

simultaneously testing several variables (e.g. induction time, induction temperature, etc.), 

in a total of 1152 expression conditions per week (Wollerton et al., 2006). With these 

systems, an optimized protocol can be found quicker and allow the preparation of large 

amounts of protein for crystallographic studies. These, in turn, can also be streamlined by 

automation. In our case, we had access to an Oryx4 protein crystallization robot (Douglas 

Instruments, UK), which was crucial to allow the test of crystallization in 96-well plates and 

generate reproducible nanodroplets. However, that only constitutes the second of three 

steps that make up the crystallization workflow. The pre-filling of reservoir with 

crystallization solutions and the evaluation and optimization of potential hits to generate 

good diffracting quality crystals are also very time-consuming. In this regard, automated 

pipelines for crystallization, crystal growth monitoring (through combination of imaging and 

machine learning), crystal optimization and X-Ray data collection are very valuable, such 
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as the pipelines at Institut Pasteur and the MASSIF (Massively Automated Sample 

Selection Integrated Facility) synchrotron beamlines of the ESRF (Bowler et al., 2015; 

Weber et al., 2019). 

 

Chapter IV - Dissection of the key steps of Aβ1-40 fibrillogenesis 

 

In this chapter, we employed a set of biophysical techniques to study the aggregation 

of Aβ1-40. Combining 1D proton nuclear magnetic resonance, thioflavin-T fluorescence, 

transmission electron microscopy and dynamic light scattering, we disclosed the formation 

of high molecular weight oligomers (HMWO) and proposed a model for aggregation. Briefly, 

under the conditions tested, Aβ1-40 monomers slowly convert to HMWO, which in turn 

reorganize to compact nuclei. Finally, fibril growth occurs through monomer addition. Thus, 

we highlighted the identification of on-pathway HMWO as a key step in Aβ aggregation.    

The shift from the amyloid plaque to the amyloid dysfunction hypothesis, particularly 

the “oligomer hypothesis”, illustrates the increasingly important role attributed to oligomeric 

species in cell toxicity and neurodegeneration (Cline et al., 2018). Following our kinetic 

model, a study of the detected HMWO would be suitable. Oligomers have a metastable 

nature when compared with soluble monomeric species or mature fibrils and are less 

abundant than both these species. In fact, we observed that HMWO are outnumbered by 

fibril nuclei. For in vitro study, amyloid oligomers can be isolated by lyophilization (Chen et 

al., 2015), by preparation in membrane-mimicking environments (Serra-Batiste et al., 2016) 

or by induced formation through the action of small-molecules (Ehrnhoefer et al., 2008). 

Alternatively, oligomers can be generated in vitro (Ryan et al., 2010). Because of their 

nature, oligomer study at the molecular level cannot be achieved by crystallization. Thus, a 

range of biophysical techniques can help elucidate their properties (Bemporad et al., 2012). 

For example, secondary structure content can be assessed by circular dichroism, Fourier-

transform infrared spectroscopy or H/D exchange coupled to mass spectrometry; oligomeric 

state can be determined by ultracentrifugation, size-exclusion chromatography, photo-

induced crosslinking of unmodified proteins or dynamic light scattering; amyloid dyes ThT 

or Congo red can inform about structural order; fluorescent probes, such as acrylodan, help 

identify intermolecular interactions (e.g. solvent exposure of hydrophobic clusters); finally, 

morphology and size can be studied by small angle X-ray scattering or transmission 

electron/atomic force microscopy (Bemporad et al., 2012). Nevertheless, oligomer 

properties make them difficult to study by these bulk techniques, since these may alter the 

native/physiological conformations of the oligomers, leading to misleading conclusions. 

Plus, some don’t allow a real time observation (for example, if prior isolation by lyophilization 

was performed). Thus, the developments in single molecule techniques based on 
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fluorescence microscopy offer new avenues for oligomer study in vitro (Yang et al., 2021). 

For example, single-molecule Förster resonance energy transfer (smFRET), fluorescence 

correlation spectroscopy (FCS) and probe enhancement FRET (PE-FRET) allow to study 

fast monomer association, detect diffusion coefficients and hydrodynamic radius of high 

molecular weight species in a inhomogeneous sample (e.g. mixture of monomers, 

oligomers and fibrils) or monitor aggregation of non-labeled or modified monomers (Yang 

et al., 2021). Combinations thereof allow, for example, to detect only oligomers in a mixture, 

such as Aβ1-42 oligomers detected by FRET-FCS in physiological conditions (Wennmalm et 

al., 2015). In conclusion, single-molecule techniques applied to amyloid oligomers 

(including the ~20 nm HMWO we detected) can help elucidate their biophysical properties, 

with potential implications in AD (Cline et al., 2018; Yang et al., 2021).  

 

Chapter V - Metal-Organic Frameworks and amyloids 

 

Since the inception of Metal-Organic Framework (MOF) research in the late 1990s, 

these highly porous materials have been applied to numerous fields, including gas storage, 

catalysis and environmental remediation (P. Silva et al., 2015). Their defining features, 

namely permanent porosity, high surface area and pore geometries, make them also very 

appealing for biomedical applications (e.g. drug delivery, protective coatings or 

phototherapy applications)(Mendes et al., 2020).  

Here, we envisioned to adapt the crystalline sponge method to Aβ peptides. Briefly, this 

method consists on taking advantage of MOF properties to incorporate small organic 

compounds with the aim of solving their structure by X-Ray diffraction (Hoshino et al., 2016). 

However, these efforts were unsuccessful (data not shown). Nevertheless, a recent report 

showed that MOFs can adsorb and release Aβ, with varying retention strengths, hinting that 

these materials can possibly assist in future structural studies (Mensinger et al., 2020). We 

therefore employed a group of MOFs to tackle two different issues. First, we indirectly 

applied them to the amyloid field to further elucidate the mechanism of the dye Thioflavin-T 

when in contact with amyloid structures, showing that fluorescence is enhanced when the 

dye adsorbs to flat surfaces and not when in rigid conformation. Secondly, we employed a 

mesoporous MOF to tackle the bottleneck of protein crystallography: crystal growth 

(Holcomb et al., 2017). Crystal seeding is a recurring technique, either by using seeds of 

the same protein, of a different protein or an exogenous material, such as porous materials 

(Khurshid et al., 2014). Here, we added MOFs as potential seeding agents, by disclosing 

that trapping proteins inside MOF cavities can act as a nucleation inducing element for 

crystal growth. Overall, despite being in its infancy, MOF show great promise in amyloid 

related applications.  
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