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Dissertation Abstract 

 

Alzheimer’s disease (AD) is the most prominent cause of dementia and is accompanied 

by chronic neuroinflammation, protein aggregation and formation of amyloids. During 

inflammation important modulators of inflammatory responses are implicated, including 

cytokines and chemokines, among which are S100 proteins. Expression levels of S100 

proteins are increased in inflammatory diseases and neurodegenerative disorders such 

as AD, where they are found around amyloid plaques. This was suggestive of a 

functional link with Aβ aggregation, in agreement with the newly uncovered activity of 

S100B as a chaperone suppressor of amyloid formation. This PhD thesis aimed at 

investigating the role and S100 proteins as potential modifiers of proteostasis in 

pathophysiological states, resorting to different model systems - from brains of animal 

models to isolated proteins and peptides, combining cellular, molecular, biophysical, and 

biochemical techniques. First the distribution of S100 proteins in the brains of AD APP23 

mice models was investigated. Results showed that in the brain of wild type mice, 

S100A6 and S100B are mostly expressed in astrocytes, while low expression of S100A8 

was found in neurons and glial cells in vitro. Analysis of APP23 mice brains revealed 

increased expression of S100A8 in neurons and co-localization of S100 proteins with Aβ 

plaques. In vitro assays showed that S100A6, S100A8, S100A9, S100A8/A9, delay Aβ 

aggregation, similarly to S100B. This regulatory activity is similar to that of molecular 

chaperones, which highlights the potential of S100 proteins as regulators of proteostasis 

in pathophysiological states. Next, the focus was on the S100A9 protein which is 

abundant in the brain and has been linked with amyloid formation and deposition in 

neurodegenerative disorders. We investigated the self-assembly of the S100A9 protein 

and characterized the formation of polymeric structures formed by this protein, combining 

biophysical spectroscopies and biochemical assays, outlining the steps of a possible 

mechanism of functional assembly of this protein with relevance in health and disease.  

 

Key words: Protein Folding and aggregation; Protein Biophysics; Alzheimer’s disease; 

Calcium proteins; Molecular Chaperones 
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Resumo da Dissertação  

 

As proteínas S100 constituem uma família conservada em vertebrados, 

composta por +20 proteínas que ligam cálcio através de dois motivos EF e que ocorrem 

sobretudo como homo-dímeros. São proteínas multifuncionais, com atividade 

dependente e independente da ligação de cálcio, e que desempenham funções intra- e 

extracelulares. Intracelularmente estão envolvidas na regulação celular, como a 

diferenciação, proliferação e apoptose, e na homeostase de cálcio. Extracelularmente, 

as proteínas S100 interagem com recetores pro-inflamatórios como RAGE e TLR4, 

ativando a microglia e os astrócitos reativos, induzindo a cascata inflamatória. Apesar 

da elevada homologia estrutural entre os membros da família das S100, as suas funções 

não são intercambiáveis. Além disso, a concentração e estado de oligomerização das 

proteínas S100 também é determinante para sua função biológica. Considerando a 

variedade de funções em que estão implicadas, não é surpresa que a sua desregulação 

estar associada a inúmeras doenças. De facto, diferentes padrões de expressão das 

proteínas S100 estão associados a várias condições patológicas como doenças 

neurodegenerativas, cancros e doenças autoimunes, encontrando-se tipicamente sobre 

expressas. Algumas proteínas S100 como S100A1, S100A6, S100A8, S100A9, 

S100A8/A9 e S100B, expressas no sistema nervoso central, estão associadas com a 

severidade de doenças neurodegenerativas como as doenças de Alzheimer e 

Parkinson. A doença de Alzheimer (DA) é uma doença neurodegenerativa e a maior 

causa de demência no mundo, que afeta milhões de pessoas, resultando num declínio 

das funções cognitivas. Os principais fatores bioquímicos envolvidos na doença são a 

neuroinflamação crónica, a acumulação do péptido Aβ em placas amiloides 

extracelulares e da proteína tau em emaranhados neurofibrilares dentro dos neurónios. 

A neuroinflamação leva à morte de células neuronais, à perda de sinapses e a danos 

no tecido neuronal. Durante a evolução da doença de Alzheimer o processo inflamatório 

resulta na produção de citocinas pro-inflamatórias entre as quais estão as proteínas 

S100, que desempenham funções desde fases iniciais da patologia neurodegenerativa, 

daqui resultando um crescente interesse no estudo destas proteínas. 

 Esta tese de doutoramento teve como objetivo investigar o papel das proteínas 

S100 como potenciais modificadores da proteostase em estados fisiopatológicos, 

recorrendo a diferentes sistemas modelo – desde cérebros de modelos animais a 

proteínas e péptidos isolados, combinando técnicas celulares, moleculares, biofísicas e 
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bioquímicas. Em particular, e dado que várias proteínas S100 estão presentes no 

cérebro e estão envolvidas em processos neurodegenerativos, este trabalho visou 

também investigar o seu impacto na doença de Alzheimer.  

 Para tal, começamos por estudar os níveis de expressão e localização cerebral 

específicas das proteínas S100, nomeadamente S100A6, S100A8 e S100B, recorrendo 

a modelos animais da doença de Alzheimer. Estudos em cérebros de ratinhos wild type 

revelaram que as proteínas S100 têm, de facto, níveis de expressão diferentes: 

enquanto que as proteínas S100A6 e S100B estão sobre expressas em astrócitos, a 

proteína S100A8 mostra um baixo nível de expressão tanto em neurónios como nas 

células da glia. Imagens de fluorescência in vivo confirmam expressões distintas em 

diferentes regiões do cérebro: as proteínas S100A6 e S100B mostram um padrão de 

expressão em todas as regiões do cérebro, com maior incidência no córtex e no 

cerebelo, enquanto a proteína S100A8 tem expressão muito baixa em todo o cérebro. 

Em contrapartida os cérebros de ratinhos transgénicos APP23 mostram que a 

expressão da proteína S100A8 está aumentada em células neuronais e que as 

proteínas S100A6, a S100A8 e S100B estão co-localizadas com as placas amiloides 

constituídas por Aβ. Neste ponto postulamos que níveis elevados de expressão e 

distribuição espacial entre as proteínas S100 e as placas de Aβ possam resultar de 

relações funcionais entre estes mediadores de inflamação (proteínas S100) e os 

processos patofisiológicos da DA, podendo indiciar mecanismos moleculares 

importantes que relacionam a cascata neuroinflamatória com a agregação proteica. 

 Utilizando métodos de fluorescência de tioflavina T, capazes de monitorizar o 

processo cinético de agregação da proteína Aβ, investigou-se a possibilidade das 

proteínas S100 regularem a formação de fibras patológicas. Os resultados obtidos 

evidenciaram que as proteínas S100A6, S100A8, S100A9, S100A8/A9, inibem a 

agregação de Aβ42, tal como a da previamente estudada proteína S100B, 

presumivelmente através de interações proteína:proteína transientes. Através de 

análise mecanísticas verificou-se que diferentes proteínas S100 podem influenciar de 

forma diferente a agregação do péptido Aβ42. Por outro lado, estes resultados sugerem 

que as proteínas S100 contribuem para a manutenção da homeostasia proteica na 

doença de Alzheimer. Em fases iniciais da patologia, as proteínas S100 parecem ter 

efeitos benéficos dado que atrasam a agregação do péptido Aβ; contudo, em fases mais 

avançadas da doença, nas quais se tem já acumulação de proteínas agregadas, a sua 

atividade pro-inflamatória torna-se preponderante e a sua ação biológica torna-se 

agravante. Não é de excluir que deste agravamento possa também fazer parte co-
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agregação com o péptido Aβ, no que poderia ser um mecanismo de inativação dos 

chaperões S100 através de perda de função por agregação. Estes resultados abrem 

novas perspetivas relativamente ao uso de proteínas desta família como moduladores 

terapêuticos que podem atrasar a formação de agregados de Aβ, que por sua vez 

podem atrasar o início e a progressão da doença de Alzheimer. 

Algumas proteínas S100 podem formar oligómeros (tetrâmeros, hexâmeros, 

octâmetros, etc) funcionais, dependendo das condições fisiológicas, nomeadamente 

das suas concentrações relativas e a presença de iões metálicos, tais como cálcio e 

zinco, onde este último é um ligando adicional de algumas destas proteínas. Em 

particular, a proteína S100A9, que está implicada em neurodegeneração tendo elevados 

níveis de expressão durante os períodos de infamação que pode levar a formação e 

deposição amiloide, forma estruturas descritas na literatura como sendo amilóide, mas 

cuja natureza estrutural permanece por esclarecer. Assim, neste trabalho investigou-se 

a formação e estrutura destes filamentos formados pela proteína S100A9. Descobrimos 

que a proteína S100A9 tem a particularidade de formar estruturas poliméricas únicas 

sob incubação em condições fisiológicas e a elevadas concentrações, semelhantes às 

fisiológicas. Estes filamentos são muito estáveis e a sua análise estrutural recorrendo a 

métodos biofísicos revela que são constituídas por homo-dimeros nativos da proteína 

S100A9, mantendo uma conformação nativa com predominância de hélices α, 

característica da proteína S100A9 nativa, apesar de apresentarem um ligeiro aumento 

em folhas-β. Além disso, verificou-se que estas estruturas filamentosas resultam de um 

processo de interação entre moléculas S100A9 que se podem dissociar de forma 

reversível. Este modelo de automontagem, até agora único para a S100A9 entre a 

família das S100, poderá estar relacionado com uma extensão desordenada de amino 

ácidos na região C-terminal, que é única nesta proteína entre todas as S100, e que pode 

mediar a formação desta estrutura filamentosa, que não demonstra características 

amilóide prototípicas, como anteriormente se pensava. Esta observação indicia um 

possível mecanismo funcional de self-assembly através do qual se torna possível o 

armazenamento extracelular ou aumento de atividade biológica desta proteína, entre 

outras possibilidades.  

Em suma, o trabalho desenvolvido nesta tese de doutoramento sugere que as 

proteínas S100, nomeadamente as S100A6, S100A8, S100A9 e S100A8/A9, podem 

afetar a progressão da doença de Alzheimer, atuando como chaperões moleculares no 

estágios iniciais da doença, prevenindo ou atrasando a agregação do péptido Aβ42. Esta 

interação suporta a interligação entre neuro inflamação, onde são sobre expressas as 
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proteinas S100, e a formação das placas amiloides de Aβ em Alzheimer. Além disso, 

foram propostos novas potenciais funções da proteína S100A9. 

 

Palavras Chave: Agregação e Enrolamento de Proteínas; Biofísica de Proteínas; 

Doença de Alzheimer; Proteínas que ligam Cálcio; Chaperões Moleculares 

 

 



 

ix 

Thesis manuscripts 

#1 - S. Hagmeyer, M. A. Romão, J. S. Cristóvão, A. Vilella, M. Zoli, C. M. Gomes, A. M. 

Grabrucker, Distribution and Relative Abundance of S100 Proteins in the Brain of the 

APP23 Alzheimer’s Disease Model Mice. Frontiers in Neuroscience 13, (2019); 

published online Epub2019-June-20 (10.3389/fnins.2019.00640). 

#2 - Figueira, A., Romão, M.A., Cristóvão, J.S., Gomes, C.M. (2022) Brain expressed 

S100 proteins act concertedly to suppress amyloid- aggregation by targeting diverse 

microscopic mechanisms (in preparation) 

#3 Romão, M.A., et al (2022) Nanoscale analysis of self-assembled pseudo-amyloid 

fibrils formed by native globular protomers (in preparation) 

Other manuscripts not included in the thesis 

#4 R. Loera-Valencia, M. A. M. Ismail, J. Goikolea, M. Lodeiro, L. Mateos, I. Björkhem, 

E. Puerta, M. A. Romão, C. M. Gomes, P. Merino-Serrais, S. Maioli and A. Cedazo-

Minguez (2021) Hypercholesterolemia and 27-Hydroxycholesterol Increase S100A8 and 

RAGE Expression in the Brain: a Link Between Cholesterol, Alarmins, and 

Neurodegeneration. Molecular Neurobiology, 10.1007/s12035-021-02521-8 

#5 J. S. Cristóvão, M. A. Romão, R. Gallardo, J. Schymkowitz, F. Rousseau, C. M. 

Gomes, Targeting S100B with Peptides Encoding Intrinsic Aggregation-Prone Sequence 

Segments. Molecules 26, (2021)10.3390/molecules26020440 

 

#6 Ammendola, S., Secli, V., Pacello, F., Mastropasqua, M. C., Romão, M. A., Gomes, 

C. M., Battistoni, A. (2022) Zinc-binding metallophores protect Pseudomonas aeruginosa 

from calprotectin-mediated metal starvation. FEMS Microbiology Letters. in press 

 

 

 

 



 

x 



 

xi 

Abbreviations 

 

 

 

Aβ – Amyloid-beta  
AD – Alzheimer’s disease 
AFM – Atomic Force microscopy 
ALS – Amyotrophic lateral sclerosis 
ANS – 8-Anilino-1-naphthanesulfonic acid 
APP – amyloid precursor protein 
APR – aggregation prone region 
CAM – cell adhesion molecule 
CD – circular dichroism spectroscopy 
CICR – calcium-induced/calcium release 
CNS – central nervous system  
CP – Calprotectin 
CR – Congo Red  
CTF – C-terminal fragments 
Cryo-EM – cryo-electron microscopy 
DAMPs – damage-associated molecular 
pattern  
DLS – Dynamic Light Spectroscopy 
DNA – Deoxyribonucleic acid 
DTT – Dithiothreitol 
EDTA – Ethylenediaminetetraacetic acid 
EMMPRIN – extracellular matrix 
metalloproteinase inducer 
EOAD – early onset dementia 
ERK – extracellular signal-regulated protein 
kinase 
FAD – familial AD 
FTAA – formyl thiophene acetic acid 
FTD – frontotemporal dementia 
FTIR – Fourier transform infrared 
spectroscopy 
HD – Huntington disease  
HEPES - 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid 
HSP – heat shock protein 

HSF – heat shock factor 
IDP – Intrinsically disorder protein 
LCO – luminescent conjugated 
oligothiophene 
IL – Interleukin 
LOAD – late onset AD 
MAPK – Mitogen-Activated Protein Kinase 
MMP – matrix metalloproteinase 
MSA – multiple sequence alignment 
NF-κB – nuclear factor κB 
NMR – Nuclear magnetic resonance  
ND – neurodegenerative disease 
NTS – neurofibrillary tangles 
OA – osteoarthritis 
PD – Parkinson’s disease  
PQC – protein quality control 
PN – Proteostasis network 
PSEN – Presenilin 
RA – rheumatoid arthritis  
ROS – reactive oxygen species 
sAD – sporadic AD 
TDP-43 – TAR DNA-binding protein 43 
UPS – ubiquitin proteosome system 
RAGE – receptor for advanced glycation end 
products 
SAXS – Small-angle X-ray scattering 
SEC – Size exclusion chromatography 
t1/2 – half-time reaction 
TBI – traumatic brain injury 
TCEP – Tris(2-carboxyethyl) phosphine) 
TEM – transmission electron microscopy 
TLR4 – tool-like receptor4 
ThT – Thioflavin-T 
TNF – Tumor necrosis factor 
WT – wild type 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Tumor_necrosis_factor


 

 



 

xiii 

List of figures 

 

Chapter I - General introduction – Proteostasis in health 

and disease …………………………………………………………3 

 

Figure 1 – Folding funnel diagram protein folding …………………………….……………6 

Figure 2 – Energy landscape diagram for protein folding and aggregation of a typical 

small globular protein …………………………….………………….…………….........…….8 

Figure 3 – Protein misfolding and aggregation ………………….…………………………9 

Figure 4 – Cryo-EM structure of ATTR amyloid fibril ………………….…………………10 

Figure 5 – Overview of proteostasis network ………………………………………………11 

Figure 6 – Disease progression in the brain in neurodegenerative diseases ………….13 

 

Chapter II: The S100 protein family: structure, function, 

and biological activities ……………………………………….17 

 

Figure 1 – Sequence and phylogeny features in S100 protein family …………….……19 

Figure 2 – Protein expression and tissue specific pattern distribution of S100 

proteins………………………………………………………………………………………...20  

Figure 3 – Dimeric structure of S100 proteins …………………………………………….21 

Figure 4 – Structural change of S100 proteins upon calcium binding ………………….22 

Figure 5 – S100 oligomeric structures ………………………………………………..……23 

Figure 6 – Oligomerization of S100 proteins ………………………………………………24 

Figure 7 – Role of S100 proteins intra and extracellularly ………………………………29 

Figure 8 – Crosstalk between activated microglia signals and its ligands in 

neuroinflammation, namely Alzheimer’s disease …………………………………………34 

 

Chapter III: S100 proteins in AD and their distribution in 

AD mice models ………………………………………………….45 

 

Figure 1 – Alzheimer’s disease progression ……………………………………………….48 

Figure 2 - Amyloid-beta pathways that leads to AD ………………………………………50 



 

xiv 

Figure 3 – Neurofibrillary tangles (NFTs) formation in AD …………………….………... 51 

Figure 4 –S100 proteins are involved in a multitude of functions in Alzheimer’s 

disease…………………………………………………………………………………………52 

Figure 5 – Effect of S100B on Aβ42 aggregation induced by Zn2+-at different S100B:Aβ42 

molar ratios ……………………………………………………………………………….…...56 

Figure 6 – Calcium binding S100B inhibits tau nucleation and co-localizes with tau fibrils 

and oligomers ………………………………………………………………………………....57 

Figure 7 –Schematic of the major animal models of Alzheimer’s disease …………….59 

Figure 8: S100A6, S100A8, and S100B are expressed in glial cells and neurons in 

vitro........……………………………………………………………………………………… 65 

Figure 9: S100A6 and S100B show brain region specific expression in vivo …………66 

Figure 10: Altered localization of S100 proteins in the brain of APP23 mice ………….68 

Figure 11: S100 proteins co-localized with Aβ42 plaques in APP23 mice ………………69 

Figure 12: Altered concentrations of S100A8 and S100B proteins in the brain of 

APP23………………………………………………………………………………………… 70 

 

Chapter IV: Neuronal S100 proteins as modulators of Aβ42 

aggregation ……………………………………………………… 77 

 

Figure 1 – Schematic illustration of protein aggregation and amyloid cascade ……… 80 

Figure 2 – Macroscopic aggregation sigmoidal curve for amyloid formation ………… 81 

Figure 3 – Amyloid formation microscopic mechanisms and associated rate 

constants……………………………………………………………………………………… 82 

Figure 4 – Elucidation of the halftime scaling and global fitting of data …………………83 

Figure 5 – Scheme of global fits of the three models to kinetic data of Aβ42 peptide 

aggregation in various concentrations ……………………………………………………...86 

Figure 6 – Schematic illustration of possible interactions of molecular chaperones in the 

aggregation mechanism ……………………………………………………………………  87 

Figure 7 – Molecular chaperones can affect individual microscopic steps in the 

aggregation process ………………………………………………………………………… 88 

Figure 8 –Impact of S100 proteins on Aβ42 aggregation …………………………………90 

Figure 9 – S100 protein family modulates Aβ42 aggregation ……………………………91 

Figure 10 – Aβ42 aggregation in the presence of different ratios of S100 proteins ……92 

Figure 11 – Analysis of the effect of S100 proteins on the aggregation kinetics of 

Aβ42……………………………………………………………………………………………..93 



 

xv 

Figure 12 – Scaling exponent of S100 in modulation of Aβ42 aggregation ………………94 

 

Chapter V: Analysis of S100A9 self-assembly into pseudo-

amyloid fibrils …………………………………………………….99 

 

Figure 1 – Structural analysis of S100A9 fibrils formed under physiological 

conditions…………………………………………………………………………………… 107 

Figure 2 – The morphology of S100A9 worm-like fibrils is marginally influenced by Ca2+-

binding ………………………………………………………………………………………. 109 

Figure 3 –S100A9 soluble self-assembly structures have high molecular weight … 110 

Figure 4 –S100A9 multimers are not disulfide-linked dependent …………………… 111 

Figure 5 –S100A9 multimeric self-assemblies do not have an electrostatic character.112 

Figure 6 –S100A9 self-assembly structures have a smooth amyloidogenic character.112 

Figure 7 – Amyloidogenic character of S100A9 in a concentration dependent 

manner………………………………………………………………………………………. 114 

Figure 8 – S100A9 protein forms oligomeric species maintaining its α-helical 

conformation upon incubation ……………………………………………………………..115 

Figure 9 – Zinc induces conformational changes in S100A9 and forms ThT-reactive 

species ……………………………………………………………………………………….116 

Figure 10 – S100A9 dimers are released from S100A9 fibrils along time ……………117 

Figure 11 – S100A9 multimers release assay …………………………………………..118 

 

Chapter VI: General Conclusions - A systems perspective 

on S100 proteins as novel players in proteostasis …… 123 

 

Figure 1 – Illustration scheme of a possible integrative and multidisciplinary approach of 

systems biology ……………………………………………………………………………. 125 

Figure 2 - Positive and Negative Aspects of Neuroinflammation …………………… 127 

 

 



 

xvi 



 

xvii 

List of Tables 

 

Chapter I - General introduction – Proteostasis in health 

and disease …………………………………………………….…..3 

Table 1. Amyloid diseases caused by Protein Aggregation, location and affected tissues 

………………………………………………………………………………………………….13  

 

Chapter II: The S100 protein family: structure, function, 

and biological activities ……………………………………….17 

Table 1. S100 proteins: Intra and extracellular functions involved disease pathologies 27 

 

Chapter III: S100 proteins in AD and their distribution in 

AD mice models ………………………………………………….45 

Table 1 – Alzheimer’s disease mice models currently used and their characteristics ….61 

 

Chapter V: Analysis of S100A9 self-assembly into pseudo-

amyloid fibrils …………………………………………………… 99 

Table 1 – Functionally annotated amyloids ………………………………………………104 

 



 

xviii 



 

xix 

Table of Contents 

 

 

Acknowledgments ............................................................................................. i 

Dissertation Abstract ....................................................................................... iii 

Resumo da dissertação .................................................................................... v 

Thesis manuscripts ......................................................................................... ix 

Abreviations .................................................................................................... xi 

List of figures ................................................................................................. xiii 

List of Tables ................................................................................................ xvii 

Table of Contents .......................................................................................... xix 

Thesis outline ................................................................................................... 1 

Chapter I: General Introduction – Proteostasis in health and disease .............. 3 

Chapter II: The S100 protein family: structure, function, and biological 

activities……………………………………………………………… .................... 17 

Chapter III: S100 proteins in AD and their distribution in AD mice models ..... 45 

Chapter IV: Neuronal S100 proteins as modulators of Aβ42 aggregation in 

AD…………………………………………………………………………………….77 

Chapter V: Analysis of S100A9 self-assembly into pseudo-amyloid fibrils ..... 99 

Chapter VI: General Conclusions - A system perspective on S100 proteins as 

novel players in proteostasis …..…..……………………………………………123 

  



 

xx 



 

1 

Thesis outline 

This dissertation is focused on investigations to establish S100 proteins as novel modifiers of 

proteostasis in pathophysiological states and is organised in six chapters.  

The first two introductory chapters are aimed to overview the state of the art regarding protein 

misfolding, proteostasis and human disease and to introduce the characteristics of the proteins 

from the S100 family and the evidence for their role as modifiers of cellular proteostasis and 

proteotoxicity.  

Chapter 1 provides a general introduction to the topic of protein folding, proteostasis and 

amyloid diseases. Through brief yet comprehensive sections, this chapter covers the 

fundamentals of protein folding, discusses how protein misfolding and aggregation arises with 

a focus on amyloids, whose generic structural features are discussed. The mechanisms 

operating in cells that are responsible for protein quality control and maintenance of 

proteostasis are overviewed and the generic features of amyloid neurodegenerative diseases 

are covered. 

Chapter 2 reviews the characteristics of S100 proteins, with a focus on their biochemical and 

structural features, including metal binding properties and oligomerization. The physiological 

functions of S100 proteins are discussed and their participation in disease states and potential 

applications as biomarkers is comprehensively reviewed. 

The following chapters present the results obtained and include topical introductions regarding 

the themes under investigation. These chapters cover results obtained using different model 

systems - from brains of animal models to isolated proteins and peptides, combining cellular, 

molecular and biophysical experimental techniques, and include published results.  

Chapter 3 focuses on the role of S100 proteins in Alzheimer’s disease and on the study of 

their distribution and in the brains of AD mice models. It presents an introduction to Alzheimer's 

disease and available animal models, discussing the involvement of S100 proteins in the 

pathology. Results presented in this chapter have been published in thesis manuscript #1. 

Chapter 4 follows up on previous these results, notably on the observation that multiple S100 

proteins delay the aggregation of Amyloid , to carry out a systematic investigation of the 

possible action of these proteins as anti-aggregation chaperones in human brain. it provides a 

typical introduction to the mechanisms of amyloid aggregation and its analysis using kinetic 
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methods. Results presented in this chapter are included in thesis manuscript #2, in 

preparation. 

Chapter 5 reports investigations on the self-assembly of the S100A9 protein, whose anti 

aggregation activity has been established in the previous chapter, into native-like fibrils. The 

introduction reports previous findings on the involvement of S100A9 in Alzheimer's disease 

and its presumed potential to form amyloid fibrils is critically discussed. Results presented in 

this chapter are included in thesis manuscript #3, in preparation. 

Chapter 6 provides a general conclusion of the thesis results discussing the significance of 

the biology of S100 proteins as novel players in proteostasis. 
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1. Introduction – Protein Folding, Proteostasis and Amyloid 
Diseases  

1.1. Fundamentals of protein folding  

One of the biggest modern scientific challenges is to understand the biological 

complexity of living organisms, which are a highly evolved system made up of a wide number 

of molecular networks. These networks enable and control all the processes that take place in 

the cell and proteins are the key elements. Proteins are the most abundant macromolecules 

in the cell and, besides chemical processes, proteins are responsible for the control of all 

molecular interactions characteristic of living systems.  

Proteins are composed by a specific polypeptide sequence made of amino acid 

residues, called primary sequence, which contains information that dictate its unique native 

and functional three-dimensional structure, as postulated by Christian Anfinsen (1916-1995) 

[1]. The conversion of the protein encoded sequence into its native structure is called protein 

folding and is fundamental in biology due to the high dependence of all biological processes 

on the protein machinery. In accordance with Anfinsen’s experiments on ribonuclease A during 

the 1960’s [1, 2], the native state of a protein is reached downhill to its lowest free energy 

corresponding to the most thermodynamically stable conformation [2]. This means that all 

information about the folding of a protein is encoded on its amino acid sequence. Getting 

knowledge about the sequence should be enough to unequivocally determine the folded 

structure of any protein, in any medium and, consequently, its interaction and catalytic 

properties and folding mechanism. However, considering the degrees of freedom of polymeric 

nature of proteins, the heterogeneity of amino acid side chains and the variety of possible 

interactions stabilizing the folded conformation, deciphering the rules underlying protein folding 

is a very hard task. However, this conundrum has been partly overcome with recently 

developed machine learning methods, including AlphaFold, which allow highly accurate protein 

structure predictions [3]. 

The high number of degrees of freedom in the conformation of a polypeptide brings 

other known biological paradox introduced by Cyrus Levinthal (1922-1990) in the late 1960’s, 

known as Levinthal’s Paradox [4, 5]. Levinthal focused his research work on the investigation 

of the kinetics and dynamics of the protein folding process. He postulated that, if the protein 

folding is truly a two-state reaction without intermediates occurring during the process, then 

finding the native folded state of a protein by a random search among all possible 

configurations would take an enormously long time [4] Therefore, he concluded that in nature 

proteins do not sample all possible configurations since they fold very fast (from milliseconds 
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to up to a few seconds). Since the folding process is usually extremely efficient and fast, 

Levinthal suggested that proteins fold through a specific folding pathways [4]. Levinthal also 

postulated that protein folding is speeded up and guided by the rapid formation of local 

interactions between the certain residues that determine further the global folding. This means 

that local amino acid side chains form stable interactions and serve as nucleation points to the 

folding process [4, 6]. Some folding intermediates and partially folded protein states observed 

during folding kinetics experiments recreate some features of such transition state.  

During folding towards the native state, proteins do not randomly explore the 

conformational space, but rather undergo cooperative, sequential folding of smaller domains, 

markedly reducing the high dimensionality of the folding process, allowing the final structure 

to be obtained in milliseconds [7]. To describe the protein folding process and energetics of 

the different conformers along the process, an energy diagram is often depicted – the so-called 

energy landscape funnel diagram (Fig. 1). To gain functional activity, most proteins must fold 

into well-defined three-dimensional structures. Folding reactions are highly complex and 

heterogeneous, relying on the cooperation of many weak, non-covalent interactions that 

participate in the stabilization of the monomeric entities [8]. The energy landscape diagram is 

shaped like a funnel because it maps all possible conformations of a protein as a function of 

their free energy, which narrows to the energetically most favorable conformer [8-10].  

Figure 1 – Folding funnel diagram protein folding. Energy diagram representing the protein folding 

process from unfolded to the native state. As a protein folds, it gets more structured, while the configurational free 

energy and entropy lower. From [10] 

 The folded/unfolded state of a protein is dictated by the balance between entropy, 

which indicates the degrees of freedom of a system, and enthalpy, which relates with the 

energetics of the system. If on the one hand, the unfolded state of a protein corresponds to the 

higher conformational entropy state (as unfolded proteins are linear polymers of tens to 

hundreds amino acids), on the other hand, a folded protein comprises a multiplicity of 
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interactions which constitute an enthalpic gradient towards the native state. The interactions 

responsible for the folding of proteins to their native conformations include hydrophobic 

interactions, hydrogen bounds and electrostatic interactions, first described by Kauzmann [11]. 

They are sometimes referred to as “weak interactions”; however, they are a very significant 

number of individual interactions in folded proteins. Folded conformations can additionally be 

stabilized by other contributors such as disulphide bridges, oligomerization, cofactors and/or 

post-translational modifications. In the native state, the set of possible conformations gets 

narrower, due to favorable intramolecular interactions, decreasing the entropy as structural 

organization increases, decreasing the degrees of freedom on the polypeptide within each 

conformer. The final balance between the two energetic components that have opposite 

directions will be marginally stable towards the native state. This gives rise to an important 

property for the dynamic behavior of the proteins allowing them to acquire some 

conformational flexibility which is also required for many protein functions like cargoes 

transportation, regulatory functions, signaling pathogen invasion and enabling neuronal 

communication [12].  

These principles are slightly different for the so called intrinsically disordered proteins 

(IDPs), also called intrinsically unfolded proteins [13]. These proteins, or domains within 

proteins lack an organized tertiary structure, and feature a considerable structural 

heterogeneity and flexibility, playing an important role in protein-protein interactions and in 

signaling reactions [14]. IDPs have been suggested to display folding energy landscapes in 

which wide arrays of conformers can be populated, with relatively flat energy regions, and 

appear to involve transitions to higher energy states. Entropic effects of IDPs contributed by 

solvent play an especially important role in driving folding, as opposed to enthalpic effects [9, 

15]. Many of these proteins and regions are not persistently unfolded and undergo folding-

upon-binding when they interact with physiologic partners.  

 

1.2. Protein misfolding and amyloid aggregation  

Protein folding in the cell is tightly controlled by protein quality control (PQC) systems 

in the cell (discussed in the next section) as protein folding may be disrupted by adverse 

biochemical, physical, and biological factors, including genetic mutations. Genetic defects 

causing modifications on the primary sequence of the proteins may affect the folding pathway 

and the stability of the native state, generating partly folded states. Molecular crowing in cells 

may also favor unspecific intermolecular interactions formed conformers leading to protein self-

assembly into either amorphous or highly organized structures, as amyloid fibrils [16] (Fig.2). 
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Figure 2 - Energy landscape diagram for protein folding and aggregation of a typical small globular 

protein. On the left is represented the folding process from the unfolded polypeptides in random conformations 

where the entropy is maximal, towards the native state via intramolecular contacts. Unfolded proteins are highly 

flexible and hydrated. During the process structure is gradually acquired, the energy decreases, and the conformers 

sample different regions of the conformational space, experiencing progressive decrease in free energy until the 

native state is formed. On the right is represented the aggregation process where the unfolded or partially unfolded 

conformations proceed towards the formation of aggregates and/or amyloid fibrils via intermolecular contacts. 

Fibrillar aggregation typically occurs by nucleation-dependent polymerization. It may initiate from intermediates 

populated during de novo folding or after destabilization of the native state (partially folded states) and is normally 

prevented by molecular chaperones. Amyloidogenic conformers are very stable having very low free energy. 

Adapted from [8, 9] 

Fibrillar aggregation typically occurs by nucleation-dependent polymerization. It may 

initiate from intermediates populated during de novo folding or after destabilization of the native 

state (partially folded states) and is normally prevented by molecular chaperones. 

Amyloidogenic conformers are very stable, having a very low free energy, as depicted in the 

right-hand side of Fig 2, which represents the aggregation process where the unfolded or 

partially unfolded conformations towards the formation of amyloid fibrils via intermolecular 

contacts.  

In the context of protein folding vs protein misfolding, is important to focus on the 

physicochemical principles of self-organization, with special emphasis on the kinetic 

competition of folding and aggregation that led nature to evolve folding catalysis and 

chaperones. The problematic conformation of the proteins is the partially folded or misfolded, 

which are the ones that tend to aggregate in a concentration-dependent manner. These states 

typically expose hydrophobic amino-acid residues and regions of unstructured polypeptide 
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backbone to the solvent — features that become buried in the native state. Like intramolecular 

folding, aggregation is largely driven by hydrophobic interactions. Indeed, the protein 

aggregation (self-assembly) process may involve misfolding of a native protein or spontaneous 

self-assembly of a disordered peptide resulting in the exposure of aggregation prone regions 

(APR) which are 10-15 residue long segments comprising amino acids with high 

hydrophobicity, low charge and high propensity to adopt -sheet structures [17]. These events 

constitute aggregation hotspots that will generate stable interprotein contacts. Self-assembly 

of these conformers, driven by APR interactions drives the formation of β-sheet/ β-harpin 

containing conformers, often accompanied by an increase in compactness and size [16] . 

During the process of aggregation, the free energy change depends on the peptide monomer 

concentration. At low concentrations, the monomeric state is favored and at high 

concentrations the aggregated state is favored because of the large barrier that needs to be 

overcome to form aggregates, making them highly stable structures [18, 19]. Aggregation 

starts with nucleation when proteins/polypeptides self-assemble forming a growing core. When 

this aggregation nucleus crosses a critical mass threshold, reversibility of association is lost, 

and protein molecules form large aggregates. The transition from the native state to an amyloid 

conformation can be direct or involve multiple steps or stages, represented in Fig. 3. Protein 

aggregation can yield different types of conformers, which may include partially or completely 

unfolded proteins and intermediates, oligomers, unordered amorphous aggregates or highly 

ordered fibrils called amyloids [18]. Generically they are enriched in a cross-β structure [20], 

yet fluctuate in sequence, time and conditions [21]. One specific form of aggregated proteins 

is amyloid conformation, which is very stable, but its formation can still be reversible [22]. 

 Figure 3 –Protein misfolding and aggregation. Under certain circumstances, for example pH or 

temperature change, proteins undergo conformational changes that result in unfolding and partial misfolding that is 

associated with the tendency to aggregate. During aggregation, proteins can obtain a range of different structural 

appearances, which are generally enriched in cross-β structure, including intermediates varying from unordered 

amorphous aggregates to ordered fibrils that are called amyloid. From [18] 
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The definition of amyloid is based on structural and biophysical properties. Amyloids 

are highly ordered protein aggregates defined by β-strands that run perpendicular to the long 

fibril axis in the so called cross-β structure [8, 13]. Due to its unique three-dimensional 

structure, amyloid folds only upon intermolecular contacts and the structure repeats itself at 

the atomic level, accompanied by a characteristic diffraction pattern with a meridional reflection 

at 4.7 Å and an equatorial reflection (i.e., 90° off the other reflection) at ∼8–11 Å [23]. Because 

of its structure, it can grow by recruiting corresponding amyloid peptide/protein and thus has 

the capacity to become an infectious protein agent. Amyloids can be routinely detected by the 

binding of some dyes, such as Congo Red and Thioflavin-T and their derivatives[24], which 

are very specific for this type of structures. Determining the structure of amyloids has become 

very challenging: for X-ray crystallography due to the low solubility and for NMR due to its large 

size. As a result, other techniques, as atomic force microscopy, solid state NMR, transmission 

electron microscopy (TEM) and cryo-electron microscopy (cryo-EM), shown in Fig. 4, become 

more important tools to reveal the morphology and structures of amyloid fibrils implicated in 

some of the gravest of human diseases [25]. Amyloids have a submicroscopic structure, i.e. 

bundles of straight and rigid fibrils ranging in width from 60 to 130 Å and in length from 1.000 

to 16.000 Å, as determined by Cryo electron microscopy studies [26]. 

Figure 4 –Cryo-EM structure of ATTR amyloid fibril. a) Cryo-EM image of extracted fibrils. Scale bar = 

200nm. b) side view of the reconstructed 3D map. N-terminal density in cyan, C-terminal density in orange. Adapted 

from [25] 

 

Over the years, it has become clear that many different peptide and protein molecules 

are able to self-assemble into amyloid fibrils, sharing the common cross-β sheet structure and 

that are associated with a range of increasingly prevalent clinical disorders, including 

Alzheimer's and Parkinson's diseases [27]. Understanding the molecular architecture of 

amyloid fibrils may be an important step towards development of therapeutic interventions 

based on targeting the fibrils themselves or the processes that generate them.  

a b   
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1.3. Protein quality control and Proteostasis  

Proteostasis, from protein homeostasis, is defined by the balanced cellular synthesis 

and folding and clearance of diverse old, misfolded, and damaged proteins. Newly synthesized 

proteins are at great risk of aberrant folding and misfolding, potentially forming toxic species. 

To avoid these dangers, different cellular organelles activate stress programs, which modulate 

gene expression, to respond to the accumulation of these misfolded proteins. These changes 

reduce the expression of various genes to attenuate aggregation and induce the production of 

chaperones, which act in concert to restore functional proteins and proteostasis [28, 29]. 

The proteostasis network (PN) consists of machineries that assure the balance 

between synthesis, folding, and clearance. Of its various components, chaperones (including 

heat shock proteins, HSPs), and chaperonins are the key to ensure the production and 

persistence of functional and correctly folded proteins (i.e. to maintain proteostasis) [29]. The 

heat-shock response is the first mechanism that was identified as a cellular response to the 

accumulation of misfolded proteins in the cytosol [30]. Chaperones are present in all cell types 

and cellular compartments to ensure that the folding is efficient by reducing the probability of 

competing reactions, particularly aggregation. Collectively, they can mediate and interact with 

nascent proteins to stabilize them, or assist with the correct folding into their active 

conformation, without being present in the protein’s final structure [29] (Fig. 5)  

Figure 5 –Overview of proteostasis network. Representation of PQC system: stress causes misfolding 

of nascent proteins or damage to functional proteins, often resulting in the exposure of hydrophobic surfaces leading 

to aggregates formation. Subsequence binding of chaperones either initiate refolding or prevents protein 

aggregation. Under no stress conditions, heat shock factor protein 1 (HSF1) monomers are associated with a 

chaperon-complex that includes heat-shock protein (HSP)90 and T-complex protein1 ring complex (TRiC). During 

misfolding, chaperones dissociate from the complex and bind to unfolded proteins. When refolding is not possible, 

chaperones keep the misfolded proteins in a soluble state, so that protein-degradation system can dispose of it. 

Ubiquitin–proteasome system (UPS)-mediated proteolysis is the primary degradation system that can remove 
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soluble (chaperone-presented) misfolded, oxidized, mutant, or otherwise-damaged proteins. The UPS also 

degrades normal proteins that are no longer needed, providing temporal regulation of protein activity. If the proteins 

cannot be maintained in a soluble state, autophagy is the primary route to clear the aggregated proteins. DUB, 

deubiquitinating enzymes. 

 

HSPs are able not only to protect proteins as they fold but also to rescue or inhibit 

protein misfolding and even aggregation, enabling them to have a second chance to fold 

correctly. HSPs, typically having hydrophobic binding sites, could recognize and bind tightly to 

surface-exposed hydrophobic residues of aberrant proteins, thereby sequestrating abnormal 

proteins and preventing their mutual interaction and subsequent unfavourable aggregation.  

Folding, misfolding and unfolding are crucial for many events of cellular activity as 

trafficking, translocation across membranes, secretion, immune responses and regulation of 

the cell cycle [16]. Although the amino acid sequences of molecular chaperones and the 

biological environments in which they function have coevolved to maintain peptides and 

proteins in their soluble states, in some circumstances they can convert into non-functional 

and potentially damaging protein aggregates. Intermediates and aggregates which escaped 

the cellular quality-control mechanism will accumulate in the cell and, besides shifting the 

folding route towards a dead-end kinetic and energetic trap, leads to cell dysfunction and 

affects the proteostasis in the cell, leading to disease states [13, 16]. Such folding 

intermediates are the rule for proteins larger than 100 amino acids (~90% of all proteins in a 

cell), which have a strong tendency to undergo rapid hydrophobic collapse into compact 

globular conformations. The collapse may lead either to disorganized globules lacking specific 

contacts and retaining large configurational entropy or to intermediates that may be stabilized 

by non-native interactions (misfolded states) [8]. However, the problem starts when proteins 

fail to fold correctly, which can bring several biological consequences, arising the misfolded 

proteins possibly leading to misfolded diseases [13].  

1.4. Neurodegenerative amyloid diseases  

Protein aggregation and formation of amyloids is a hallmark phenomenon that is 

associated with a wide range of increasingly common human disorders, also known as amyloid 

diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD).[31] The formation 

of these fibrillar aggregates can result from combination of genetic and environmental factors, 

which is triggered by exposure of aggregation prone regions promoting the self-assembly into 

an ordered amyloid core. Amyloids can be secreted to the extracellular environment generating 

deposits, protein inclusions and pathology spreading [32]. The accumulation of toxic 
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aggregated proteins (including amyloid, amorphous or native-like assemblies) both inside and 

outside neurons in specific regions of the brain, have links with human neurodegenerative -

age-related- diseases, including AD and PD, as well as several other pathologies (Table 1).  

Table 1. Amyloid diseases caused by Protein Aggregation: location and affected tissues.  

 

Notably, despite the involvement of distinct proteins in different neurodegenerative 

diseases (NDs), the process of protein misfolding and aggregation is remarkably similar. The 

same type of toxic amyloid fibrillar deposits, formed by different proteins, also progress 

differently in the brain, affecting the appearance of the different lesions among diseases (Fig 

6). 

Figure 6 – Disease progression in the brain in neurodegenerative diseases. Proteins adopt an 

amyloid conformation and spread within the brain in different ways. a) Aβ deposits (amyloids plaques) in the 

neocortex of a patient with Alzheimer’s disease. b) Tau inclusions (neurofibrillary tangles) in a neocortical neuron 

of a patient with Alzheimer’s disease. c) α-synuclein in neocortical neuron from a patient with Parkinson’s disease. 

d) TDP-43 inclusion in a motoneuron of the spinal from a patient with amyotrophic lateral sclerosis. Scale bars are 

50mm in a and 20mm in b-d. e-h) progression of specific proteinaceous lesions in neurodegenerative diseases over 
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time (t) inferred from post-mortem analysis of brains. e) and f) Aβ deposits and tau inclusions in AD brains. g) α-

syn inclusions in PD-brains and h) TDP-43 inclusions for ALS brains. Three stages are shown for each disease, 

with white arrows indicating the putative spread of the lesions. From [33]. 

Aggregates can gradually change in structure and composition over time, 

especially in cells where the initial aggregate-inducing protein species can sequester and 

sometimes irreversibly trap other proteins [9, 34]. Aggregate toxicity will depend on a few 

aspects including the reactive surface, localization, compartmentalization, and stability of the 

aggregates [9]. The mechanisms of aggregate toxicity include physical damage to membranes; 

hindrance of transport-processes including axonal transport and nucleocytoplasmic trafficking; 

co-aggregation of essential proteins like transcription factors, chaperones and components of 

PQC network; or aberrant metal binding sites that either promote peptide cross-linking or the 

formation of reactive oxygen species via Fenton reactions [1, 2, 9]. These events will lead to 

cellular dysfunction, damage of the network of synaptic connections, selective brain mass loss, 

and brain damage, hallmark events in NDs [35]. 

Amyloid fibril formation can be associated with loss of function and/or gain of toxic 

function due to toxicity arising from the formation of oligomers that disrupt membranes and 

seed further aggregation as well as from the accumulation of highly stable amyloid fibrils that 

disrupt the proteostasis network. These gain-of-toxic-function diseases are typically age 

related and are caused by the accumulation of amyloid or amyloid like aggregates of the 

disease protein. Thus, the age-related decline in proteostasis and specifically in the inability to 

upregulate chaperones in response to conformational stresses would trigger disease 

manifestation and, in turn, accelerate proteostasis collapse [28, 29]. 

In conclusion, maintaining proteostasis through proper PQC largely determines health, 

and ageing inevitably causes gradual failures in PQC and proteostasis. Proteins that aggregate 

in disparate neurodegenerative disorders share molecular properties of nucleation, growth, 

multiplication and spread. Getting knowledge about each of these phenomena, as well as the 

disease mechanisms and aggregates and amyloids structures and functions, presents 

potential therapeutic targets. For example, reducing the production or stimulating the removal 

of amyloidogenic proteins [36], stabilize the native conformation of an amyloidogenic protein 

[37]102, or stabilizing existing aggregates could be strategies for new therapeutic approaches. 
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1. The S100 protein family 

1.1. Phylogeny and distribution of S100 proteins  

General aspects, phylogeny, and sequence features 

The S100 protein family consists of 24 members which are only found in vertebrates. 

They represent the largest subgroup within the Ca2+-binding EF-hand superfamily, sharing 

significant structural similarities at both genomic and protein levels. The term S100 was firstly 

introduced in 1965 upon finding of two neuronal protein family members, S100A1 and S100B, 

and alludes to its solubility (S) in saturated (100%) ammonium sulphate [1] from a bovine brain 

fraction. The majority of human S100 proteins (S100A1 to S100A16) are organized in a gene 

cluster located in chromosomal region 1q21 [2], and the different genes are result of several 

gene duplication events. The remaining family member genes are distributed on chromosome 

4 (S100P), 5 (S100Z), 21 (S100B) and the X chromosome (S100G) [3] 

In humans, more than twenty S100 homologue proteins have been already identified. 

A multiple sequence alignment (MSA) of S100 family show highly conserved residues and/or 

regions among almost all S100s, shown in red, and in blue are shown the less conserved ones 

(Fig.1).  

Figure 1 – Sequence and phylogeny features in S100 protein family. A. Sequence alignment of human 

S100 proteins. Multiple sequence alignment columns with no gaps are colored in blue or red: red letters indicate 
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the conservative residues, and the blue letters indicates the ones that differs; unaligned columns are compressed 

into the bracket form: [X], where X denotes the number of residues for a sequence in the unaligned range. In Red 

boxes, are represented the residues involved in binding Calcium, and in yellow, the residues involved in binding 

transition metals. B. Phylogenetic tree of human S100 protein family calculated from the alignment shown in A 

Phylogenetic tree was based upon multiple sequence alignments of S100 proteins, to determine clusters of similar 

S100 proteins. S100 protein sequences were extracted from UniProt, https://www.uniprot.org/. 

The sequence homology among S100s varied between 22 and 57%, which is mainly 

due to the variance at the hinge region and C-terminus, the regions associated with their 

function [4, 5]. This type of alignment allows us to infer on functional and evolutionary 

relationships between sequences as well as help identify members of gene families. With the 

same data, a phylogenetic tree was constructed (Fig.1). With the phylogenetic analysis we can 

address the evolutionary relationships among the family based upon similarities and 

differences in their genetic characteristics. Among the different S100 sequences, amino acid 

identity ranges from 20% to 60% [6].  

Distribution of S100 proteins in the human body 

Although S100 proteins are exclusively expressed in vertebrates, each has a unique 

expression and distribution profile amongst different tissues and cell types (Fig.2), as well as 

a specific subcellular localization, underlining their high degree of specialization.  

Figure 2 – Protein expression and tissue specific pattern distribution of S100 proteins. Distribution 

of S100 protein family specific expression patterns over the human body.  

Due to their variability in primary sequences and localization in the human body, it is 

expected that S100 are involved in a multitude of cellular processes. Those may include cell 

cycle control, cell growth, differentiation, and motility, discussed below. Considering their 

possible diverse functions, is not surprising that they can are implicated in many human 

https://www.uniprot.org/
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diseases characterized by altered expression levels in a specific tissue or cell, as in different 

types of cancers [7, 8], in neurodegenerative diseases such as Alzheimer’s disease (AD) [9], 

in inflammation and in autoimmune diseases [7, 8] 

1.2. The structure of S100 proteins 

General structural characteristics 

Each S100 protein domain is about 10-12kDa in size and contains two EF-hand 

structural motifs, arranged in a back-to-back manner connected by a flexible linker, with a 

characteristic high degree of α-helical content [10], as shown in Fig. 3. The EF-hand located 

at C-terminus contains the classical Ca2+-binding motif, with a 12 amino acid long loop, flanked 

by helices III and IV, where Ca2+ is coordinated mainly by amino acids side chain. On the N-

terminus EF hand, there is a loop with 14 amino acids flanked by helices I and II, where Ca2+ 

is mainly coordinated by backbone carbonyls [11].  

Figure 3 – Dimeric structure of S100 proteins. Monomers are depicted in blue and orange. Each 

monomer contains two EF-hand connected by a hinge region. From [12] 

Ca2+-binding and structural consequences 

The conformational properties, function, and oligomerization state of S100 proteins are 

modulated by metal ion binding. In the metal-free state, the helices of both EF-hands in each 

monomer adopt antiparallel conformation masking the target protein interaction site. Upon Ca2+
 

binding, there are structural changes involving motions of the two helices flank the Ca2+ binding 

residues (specifically a shift by a 90° degrees movement of helix III), exposing a hydrophobic 

surface responsible for protein stabilization and facilitate interaction with targets [5, 13] (Fig.4). 

This surface is formed by residues of the hinge region, helix III and the C-terminus, and, 

curiously, are the regions which exhibit the largest variation in amino acid sequence throughout 

S100 family. Helices I and IV barely move during the calcium binding, maintained the dimeric 

state. The highly conserved regions between different S100s are located in these helices, from 

both monomers, which correspond to the dimer interface, and that are the basis for building a 
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compact four helix bundle as core structure for both homo and heterodimers [5]. Also, helices 

I and IV comprise regions with higher aggregation propensity, contiguous to locally disordered 

segments [14].  

Figure 4 – Structural change of S100 proteins upon calcium binding. Calcium‐driven conformational 

changes at the EF‐hands in S100 proteins. Structure of the N‐terminal, S100‐specific EF‐hand (A) and the C‐

terminal, canonical EF‐hand (B) in the metal‐free (lighter) and Ca2+‐bound (darker) form of S100A6. The EF‐hand 

flanking helices (HI–HIV) are identified. From [5] 

Generally, dimeric S100 proteins can bind up to four Ca2+ (Kd = 20–500µM) with strong 

positive cooperativity [11]. In the absence of a protein target, S100 proteins exhibit modest 

Ca2+-binding affinities that are well below intracellular calcium concentrations (which is around 

100nM [15]). However, Ca2+-binding affinities increase by 5–300-fold in the presence of 

peptide and protein targets [16]. Ca2+ binding to S100s may be crucial for its functions and also 

for the formation of heterodimers, as exemplified for (S100A8/A9)2 tetramers [17]. In the 

absence of Ca2+, the EF-hands can instead accommodate Mg2+ ions. The reported affinities 

for Mg2+ ions are rather low, having only a minor effect on Ca2+ binding. Like other EF-hand 

proteins, Ca2+ binding-conformational changes leads to the ability to bind another metal-ions, 

as Zn2+
, Mg2+, Mn2+ and Cu2+

 at secondary binding sites [5, 18]. 

Additional metal ions binding sites 

In addition to Ca2+, many S100 proteins (such as S100A2, S100A3, S100A6, S100A7, 

S100A8 ⁄ A9, S100A12, and S100B) also bind zinc with high affinity (Kd= 4nM to 2mM) [19]. 

Each of these S100s, in general, binds two Zn2+ ions per homodimer which are coordinated by 

residues from both subunits, stabilizing the dimer [20]. The binding occurs invariability at dimer 

interface. Zn2+-binding to S100 proteins can be divided into two groups: one involves Cys 

residues and the other involves only side chains of His, Glu and Asp residues. Zn2+ 

coordination leads to a stabilization and extension of the C-terminal helix, changing the 

orientation of residues involved in target binding. There is evidence for a crosstalk between 

Ca2+ and Zn2+ binding to S100 proteins. For example, in S100B and S100A12, Zn2+ biding 

leads to an increase in Ca2+ affinity [21], whereas in S100A12 an opposite effect of Zn2+ 
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decreasing Ca2+ affinity was observed, pointing to an interplay of the metal ions in the activation 

of S100s [22]. This increase in Ca2+ affinity may be due to the His residue located in the Ca2+-

binding loops, which are part of Zn2+ coordinated residues, that may help to stabilize Ca2+-

bound conformation, thereby increasing Ca2+ affinity. Other Zn2+ coordinating residues are in 

the C-terminus of the S100 proteins and Zn2+ coordination leads to stabilization of the C-

terminal helix, changing the orientation of the residues involved in target binding. As expected 

from these structural changes, Zn2+ binding modulates target binding properties of different 

S100 proteins [5]. Additionally, some S100 proteins members, as S100A5 [23], S100A12 [24, 

25] and S100B [26], also bind Cu2+ and this binding occur frequently at the same sites as 

Zn2+but with different affinity (Kd=0,46 -55 µM) [23, 27]. Overall, metalation state influence 

S100 protein conformation, modulation of folding, oligomeric state and presumably functions.  

Quaternary structures – Oligomerization 

S100 family members typically form homodimers, with the exception for the S100G 

which is monomeric and for the S100A8/A9 which appears in nature as a heterodimer [28], in 

a strictly Ca2+-dependent manner [29]. Other heterodimers were reported in vitro like 

S100A1/A4 [30], S100A4/A9 [31], S100A1/P [32], and S100B/A6 and S100B/A11 [33] and the 

formation of these and tetrameric species is, in some cases, promoted by Ca2+binding. [34]. 

Besides dimers, also other S100s conformations such as tetramers, hexamers, octamers, and 

higher oligomeric states were already found [6]. S100s tetramers (S100B [34]) , S100A2 [22], 

and S100A8/A9 [29]), hexamers ( S100B [34], S100A12 [20, 35]), and octamers (S100B [34]), 

exhibit distinct signaling properties and functional and structural diversity from the 

homodimers, as functional oligomers [5] (Fig.5).  

Figure 5 - S100 oligomeric structures. Example of S100 different multimeric states, as S100B octamer, 

2H61; (A), S100A12 hexamer, 1GQM (B) and S100A8/A9 tetramer, 1XK4 (C). Each dimer in S100B or S100A12 is 

shown in an individual colour. S100A8 is shown in red, S100A9 in blue. Bound Ca2+ ions are shown as spheres; 

intersubunit Ca2+ ions are shown as magenta spheres. From [5] 

 
 

 
 

A B C 

S100B S1001 S100A8/A



II. The S100 protein family: structure, function, and biological activities 

24 

Oligomeric proteins are probably more abundant in nature than monomers. There is 

strong evolutionary pressure for monomeric proteins to associate into oligomers [36]. The 

oligomers consist of noncovalently associated subunits and can also be either stable or only 

transiently formed during their specific functional cycle. Oligomerization can be achieved in 

different ways: two or more monomers form dimers, trimers tetramers etc.; tetramerization can 

be result of addition of monomers to dimers, trimers, etc.; or dimers of dimers, as occurs in 

tetramers of glyceraldehyde-3-phosphate dehydrogenase and yeast pyruvate decarboxylase 

[37, 38]. Higher order oligomerization of S100 proteins is mostly non-covalent (S100B covalent 

tetramers have been described) and can be promoted by low affinity metal binding sites at the 

exterior surface of the dimer. Both Ca2+ and transition metals (particularly Zn2+) have been 

shown to stimulate oligomerization in vitro, and crystal structures have revealed a range of 

oligomeric states (Fig. 6). As mentioned above, Ca2+-binding leads to conformational changes 

allowing the exposure of the aggregation prone regions (APRs) at the dimer interface. Under 

normal conditions, these APRs are protected from aggregation because they are buried in the 

hydrophobic core of S100 protein domains [39] or interaction sites. Moreover, they are flanked 

by intrinsically disorder regions (IDR), but, when exposed, can form oligomers and amyloids 

which can therefore influence downstream signaling and overall cell proteostasis [14]. 

However, the probability of aggregation-nucleation regions become solvent exposed increases 

with disease-state conditions, as mutations, physiological stress, or age-related 

dysregulations. In those conditions, APRs starts to self-assemble into β-structures which can 

undergo from small soluble oligomeric assemblies to large insoluble inclusions [40].  

Figure 6 – Oligomerization of S100 proteins. A scheme of interconversion pathways of S100 proteins, 

evidencing the conformational change upon Ca2+ and other metal ions (M2+) binding, and possible routes for 

oligomerization pathways. From [5] 

In some circumstances, more highly oligomerized S100 protein may be more 

functionally efficient. Tetrameric S100A8/A9 has been introduced as one of the S100 functional 
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oligomers in a Ca2+ or Zn2+-dependent manner [41]. In some cases high concentrations of 

S100s are required for activation whereas other functions depend on very low amounts [42], 

indicating different receptor affinities, different extents of ligand-induced receptor 

oligomerization or requirements of coreceptors [28]. Oligomerization thus seems to be 

determinant to S100s biological function and signaling. This occurrence raised the interest in 

S100 protein biology and pathology, as S100 oligomers and amyloids may have yet unknown 

roles in human disease, possibly by interfering with physiological S100 functions [5, 43]. 

Together, these facts suggest that S100 may undergo amyloid-like, fibrillar and oligomeric 

conformations under specific conditions, and that, clearly, metal ions play a determinant role 

in the process.  

 

1.3. Function of S100 proteins in health and disease 

Expression levels and localization  

Expression of S100 proteins is carefully regulated to ensure the maintenance of 

immune homeostasis [44]. Epigenetic mechanisms play a vital role in the regulation of S100 

gene expression, with methylation of DNA as a common method of transcriptional repression, 

and DNA hypomethylation as a significant expression inducer of several S100 members [45]. 

As an example, the S100A8/A9 heterodimer (termed calprotectin or CP) is constitutively 

expressed in certain immune cells including monocytes, neutrophils, and dendritic cells [46]. 

However, upon activation, it is also expressed in fibroblasts or mature macrophages [47], 

among other cell types. In neutrophils, 45% of the cytosolic proteins are constituted with 

S100A8 and S100A9, whereas the proportion in only 1% in monocytes [48]. Increasing 

evidence indicates that several S100 expression patterns differs between physiological and 

pathological conditions. For example, S100A8 and S100A9 expression could be upregulated 

by a number of conditions such as oxidative stress, specific cytokines, and growth factors in 

many types of cells [49]. In the case of S100A12, in physiological conditions, it is expressed in 

neutrophils, monocytes, and early macrophages [3, 49] but, under inflammation, can be 

detected in endothelial and epithelial cells, and pro-inflammatory macrophages [50]. 

Interleukins (ILs) also can significant increase S100s expression levels, as S100A9, by p38 

MAPK pathway [51], and S100A7 in keratinocytes [52], and Calprotectin in tumor-infiltrated 

myeloid cells [53].  
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Functions dependent and independent of Ca2+ binding 

Despite a high degree of structural similarity, S100 proteins are not functionally 

interchangeable. S100 family members modulate complex cellular responses through a 

multitude of protein:protein interactions, including regulation of cell apoptosis, cytoskeleton 

organization, cell proliferation, differentiation, migration/invasion, Ca2+ homeostasis , protein 

phosphorylation and inflammation in different cell types [28] [54-56]. (Fig 5). These functions 

can be either calcium-dependent or calcium-independent. Functionally, S100s are distributed 

into three main subgroups: a first group includes S100s proteins that only exert intracellular 

regulatory effects; a second group comprises S100s with intracellular and extracellular 

functions; and in a third group S100 proteins mainly possess extracellular regulatory effects. 

On the first subgroup, we have, for example, S100A1 which is predominantly expressed in 

striated muscle [57] and only exerts intracellular effects related with Ca2+ recycle and calcium-

induced/calcium release (CICR) cascade [58]. For the second subgroup, additionally to 

intracellular roles, some S100 are released into extracellular environment and may exert 

extracellular functions. As examples we have S100B which can activate extracellular signal-

regulated protein kinase (ERK) and nuclear factor κB (NF-κB) by binding to its cell surface 

receptor – receptor for advanced glycation end products – RAGE [59]. The third subgroup 

includes for instance S100A15 which mainly exerts extracellular regulatory functions.  

In resting cells, S100 proteins are localized intracellularly. However, as mentioned 

before, in some instances, a particular S100 protein can be induced in pathological 

circumstances in a cell type that does not express it in normal physiological conditions. They 

are released to the extracellular space where can induce autoimmune conditions and 

inflammatory disorders [28, 60, 61]. Extracellularly, S100 proteins exert regulatory activities on 

monocytes, macrophages, microglia, neutrophils, lymphocytes, endothelial and vascular 

smooth muscle cells, neurons, astrocytes, Schwann cells and epithelial cells, thereby 

participating in innate and adaptive immune responses, cell migration and chemotaxis, tissue 

development and repair, and leukocyte and tumor cell invasion [28]. They are also involved in 

key cellular processes, for example, as pro-inflammatory cytokines and as signaling 

molecules, by the interaction with intracellular receptors, which are dependent of a dynamic 

cellular range of concentrations and oligomeric states. Additionally, S100s also have a role in 

inflammation and migration, through interactions with a variety of target proteins including 

enzymes, cytoskeletal subunits, receptors, transcription factors and nucleic acids [56] (Fig. 7). 

Some of their key regulatory functions are described in Table 1, as well as their involvement 

in disease states.  
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Table 1- S100 proteins: Intra and extracellular functions involved disease pathologies. 

S100 

Protein 
Intracellular function Extracellular Function Involved disease 

S100A1 
Interact with sarcoplasmic reticulum Ca2+-ATPase and RyR2 in the heart 

[61] 

Promote Ca2+ flow into cultured ventricular cardiomyocytes [62], lengthen action 

potentials and enlarge action potential-induced Ca2+ transients in neurons [63]. 

Involved in breast cancer [41] 

S100A1 deficiency results in abnormal SR Ca2+ content and 

fluxes, deterioration of cardiac performance and heart failure. 

Cardiomyopathy [64] 

S100A2 
Bind to p53 transactivation domain and potentiate p53 as a tumor-

suppressing protein [65] 
Implicate in chemotaxis of eosinophils and calcification of cartilage/bone [66] 

Downregulated in many cancers but upregulated in some.  

Involved in oral [67] lung cancer [68] 

Tumor suppression [69] 

Other functions still unclear [70] 

S100A3 

Epithelial cell differentiation, Ca2+ -dependent hairs in the formation of the 

skin barrier [71] 

Prevent hair from oxidative damage with affluent Cys [72] 

Unknown 
Involved in prostate cancer [73] 

Involved in HCC tumorigenesis and tumor aggressiveness [74] 

S100A4 
Induces MMP expression and interacts with cytoskeletal proteins, 

tropomyosin ad actin to promote cell migration [75] 

Key role in tumor cell survival and metastasis [76]. 

Activates NF-kB, inducing production of pro-inflammatory cytokines and 

migration of neutrophils [77] 

Stimulate production of cytokine thereby impacting allergic inflammation [78]. 

Motivate cardiac myocyte growth, survival, and differentiation [76]. 

Downregulate the pro-apoptotic Bax and the angiogenesis inhibitor 

thrombospondin-1 genes, and facilitate production of MMPs in endothelial and 

tumor cells [77] 

Empowers expression of metastasis in breast cancer [75, 79, 

80], in lung cancer [81], prostate cancer [82], brain cancer [83], 

bladder cancer [83], thyroid cancer [84], among others. 

 

S100A5 
Is found in a small subset of amniote tissues but little is known about the 

biological roles. May be involved in inflammation and olfactory signaling [85] 
Unknown 

Upregulated in bladder cancers [86] and recurrent grade I 

meningiomas [87], but its pathological significance is still unclear 

S100A6 

Participate in cell proliferation, cytoskeletal dynamics and tumorigenesis [88] 

Inhibit the interaction between heat shock proteins (Hsp70 and Hsp90) and 

Sgt1 or Hop to favor apoptosis in some cells [89] 

Stimulates insulin release from pancreatic islet cells [88] 

Regulate allergic responses via inhibiting histamine that are released by mast 

cells [88]. 

Activates RAGE and promote apoptosis and generation of ROS in 

neuroblastoma cells [9] 

 

Involved in Gastric cancer [90] 

Associated with impaired axons in ALS [91] 

Possible involvement in nervous system pathologies, as AD, 

ALS, PD and HD [92] 

Upregulated in AD [53] 

S100A7 

Signals through RAGE to activate NF-κB, inducing production of pro-

inflammatory cytokines and migration of neutrophils, monocytes, and 

macrophages [93] [94] 

Involved in antimicrobial responses and innate immunity [95] 

Adheres to, and reduces E. coli survival [95] 

Zn2+--binding S100A7/RAGE is required for chemotactic activity for 

lymphocytes, monocytes, and granulocytes [96] 

S100A7 can cooperate with S100A15 thereby aggravating inflammatory 

response and promote ROS production from neutrophils [97] 

Prevent generation of amyloidogenic peptides in Alzheimer's disease [98] 

Overexpressed in inflammatory skin diseases [99] 

Overexpression induces leukocyte infiltration linked to 

inflammatory skin diseases such as psoriasis [100] 

Aggressive features in breast cancer [93, 101] 

S100A8 

Implicated in myeloid cell differentiation [102] 

Stimulate keratinocyte differentiation via inhibiting telomerase activity and 

exerts anti-inflammatory effects [103] 

Scavenge intracellular ROS generated by neutrophils and may stabilize NO 

in these cells [104] 

Suppress NADPH oxidase activation and transnitrosylate hemoglobin by S-

nitrosylation of S100A8 [105] 

Regulate transendothelial migration of neutrophils by reducing p38 mitogen-

activated protein kinase (MAPK)-dependent phosphorylation of S100A9 in 

neutrophils [105] 

Involved in regulation of inflammation [106] 

Murine and human S100A8 is chemotactic for leukocytes (at picomolar 

concentrations) [107] and for neutrophils (depending on oxidation state) [108], 

respectively. 

Mitigate inflammation response by scavenging oxidant and generating functional 

modifications [53], [54], [55]. 

Induce generation of TNF-α and IL-1β by binding to TLR-4, inhibited by S100A9 

[109] 

Can inhibit MMP activity, suggesting an auto-regulatory mechanism [110] 

Scavenges intracellular ROS and stabilizes NO in neutrophils, protecting from 

oxidative damage in inflammatory lesions [109] 

Overexpressed in inflammatory and autoimmune conditions. 

Involved in thyroid cancer [111] 

Precede the formation of AD plaques in mice models [112] 
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S100A9 

Abolish S100A8-induced reduction in telomerase activity [103] 

Inhibits myeloid (dendritic cell and macrophage) differentiation and 

accumulation of myeloid-derived suppressor cells in pathological responses 

by intracellular ROS generation, contributing to tumor growth [113] 

Reduce microtubule polymerization and F-actin cross-linking via the 

S100A8/S100A9 complex [105] 

As a substrate of p38 MAPK, phosphorylation of S100A9 regulates 

exocytosis by promoting cytoskeletal reorganization [114] 

Regulates S100A8/A9 activities 

Involved in leukocyte migration, chemotactic for neutrophils [115] 

Induces TNF-α, IL-1β, IL-6, IL-8 in macrophages in NF-kB activation [116] 

In the presence of Zn2+ and Ca2+ S100A9 is a RAGE ligand and a TLR-4 ligand 

and may contribute to the pathogenesis of autoimmune diseases[117] 

Mediate dystrophic calcification [118] 

Anti-inflammatory properties [119] 

Suppresses macrophage activation following uptake of apoptotic neutrophils, in 

vitro [120] 

Anti-inflammatory in healthy state, while oxidative stress 

activates its pro-inflammatory functions.  

Contributes to the pathogenesis of autoimmune diseases [121] 

Involved in prostate cancer [122], brain cancer [123], lymphoma 

[122] and melanoma [124] 

Associated with osteoclast generation and bone degradation 

[125] 

Involved in AD, contributing to amyloid plaque formation together 

with Aβ [126, 127], and PD, co-aggregating with α-syn [128]. 

S100A8/A9 

(Calprotectin) 

Inhibits myeloid cell differentiation [102] and interacts with nuclear factors 

[129] 

Transports unsaturated fatty acids and promote NADPH oxidase activation 

in phagocytes by interaction with p67phoxand and Rac-2, and enhance 

ROS levels [130] 

Induces microtubule polymerization and F-actin cross-linking 

Anti-microbial properties mediated by chelation of Zn2+ and Mn2+ [131] 

Contributes to the anti-invasive properties of skin [132] 

S100A8/A9 amyloid deposition in aging prostate [49] 

Activate proinflammatory cytokine production by human monocytes and 

macrophages via the NF-κB and p38 MAPK pathways [116] 

Promotes tumor development via RAGE-mediated production of inflammatory 

mediators [133] 

Inhibits MMPs by sequestering Zn2+ from their active sites [110] 

Released calprotectin may promote endothelial apoptosis [134] 

Abundant in atherosclerosis [118] and cardiovascular events 

[135] 

Overexpression promotes resistance to TNF-α-induced 

apoptosis and induces malignant progression through ROS 

production. 

Involved in prostate cancer [49, 136] and colon tumor [137] 

S100A10 

Enhance and assists the binding of certain membrane proteins (e.g. actin-

binding protein AHNAK) to annexin 2 by forming ternary complex with them, 

which facilitates the transport of S100A10 to the plasma membrane [138, 

139] 

Plays important roles in angiogenesis and endothelial cell function 

Heterotetrametric complexes with annexin-2 serve as extracellular binding 

partners for pathogen and host proteins [140]  

Related to promyelocytic leukemia by promoting tPA-dependent plasmin 

generation [140] 

Important role in angiogenesis in vivo, pointing a role in endothelial cell function 

[141]  

Mediates macrophages recruitment into tumor sites in response to inflammatory 

stimuli [142] 

Essential for the migration of tumor-promoting macrophages into tumor site in 

vivo [143] 

Downregulated in depressive-like states. Implication in the action 

of antidepressant drugs and electroconvulsive seizures due to its 

interaction with serotonin [139] 

Involved in lung cancer [143] and ovarian cancer [144] 

S100A11 

When phosphorylated, Ca2+-bound S100A11 inhibits cell growth through 

activation of cell cycle modulator p21 WAF1/CIP1 [145] 

Bind to Rad54B (a DNA-dependent ATPase) participated in recombinational 

repair of DNA damage [146] 

Stimulate cell growth by enhancing the levels of EGF protein family [147] 

Prohibit fertilization by acting on cumulus cells in mice [148] 

Promote chondrocyte hypertrophy differentiation and matrix catabolism by 

binding to RAGE and activating the p38 MAPK pathway [149] 

Stimulates RAGE-dependent type X collagen and IL-8 production [149] 

Signal through RAGE to activate p38 MAPK, accelerating 

chondrocyte hypertrophy and matrix catabolism to promote 

osteoarthritis progression [150] 

Involved in lung cancer [151, 152], thyroid cancer [153] and 

pancreatic cancer [154] 

S100A12 

Regulate interactions between cytoskeletal elements and membranes [155] 

Overexpression causes several vascular smooth muscle cell (VSMC) 

dysfunctions in human aortic aneurysms by regulating mitochondrial function 

and promoting the production of proMMP2, phosphorylation and nuclear 

transport of Smad2 [156] 

Constitutively expressed by neutrophils  

Inhibits growth and motility of filarial parasites [25] 

Enhances Zn2+ activity [157] 

Induce pro-inflammatory cytokine production from master cells [158] but it does 

not occur in human monocytes or macrophages [159] 

Bind to RAGE exerting a role in promoting remodeling of atherosclerotic plaque 

and nodular calcification in vascular smooth muscle cells [160] 

Expression in epithelial cells is associated with growth arrest. 

Overexpression linked to leukocyte influx [156] 

Involved in thyroid and colorectal cancer [161] 

S100B 

Stimulates cell proliferation and migration and inhibits apoptosis and 

differentiation [162]. 

Lack of S100B downregulation may maintain cell proliferation with potential 

beneficial effects during development and tissue regeneration, and 

detrimental effects during tumorigenesis. 

Regulates Ca2+ homeostasis [163] 

Different effects on neurons, astrocytes and microglia depending on the 

concentrations [17] 

Up to a few nanomolar amounts, behaves like a neurotrophin protecting neuronal 

cells against neurotoxic stimuli, whereas at micromolar doses it kills neurons 

through excess ERK1/2 stimulation and ROS production and/or potentiation of 

neurotoxic effects of β-amyloid, via RAGE engagement [17, 164] 

Stimulates astrocyte proliferation at low doses and promotes inflammatory 

activities at high doses [17, 164] 

Overexpression of S100B accelerates AD-like pathology, in transgenic mice 

[165] 

Involved in brain, cartilage and muscle repair, activation of 

astrocytes in brain damage and neurodegenerative processes, 

cardiomyocyte remodeling after infarction and in melanoma 

genesis and gliomagenesis.  

High levels of expression in AD [166, 167] and PD [54] 
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Figure 7 – Role of S100 proteins intra and extracellular. S100 proteins have different functions in cell 

housekeeping and inflammation. Intracellular functions extend to specific cell functions such as membrane protein 

recruitment and trafficking (1), cytoskeleton assembly and organization (2) transcriptional regulation and DNA repair 

(3) and Ca2+ homeostasis (4.). Release of S100 proteins occurs either passively upon cell damage or actively 

following cell activation (5). Once released into the extracellular space, S100 proteins interact with RAGE, TLR4 (6) 

and EMMPRIN. Upon binding to their receptors, proinflammatory pathways are activated promoting cell migration, 

proliferation, and differentiation (7). S100 protein-induced signaling pathways also lead to the expression of MMPs 

and CAMs, thereby promoting chemotaxis and tissue remodeling (8). S100s intracellular signaling results in gene 

regulation and transcription to restore proteostasis (9). Certain S100 proteins, such as S100A8/A9, are extremely 

sensitive to oxidation (10). Their redox state acts as a molecular switch from proinflammatory function to protective 

wound-healing and antioxidant function. In return, oxidation sensitive S100 proteins are believed to act as 

scavengers of ROS and NO and thereby prevent oxidative stress. CAM – cell adhesion molecule, MMP – matrix 

metalloproteinase, ROS – reactive oxygen species, EMMPRIN – extracellular matrix metalloproteinase inducer, 

RAGE – receptor for advances glycation end products, TLR4 – tool-like receptor4. Adapted from [169, 170]  

 

Several S100 proteins can act as damage-associated molecular pattern recognition 

factors (DAMPs) in the adaptive and innate immune systems [28] and are known to be 

recruited to sites of inflammation [171]. DAMPs are linked with cell death and tissue damage 

through induction of inflammatory responses, including rheumatoid arthritis (RA), osteoarthritis 

(OA) and atherosclerosis [28], or production of biological active molecules [4, 172]. 

Proinflammatory responses are triggered via binding to pattern recognition receptors 

expressed on epithelial cells and innate and adaptive immune cells After cell damage/stress 

or activation of immune cells including neutrophils and macrophages, S100 proteins in 

extracellular space exert regulatory effects on several different cell types. They can activate 
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both immune and endothelial cells by binding to receptors for advanced-glycation end products 

(RAGE) and toll-like receptors (TLR), or other receptors. These interactions are mediated upon 

calcium and zinc binding [173, 174]. 

S100s interaction with TLR4, leads to an intracellular signaling pathway.NF-κB and 

inflammatory cytokine production which is responsible for activating the innate immune 

system, and with RAGE, propagating cellular dysfunction in several inflammatory disorders 

and tumors. Upon activation of proinflammatory pathways, cell migration, proliferation and 

differentiation are promoted, contributing to the expression of MMPs (matrix 

metalloproteinases) and CAMs (Cell adhesion molecules), very important proteins for the 

cleavage of cell surface receptors and degrade extracellular matrix and maintaining tissue 

structure and function. 

Metal ions also influence S100s binding and interactions with receptors, such as for 

S100B, where Ca2+ promotes tetramerization and tighter interaction with RAGE [34]. Moreover, 

Ca2+ and Zn2+ binding to S100A9 is both required for interaction with receptors such as RAGE 

or TLR-4 [7, 8, 175]. There is evidence showing that binding of CP, as well as S100A8 and 

S100A9, to TLR4 triggers a signaling cascade that modulates processes such as inflammation, 

cell proliferation, differentiation, and tumor development via NF-κB activation [173, 176]. 

Calprotectin is the most-well studied of the S100 proteins in the immune response; it has been 

shown to function in the response to a range of microbial pathogens via a mechanism termed 

“nutritional immunity”, inhibiting growth by sequestering nutrient transition metals Zn2+ and 

Mn2+ [18]. Also, calprotectin binds and sequesters zinc, thus inhibiting matrix metalloproteinase 

and other zinc-dependent enzymes as well as interfering with microbial growth. Elevated CP 

in plasma levels may lead to severe dysregulation of zinc homeostasis. Besides, Zn2+ have an 

important role in conformation and oligomeric state of S100 family. [177].  

Considering the multiplicity of functions associated with S100 proteins, it is not a 

surprise find these proteins deregulated expression and implicated in numerous human 

disorders. Various S100 proteins are found in body fluids, including serum, urine, seminal 

plasma, saliva, sputum, cerebrospinal fluid and in feces and abscess fluid, principally 

associated with active disease states. They have been implicated in the control of a wide 

number of intra and/or extracellular functions, including different types of cancers [7, 8], 

neurodegenerative disorders [94, 168] , inflammation and autoimmune diseases [7, 8, 16, 178, 

179], and typically involves upregulation. Moreover, calcium remodeling of Ca2+-homeostasis 

and dysregulation of Ca2+-signaling in cells is closely associated with uncontrolled cell 

multiplication, an increase in cell migration, angiogenesis, invasion and cancer progression 

[180].  

https://en.wikipedia.org/wiki/Innate_immune_system
https://en.wikipedia.org/wiki/Innate_immune_system
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S100 proteins involvement in disease state and use as novel biomarkers 

S100 proteins have received increasing attention due to their close association with 

many human diseases. Since several S100 proteins can be identified in body fluids, they may 

be used as biomarkers to detect specific diseases. Different expression levels of S100 protein 

family are associated with various pathological conditions, as neurological disorders as 

neurodegeneration and traumatic brain injuries [168], cancers [7, 56], inflammation and 

autoimmune diseases [179], and typically involves upregulations [178]. The complexity of the 

different expression patterns of alterations implies that S100 proteins have a little range of 

action between acting as both friend and foe and exert both pro- and anti- pathological actions.  

In acute inflammation, there are generally elevated systemic levels of some S100s, as 

S100A8, S100A9 and/or S100A12, likely released from extravasating neutrophils and 

activated macrophages [28]. Proteins S100A4, S100A8/9, S100A11 and S100A12 have been 

found to be upregulated in the synovial tissue, synovial fluid, or serum of patients with RA [150, 

181, 182]. Expression of S100A8/A9 was elevated in the synovium of a collagenase-induced 

OA mouse model [34], as well as in patients with sepsis, correlating with severity of disease 

[183]. S100A12 levels were also found to be significantly increased in the synovial fluid of 

patients with OA when compared to healthy controls [184].Increased serum levels of S100A6 

have been reported in patients with gastric cancer[91]; S100A7 levels have been found to 

increase in cerebrospinal fluid and brain of patients with AD [99]; S100A12 presents elevated 

expression levels in patients with diabetes [185]; for individuals with obesity and coronary 

artery diseases augment CP serum levels have been observed [186] 

Nowadays some of them are already used for some diagnosis: S100A1 in an early 

diagnostic of ischemic coronary diseases [65]; S100B in melanoma [187] and also associated 

with vitiligo progression [188]; S100A4 which is implicated in metastatic tumor progression 

[189], several S100s (A7,A8,A9,A12) are involved in chronic skin disease, psoriasis, being 

S100A12 the one with closest association with disease activity [190]; S100A9-positive 

inflammatory cells in cancer tissues correlates with a better prognosis in patients with gastric 

cancer [191]; S100A9 has also been used as a robust biomarker differentiating early stages of 

cognitive impairment of AD [128]; S100A8/A9 (calprotectin) which represents promising 

biomarkers to evaluate the risk potential of various types of cancer, rheumatic diseases and 

cystic fibrosis, among many other possibilities.S100A8 and S100A9 are associated with a 

number of chronic inflammatory diseases. Beside cancers, S100 proteins also have clinical 

relevance in brain injury and pathologies having been closely associated with 

neurodegenerative diseases, such as AD, down syndrome, and schizophrenia [192]. S100s 



II. The S100 protein family: structure, function, and biological activities 

32 

also play a crucial role triggering inflammation through interaction with receptors RAGE and 

TLR4, whose calprotectin was demonstrated to be an endogenous agonist [173]. Another way 

to use S100 as therapeutic approach is the usage of inhibitors for S100B and S100A1 which 

may delay the progression of AD [193, 194]. 

S100A8 and S100A9 expression is upregulated in invasive ductal carcinoma of breast, 

and that extracellular S100A8 and/or S100A9 also contribute to the formation of the pre-

metastatic niche [195]. Additionally, S100A8/A9 heterodimer was the first of the S100 proteins 

family found to be amyloidogenic [41] namely in the ageing prostate, which were found in 

prostate amyloid deposits known as corporea amylacea [136] Yet the specific assembly 

mechanisms and global processes remains unclear. Moreover, S100A9 is abundant in the 

brain and has been found in diseased and aged tissues, in the form of punctiform histological 

inclusions in correlation with classical amyloid pathological hallmarks [127, 196-198], making 

it a robust biomarker of neurodegeneration, notably Alzheimer’s Disease [128]. In the case of 

autoimmune disorders, S100A9 was newly introduced as a novel biomarker in psoriasis, being 

highly expressed in induced psoriasiform dermatitis mice [199]. 

Although gene therapy has not been used to modulate the expression of S100 family 

members in patients with cancer, it has been used in preclinical animal models, in which, as 

example, it beneficially upregulates S100A1 expression in heart disease [200]. A novel 

therapeutic strategy can involve S100 neutralizing antibodies. Already some antibodies 

targeting S100A8/A9, S100A4 and S100A7 [201] have demonstrated efficacy for a number of 

pathological conditions, namely cancer [16]. Other approaches to modulate S100 protein 

activity include S100A4- and S100P–neutralizing antibodies [202, 203], and peptibodies 

(peptide–Fc fusion proteins) directed against S100A8 and S100A9[204]; both approaches 

reduce tumor growth in murine cancer models.  

Function-blocking antibodies directed towards receptors and ligands have been widely 

used as therapeutic agents for the treatment of numerous pathologies including cancers and 

in immune disorders [205, 206]. For example, function-blocking S100A9 antibodies can inhibit 

dextran sulfate sodium (DSS)-induced acute colitis and attenuate azoxymethane/DSS-induced 

colitis-associated cancer [207], reduce neutrophilic inflammation and airway reactivity in a 

murine asthma model [208], and diminish immune cell infiltration and preserve bone/collagen 

in a model of rheumatoid arthritis [209]. Also, in acute myeloid leukemia (AML), S100A8 

antibodies, but not S100A9 antibodies, induce AML cell differentiation, reduce leukemic burden 

and increase survival [210]. In addition, peptibodies, peptide-Fc fusion proteins that target 

S100A8 and S100A9, reduce tumor burden in multiple cancer models [204]. Lastly, in murine 

models of breast cancer, S100A9 antibodies have been used in conjunction with single-photon 
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emission computed tomography (SPECT) for the in vivo detection of S100A8/A9 as a marker 

for the establishment of the pre-metastatic niche [195, 211]. Together, these studies highlight 

the potential use of S100A8 and S100A9 antibodies as both therapeutic and diagnostic 

reagents.  

Some studies focused on S100A4 shows that it blocks monoclonal antibodies limit 

tumor metastasis and T cell recruitment in syngeneic mouse models of breast cancer [212] , 

to inhibit the growth of pancreatic tumors in immunocompromised mice [213], to decrease 

azoxymethane/DSS-induced colon inflammation and tumorigenesis [214] , and to reduce 

epidermal thickness in a mouse model of human psoriasis [16, 215]. 

Although the specificity of antibody-based therapies may reduce toxicity and off-target 

effects, their efficacy may be limited by their ability to target only extracellular S100 proteins. 

However, conformationally constrained inhibitory peptides directed against S100s, namely 

S100B, which are capable of penetrating cells, have been shown to reduce tumor growth in a 

melanoma xenograft model [7, 216]. Other common strategies for inhibiting S100 proteins 

exploit small molecules that block the hydrophobic cleft required for the recognition of S100 

targets, preventing them to bind Ca2+ and other small molecules required for their biological 

functions. These small molecules can block interactions between S100 with RAGE and TLR4, 

reducing inflammatory responses and inhibition of metastasis [217]. 

The development of molecular probes, such as antibodies and small-molecule 

inhibitors, open new insights in therapeutic approaches in S100-involved cancers and other 

diseases. Despite considerable progress in S100 protein biology, there is currently little 

information on how post-translational modifications or heterodimer formation affect S100 

signaling. A mechanistic examination of both S100 protein biology and biochemistry will be 

required to define how each family member contributes to the proliferation, metastasis, 

angiogenesis and immune evasion of cancers and other diseases.  

Summing up, S100s have a very specific expression pattern levels for each cell 

compartment, needed for their correct functions. As much as we know about their involvement 

in different pathways, the more we can use them as biomarkers to identify and influence 

pathological states. Moreover, they become good potential drug targets, in the way that we 

can block or enhance their functions. 

 

1.4. S100 proteins in neurodegeneration 

Neurodegeneration refers to a slow and progressive atrophy and loss of function of 

neurons. is a process which leads to irreversible neuronal damage and death and a common 
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final pathway present in aging and neurodegenerative diseases (ND), such as Alzheimer’s 

disease (AD), Parkinson’s disease (PD) and amyotrophic lateral sclerosis (ALS). There is an 

increase recognition that inflammation plays a critical role in ND of the central nervous system 

(CNS). Simultaneously, a feedback and feedforward responses of vascular, astrocytes, and 

microglia demonstrates that ND involves many roles and interactions of different intermediates 

and cell types in the decline of brain homeostasis [218]. Additionally, metal ion homeostasis 

and calcium signaling are also implicated in disease pathogenesis. In the early stages of AD, 

calcium imbalance triggers neuronal apoptosis and formation of free radicals through 

mitochondrial dysfunction [167]. An increased neuroinflammatory response has been 

observed in AD, mediated by the binding of receptors RAGE and TLR4, activating microglia 

and reactive astrocytes, inducing the chronic expression and secretion of cytokines and 

chemokines – the so called alarmins or DAMPs – enhancing possibly loss of synapses and 

neurons[219]. Among these alarmins are S100 proteins, Fig. 8. 

Figure 8 – Crosstalk between activated microglia signals and its ligands in neuroinflammation, 

namely Alzheimer’s disease. Upon inflammation, overexpression of S100 proteins is activated. RAGE-mediated 

activation of glia cells results in the release of inflammatory cytokines. The brain becomes the site of intense 

inflammation and oxidative stress that facilitates formation of AGEs, and there is accumulation of S100 proteins 

during disease. Chronic RAGE activation triggers several AD-associated neuropathological features including 

microglia activation, the production of reactive oxygen species (ROS), neurite degeneration, and neuronal apoptosis 

ultimately leading to memory impairment. From [220] 

 

S100 proteins influence cognitive processes in the healthy brain and play roles in 

development and neuronal maintenance. As DAMPs molecules, they play a role in the 

pathogenesis of neurodegenerative diseases. Some members of the S100 protein group such 

as S100B [165], S100A9, S100A8, S100A12, S100A1 [194], and the S100A8/A9 complex 
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[221] are thought to be closely associated to the severity of diseases such as Alzheimer's [167, 

222] and Parkinson's [168]. 

Because S100 proteins are involved in diverse pathways in health state and the 

deregulated expression in response to stress in disease state, affecting other pathways, S100s 

gain significant interest. In view of the large number of tertiary and quaternary structures and 

the complex structure–functional relationship affecting S100s interactions with target proteins, 

it is tempting to speculate that this variability may account for the promiscuity of S100 proteins. 

Their involvement in neurodegeneration, more specifically in AD, will be discussed in the next 

chapter. 
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1. Abstract 

Alzheimer’s disease is a the most common cause of dementia that affects millions of 

people. Deposition of Aβ peptide and phosphorylated tau protein into plaques and amyloids, 

and neuroinflammation, are the major biochemical hallmarks of the disease. Increasing 

evidence links proteins of the S100 family to the pathogenesis of Alzheimer’s disease (AD). 

S100 proteins are EF-hand calcium-binding proteins with intra- and extracellular functions 

related to regulation of proliferation, differentiation, apoptosis, and trace metal homeostasis, 

and are important modulators of inflammatory responses. For example, S100A6, S100A8, and 

S100B expression levels were found increased in inflammatory diseases, but also in 

neurodegenerative disorders, and S100A8/A9 complexes may provide a mechanistic link 

between amyloid-beta (Aβ) plaque formation and neuroinflammation. On the other hand, 

S100B, a proinflammatory protein that is chronically up-regulated in AD and whose elevation 

precedes plaque formation, was recently shown to suppress Aβ aggregation. Here, we report 

expression of S100A6 and S100B in astrocytes and less so in neurons, and low level of 

expression of S100A8 in both neurons and glial cells in vitro. In vivo, S100A8 expression is 

almost absent in the brain of aged wildtype mice, while S100A6 and S100B are expressed in 

all brain regions and most prominently in the cortex and cerebellum. S100B seems to be 

enriched in Purkinje cells of the cerebellum. In contrast, in the brain of APP23 mice, a mouse 

model for Alzheimer’s disease, S100B, S100A6, and S100A8 show co-localization with Aβ 

plaques, compatible with astrocyte activation, and the expression level of S100A8 is increased 

in neural cells. While S100A6 and S100B are enriched in the periphery of plaques where less 

fibrillar Aβ is found, S100A8 is more intense within the center of the inclusion. In vitro assays 

show that, similarly to S100B, S100A6, and S100A8 also delay Aβ aggregation suggesting a 

regulatory action over protein aggregation. We posit that elevated expression levels and 

overlapping spatial distribution of brain S100 proteins and plaques translates functional 

relationships between these inflammatory mediators and AD pathophysiology processes that 

uncover important molecular mechanisms linking the aggregation and neuroinflammation 

cascades. 

2. Introduction 

2.1. Brief perspective on Alzheimer’s disease  

Societal impacts 

Alzheimer’s disease (AD) is the most common neurodegenerative disease and cause 

of dementia worldwide, accounting for an estimated 60-80% of cases. It is estimated that 
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currently there are approximately 55 million people worldwide living with Alzheimer's disease 

or a related form of dementia [1, 2]. In 2021 in America, more than 6 million people of all ages 

have AD. According to “Alzheimer’s association” an estimated 6.5 million American age 65 and 

older are living with AD in 2022 and this number could grow to 13.8 million by 2060. According 

About 1 in 9 age 65 and older has Alzheimer’s and almost two-thirds are women [1]. Symptoms 

of the disease can first appear after age 60, and the risk increases with age, being the sixth-

leading cause of death in the U.S. [2, 3]. Geographically, AD and dementia are most common 

in Western Europe (with North America close behind) and least common in Sub-Saharan 

Africa. In terms of ethnicity, African-Americans are about twice as likely to have Alzheimer’s 

disease or other forms of dementia as white caucasians. Hispanics are about 1.5 times as 

likely to have Alzheimer’s disease or other forms of dementia as caucasians. Statistically, one 

person in the U.S. develops AD every 66 seconds and projections point to this time decreases 

to 33 seconds [2, 3]. 

The progression of Alzheimer’s disease is divided into three broad phases: preclinical 

AD, where there are no symptoms and brain changes are unnoticeable; mild cognitive 

impairment (MCI) due to AD and dementia due to AD, accompanied by brain changes and 

problems with memory and eventually physical disability (Fig. 1) AD dementia phase is further 

broken down into the stages of mild, moderate and severe, which reflect the degree to which 

symptoms interfere with one's ability to carry out everyday activities. 

Figure 1 – Alzheimer’s disease progression. AD progression is divided into three phases: preclinical 

AD, mild cognitive impairment due to AD and dementia due to AD. Although arrows are of equal size, the 

components of AD progression are not equal in duration. From [4] 

 

Molecular hallmarks: amyloid  and tau aggregation 

The hallmarks of Alzheimer’s disease include atrophy of the cortex and hippocampus, 

the progressive accumulation of the Amyloid-beta peptide (Aβ) as extracellular plaques outside 

neurons in the brain, and of twisted intracellular strands composed by aggregated 

hyperphosphorylated tau protein as neurofibrillary tangles (NFTs) inside neurons. These 

occurrences are eventually accompanied by chronic neuroinflammation, followed by the death 

of neuronal cells and damage to brain tissue [4-6]. Simultaneously, a feedback and 

https://www.alz.org/facts/
https://www.alz.org/facts/
http://www.alzheimers.net/resources/alzheimers-statistics/
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feedforward responses of vascular, astrocytes, and microglia demonstrates that AD is a 

systems disorder which involves many roles and interactions of different intermediates and cell 

types in the decline of brain homeostasis [7]. AD is a slowly progressive brain disease that 

begins many years before symptoms emerge. It is in that time window – beginning of the 

disease and symptoms appearance – that scientist works to act on, towards preventing or 

delaying the severe progression of the disease. 

AD is heterogeneous and multifactorial with sporadic (sAD) and familial (FAD) forms. 

Either increased production of Aβ and/or production of more aggregation prone species of Aβ 

(in case of FAD) or impaired clearance of Aβ (in the case of sAD) results in Aβ accumulation 

in the brain. The large majority of patients, ~95% of the cases, have the sporadic form or late 

onset dementia, LOAD, (mid -60s or later). This form is very complex and, besides 

environmental risk factors, is known a specific gene that directly increases the risk of AD, the 

APOE gene (and its forms APOE-e4, APOE-e2 and APOE-e3) responsible for encoding 

apolipoprotein E, representing about 40-65% of people diagnosed with AD [8-10]. The few 

remaining patients, less than 5% of all people with Alzheimer, have the familial form with early 

onset dementia, EOAD, (between 30s and mid -60s) and may present different symptoms. 

Autosomal-dominant forms of EFAD result from mutations in one of three genes encoding 

essential proteins for Aβ formation: the amyloid precursor protein (APP) and the Presenilins 1 

and 2 (PSEEN1/2) [11, 12]. Presenilins are components of catalytic subunit of γ-secretase 

multicomplex, responsible for the cleavage of APP and formation of Aβ, and of these, 

presenilin-1 is by far the most common cause of early onset familial AD. Mutations in these 

three genes result in the production of abnormal proteins that are associated with the disease. 

Each of these mutations plays a role in the breakdown of APP, a membrane glycoprotein that 

plays an important role in range of biological activities, including neuronal development, 

neurogenesis, neurite outgrowth and guidance, synapses formation and repair, intracellular 

transport, and other aspects of neuronal homeostasis [13, 14]. APP proteolytic cleavage is part 

of a process that generates harmful forms of amyloid plaques by the accumulation of the Aβ 

peptide extracellularly, a hallmark of Alzheimer’s disease, causing neuronal dysfunction. A 

schematic representation of the process is showed in Fig. 2.  
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Figure 2 - Amyloid-β pathways that leads to AD. Schematic representation of Aβ amyloidogenic 

pathway: cleavage of APP by β-secretase and subsequently by γ -secretase results in the production of an amyloid 

plaque and sAPP-β release externally. The externally released Aβ fragment forms toxic oligomers and eventually 

packaged in amyloid plaques. The nonamyloidogenic pathway is initiated by α-secretase releasing sAPPα 

(secreted α-APP) into the intracellular space. The resulting CTF-α fragment is cleaved by γ -secretase in the 

intermembrane space resulting in both the AICD and p3 fragments that are both non-plaques forming elements. 

From [15] 

 

Amyloid-β is secreted through sequential APP cleavage, by the β/γ-secretases, 

resulting in different Aβ species predominantly 38-42 amino acid long from the membrane into 

the extracellular space [16]. These Aβ peptides should be degraded by enzymes, as neprilysin 

and insulin degrading enzyme [17], but, in AD, the production and clearance of Aβ is 

imbalanced and triggers its deposition into amyloid plaques [18]. There are two most common 

isoforms Aβ40 and Aβ42, with the more hydrophobicity and fibrillogenic being Aβ42. Some 

experiments have shown correlations between Aβ42/ Aβ40 ratios, with a lower ratio associated 

with higher amyloid burden and steeper accumulation trajectories [19], greater cognitive 

decline [20], or increased risk of developing AD dementia [21]. There is an emerging 

consensus that the soluble oligomeric species of Aβ42 (dimers, trimers, and small oligomeric 

aggregates but not monomers) are more neurotoxic than the previously implicated insoluble 

Aβ42 mature fibrils and dense fibril meshes (senile plaques) [22, 23]. Aβ aggregates can be 

found as soluble oligomeric forms in APP-transgenic mice and human diseased brains [24]. 

Therefore, there is a possibility that aggregation of Aβ into plaques is a neuroprotective 

mechanism that eliminates the toxic oligomeric forms [5].  

Beside Aβ, NFTs are also a translational hallmark of AD. NFTs are comprised of the 

microtubule-associated protein tau, in the form of filamentous tau polymers aggregates. Tau 

protein functions involves the binding to microtubules and assists with their self-assembly, 

formation and stabilization. However, when tau is hyperphosphorylated, is unable to bind to 
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the microtubules and become misfolded and unstable, leading to its disintegration. In addition 

to the well-known changes in phosphorylation state, tau undergoes multiple truncations and 

shifts in conformation as it transforms from an unfolded monomer to the structured polymer 

characteristic of NFT [25] (Fig. 3). These structures occur in the regions of the brain 

responsible for the various cognitive domains that are compromised during the course of AD. 

According to findings, the propagation of these tau tangles is closely tied to AD’s clinical 

progression [26]. The presence of NFTs is also found in numerous other diseases knows as 

taupathologies. 

Figure 3 – Neurofibrillary tangles (NFTs) formation in AD. Schematic representation of microtubule-

associated Tau protein in healthy neurons, and neurofibrillary tangles formation in Alzheimer’s disease leading to 

microtubules disintegration. From [27] 

Intraneuronal neurofibrillary tangles interfere with numerous intracellular functions. 

Because the tau pathology occurs within the cell bodies and processes of neurons and/or glia, 

it has always been assumed to be harmful [25]. Tau was found to be involved in certain genetic 

forms of frontotemporal dementia (FTD), suggesting that tau’s aggregation into filaments 

results in a toxic gain of function much like that hypothesized for Aβ accumulation in AD. 

Overexpression of neurofilaments leads to accumulation and neuronal degeneration [25] and 

therefore it is likely that tau self-assembly causes neurodegeneration. In AD this process may 

be induced by Aβ [22], while in familial FTD it is caused by a Tau mutation, rather than an 

extracellular insult, which enhances tau filament formation. Findings such as these compel an 

understanding of the changes that drive, accompany, and sustain the formation of tau 

polymers in AD [28]. 

The deposition of these two proteins occurs and progresses in different parts of the 

brain: once Aβ amyloid plaques first appear in the neocortex and slowly progress through the 

striatum, brain stem cells and finally cerebellum [29], NFTs begin in the brain stem and 

progress towards the neocortex [30], in the opposite neuroanatomical direction from Aβ. Only 

in late stages of the disease, both aggregated proteins are present in the cortex. The genetic 

evidence obtained from the rare familial form of AD supports the hypothesis that the 

https://www.alzforum.org/news/research-news/tau-why-alzheimers-worsens-fast-some-slowly-others
https://www.alzforum.org/news/research-news/tau-why-alzheimers-worsens-fast-some-slowly-others
https://www.sciencedirect.com/science/article/pii/S0925443904001619#bib22
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accumulation of Aβ plaques is at the origin of the disease, and that Aβ pathology is initiated 

up to two decades before cortical tau pathology and the onset of clinical symptoms [31, 32]. 

2.2. S100 proteins and its involvement in Alzheimer’s disease  

While AD progresses, Aβ induces the chronic expression and secretion of cytokines 

and chemokines –DAMPS – enhancing Aβ generation and possibly loss of synapses and 

neurons [33]. Among these DAMPs are S100s whose multiple functions are tied to expression 

levels and intra- or extracellular localization [34-36] S100B, S100A9, S100A8, and S100A6 are 

among the most prominent brain expressed S100 proteins, which are all upregulated by aging 

and neuronal damage. Considering the involvement of S100 proteins in multiple regulatory 

functions in the brain, the fact that they have age- and damage- related expression, and a 

direct involvement in neuroinflammation, it is not surprising that they are implicated in 

molecular processes associated with AD pathogenesis. Fig. 4 depicts the intervention of S100s 

proteins in different pathways implicated in AD. 

Figure 4 –S100 proteins are involved in a multitude of functions in Alzheimer’s disease. In AD brain 

(central panel), neurons are damage due to the formation of intracellular neurofibrillary tangles (represented by the 
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blue dot) and extracellular amyloid species including ensembles of low molecular weight aggregates, protofibrils 

and fibrils (represented by the red dot) astrocyte and microglia become over activated resulting in some S100 

proteins overexpression, being implicated in several molecular processes altered in AD. (A) Tau phosphorylation 

and NFT formation. S100A1, S100A6 and S100B are involved in the disassembly of microtubules and Tau release, 

while S100A9 and S100B are found within neurofibrillary tangles. (B) APP processing. Several S100 proteins are 

implicated in APP cleavage and its amyloidogenic processing. S100A9 regulates γ- and β-secretase expression 

and activity and S100B and S100A1 regulate APP levels. Moreover, S100A7, S100A8, S100A9 and S100B 

influence Aβ levels. (C) Zinc homeostasis. Due to their zinc-binding properties, S100B and S100A6 have zinc-

buffering activities that are related to neuroprotective roles; and S100A6 reduces zinc levels and senile plaque load 

in PS/APP mouse brains. (D) Amyloid β aggregation. S100A1, S100A9, and S100B proteins can interact, modulate 

the aggregation and co-aggregate with the Aβ peptide. Several S100 proteins (S100B, S100A1, S100A6, S100A8, 

S100A9, and S100A12), are found within amyloid plaques and in astrocytes and/or microglia around amyloid 

deposits. From [37] 

 

Understanding the physiology of S100 proteins in the context of their concentration – 

dependent activities and the investigation of the transition between their trophic roles (at 

nanomolar intracellular levels) and deleterious pro-inflammatory activities (at micromolar 

extracellular levels) is particularly challenging in the context of AD pathophysiology, as it can 

open new therapeutic opportunities.  

S100B is one of the most abundant proteins in the brain (0.5%) and is constitutively 

produced by astrocytes at low levels. Brain injury and neurodegeneration result in astrocyte 

activation and increased expression of S100B, with its extracellular release and engagement 

of RAGE-mediated signaling and microglial activation [38]. Several evidences implicate S100B 

in AD pathogenesis: it is systematically elevated in AD patients and animal models [39-41], it 

is present in elevated amounts in astrocytes surrounding neuritic plaques preceding their 

appearance [42] and is suggested to regulate plaque formation. Knockout of S100B in the 

PS/APP AD mouse model selectively decreases plaque load in the cortical region [43] and its 

overexpression increases Aβ levels and deposits at early stages [44]. While elevated levels of 

extracellular S100B trigger AD aggravating roles as a pro-inflammatory enhancer, novel 

protective functions for S100B at lower levels and early disease stages are emerging. Recently 

we have established that S100B is a regulator of elevated zinc levels in the brain and that this 

metal-buffering activity is tied to a neuroprotective role, through an indirect effect on calcium 

levels and in inhibition of excitotoxicity [45]. Also, we have recently reported a calcium-tuned 

interaction between S100B and Aβ42 monomers, oligomers, and fibrils that suppresses Aβ42 

aggregation and mitigates its cellular toxicity [46]. S100A6 is also upregulated in AD patients 

as well as in AD model mice [47-49]. The protein is found in clusters in astrocyte-positive 

regions within senile plaques. Its high affinity zinc binding properties led to the suggestion that 
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it may play a role in the regulation of the homeostasis of this metal ion in AD [47]. Interestingly, 

a zinc sequestering effect similar to that reported for S100B was recently elucidated: 

exogenous S100A6 protected cultured cells against Zn2+ toxicity and in APP/PS1 transgenic 

mice, increased S100A6 levels correlated with disaggregation of Aβ and decrease in plaque 

load [50]. Finally, S100A8 is also implicated in AD and its levels correlate with those of Aβ, 

being elevated in the hippocampus of Tg2576 and TgAPParc AD model mice [51]. 

Reciprocally, exposure of SH-SY5Y neuroblastoma cells to recombinant S100A8 increased 

Aβ42 and decreased Aβ40 production [51]. Studies in Tg2576 and TgAPParc AD mice brains 

indicate the presence of S100A8 inclusions distinct from corpora amylacea, that are formed 

independently of Aβ plaques [51], a feature which is likely tied to the self-assembly propensity 

of the S100 family members [52-54]. 

S100A9, also known as MRP14, has been shown to be involved in the progression of 

neurodegenerative and neuroinflammatory disorders [55-59] and to be strongly increased in 

brain lysates of AD [60, 61]. S100A9 was found to be present in activated glial and neurons 

positive for tau neurofibrillary tangles [62] and to be abundant in tissues surrounding amyloid 

deposits in AD [63], where is suggested that the increase of Aβ42 aggregation and deposition 

correlates with the elevation of S00A9 levels [63]. In some studies, it was possible to observe 

Aβ42 plaques and also isolated S100A9 plaques that are not colocalized, forming separate 

tissue deposits [56, 64]. In vitro biophysical approaches showed that S100A9 binds to Aβ40 

through hydrophobic interactions [63, 65]. Kinetic assays suggested that S100A9 co-

aggregates with Aβ40, promoting the formation of amyloid fibrils. The co-aggregation of 

S100A9 with Aβ42 was also referred to inhibit Aβ42 cytotoxicity [63]. Knockdown of S100A9 

decreases cognition decline on Tg2576 mice and reduces amyloid plaque burden [60, 66]. 

S100A9 was found within amyloid plaques of sporadic and familial PS-1 AD brains [62, 63]. 

Also in Tg2576 AD mice, knockdown or knockout of S100A9 significantly reduced the 

neuropathology and greatly improved learning and memory [60], suggesting a link between 

S100A9 and AD pathology. However, the underlying structural and molecular details of such 

process remain enigmatic, and the characteristics of the fibrillar materials formed may differ 

from those of canonical amyloid fibrils. S100A8 was also found to be upregulated in AD 

patients [67]. Aggregates have also been suggested to precede the formation of AD plaques 

in mice models [51] S100 protein regulate several processes associated with AD but whose 

contribution and direct involvement in disease pathology remains to be fully established. 

S100A8 were found in microglial cells localized around amyloid plaques [61]. Also associated 

with amyloid plaques are S100A1 [68], S100A6 [50] S100A9 [62], S100A12 [62] and S100B 

[62]. Moreover, low levels of S100A9 inhibit Aβ42 cytotoxicity [37]. 
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Like for AD, recent studies have shown that S100A9 is abundant in PD brain tissues 

both intracellularly and inside the Lewy bodies amyloid deposits, co-localized with in α-

synuclein. In that study, they introduce the native S100A9, rather than its fibrils, as a player in 

α-synuclein aggregation, potentiating its amyloid formation [59]. Studies shows that in acute 

traumatic brain injury (TBI) S100A9 is upregulated and S100A9 deletion contribute to 

neuroprotection, improve TBI-impaired motor and cognitive function, and prevents 

neurodegeneration diminishing neuroinflammation [69]. Moreover, was recently published that 

on TBI mice models, S100A9 aggregates intracellularly into amyloid oligomers, and the self-

assemblies occurs within minutes in acidic environments [70]. 

 

S100B as a novel type of anti-aggregation molecular chaperone 

S100B is secreted from astrocytes and studies suggests that S100B can act both as a 

pro-inflammatory cytokine and as DAMP molecule, depending on its concentration. Most of 

the studies report mainly deleterious effects of S100s. Indeed, at micromolar concentrations 

S100B has deleterious effects inducing neuronal apoptosis but, at nanomolar concentration, 

S100B has neurotrophic effects, which lead to promotion of neuronal survival and neurite 

growth [37]. This open gates to introduction of some protective roles of S100 proteins. Early 

inflammatory responses start in a very-early stage of AD processes, most likely before amyloid 

plaques formation [71, 72]. This led us to the possibility of these inflammatory molecules, 

including S100, being involved at the early stages of AD pathology, even before the onset of 

the disease phenotypes. 

Recently in our lab, we found that S100B has protective functions at early stages of 

inflammatory responses. Low levels of S100B have neuroprotective functions as a suppressor 

of Aβ aggregation and toxicity, protecting cells. Moreover, S100B was shown to regulate zinc 

homeostasis in neurons (Fig. 5) [73]. Was also demonstrated by biophysical and kinetic 

approaches, that substoichiometric S100B has dual function chaperon capable of suppressing 

the formation of toxic Aβ oligomers through both chelation of zinc and inhibition of protein 

aggregation [73].  

 

 

 

 



III. S100 proteins in AD and their distribution in AD mice models 

56 

Figure 5 – Effect of S100B on Aβ42 aggregation induced by Zn2+-at different S100B:Aβ42 molar 

ratios. The aggregation mechanism of 5µM Aβ42 (black dotes) with equimolar Zn2+in 50mM HEPES pH 7.4, at 37°C 

under quiescent conditions, in the presence of S100B in substoichiometric (A) or superstoichiometric (B) 

S100B:Aβ42 molar ratios. (C) schematic representation of S100B dual function chaperon activity as a suppressor 

of Zn2+induced Aβ toxicity. (n=3). From [73]. 

 

At substoichiometric S100B:Aβ42/Zn2+, the Zn2+ buffering activity predominates and the 

reaction half-time approaches that of 1:1 Aβ42/Zn2+ (t1/2 = 7.0 ± 0.3 h, data not shown). Near 

equimolar conditions, half times converges to that of Aβ42 alone (t1/2 = 1.5 ± 0.1 h), indicating 

an inhibition on the formation of toxic Aβ42−Zn2+ oligomers [46, 73]. In superstoichiometric 

conditions, the inhibitory effect of S100B over Aβ42 aggregation through binding of monomers 

and on-pathway oligomers prevails, denoted by the half time increase [46]. S100B is involved 

in dual chaperoning through Aβ binding and holdase-type inhibition of protein aggregation and 

zinc binding and buffering activity, which prevents deleterious Zn2+-binding to Aβ and blocks 

the formation of toxic Aβ−Zn2+ oligomers. It was also demonstrated that S100B delays the 

onset of Aβ42 aggregation and calcium binding-S100B to inhibit Aβ42 aggregation and toxicity 

[46]. 

Also found in our lab, it was demonstrated that S100B interacts with tau, in a Ca2+-

dependent manner, in living cells even microtubule-destabilizing conditions. The interaction 

inhibits aggregation of both full-length tau and of the microtubule binding domain. In agreement 

with the earlier findings that S100B has a role as an extracellular chaperone, its accumulation 

near tau positive inclusions, show to blocks proteopathic tau seeding (Fig. 6) [74].  
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Figure 6 – Calcium binding S100B inhibits tau nucleation and co-localizes with tau fibrils and 

oligomers. A – Seeded fibril formation of 10 µM hTau441 (red) in 50 mM Tris pH 7.4, in the presence of 0.005% of 

preformed fibrils and 1.1 mM CaCl2 at 37 °C under agitation, in the presence of 0.1 (orange), 0.2 (yellow), 0.4 

(green), 0.6 (light blue), 0.8 (purple), 1.0 (blue), 2.0 (gray), and 4.0 (dark blue) molar equivalents of S100B. B – 

tau441-seeded aggregation in the same conditions as in A, with addition of equimolar S100B at 0 (gray), 5 (light 

blue, 1), 25 (dark blue, 2), and 50 (blue, 3) hours after aggregation start. Data are presented as mean values ± SD 

from n = 3 independent experiments except for samples with 0.0 and 0.1 equivalents of S100B for which n = 2. C - 

TEM image of tau aggregates grown in the presence of S100B-Ca2+ and immunogold labeled against S100B 

(10 nm, arrow) and tau (15 nm, arrowhead). Scale bar 100 nm. Independent experiments of immunogold labeling 

were performed three times. From [74]. 

 

Seeding with 0.005% of the full-length tau, hTau441, fibrils decrease the reaction half-

time ca. 15h, from t1/2 = 23.0 ± 0.2 h versus t1/2 = 37.9 ± 1.3h, obtained in the unseeded reaction 

[74]. Some experiments also have shown that Ca2+ is required for the inhibitory action of S100B 

and this inhibition is highly increased in seeded assays [74]. Indeed, aggregation of hTau441 

is completely abolished at a molar ratio hTau441:S100B > 0.6 (Fig. 6a), which was not the case 

in the unseeded assay. In Fig 6b, S100B-Ca2+ was added at different times along the 

aggregation reaction of hTau44: in the lag phase (t = 5 h), where monomeric tau predominates; 

at the reaction half-time (t = 25 h), where there is already a substantial amount of tau oligomers 

derived from monomers; and at the plateau stage (t = 50 h), when formed fibrils predominate. 

The S100B addition at the beginning abolish aggregation because of the interaction of the two 

proteins; at the middle, ThT intensity does not decrease, suggesting that S100B is also able 

to interact with tau oligomers and fibrils and that it does not cause fibril disassembly, which is 

confirmed when S100B is added at the end, when formed fibrils predominate, as there is no 

further change in the fibril mass. Interaction between S100B and tau fibrillar species and 

oligomers was confirmed by TEM using nanogold-conjugated anti-S100B and anti-tau 

antibodies, using hTau441 fibrillar materials formed at the plateau stage upon incubation in the 

presence of S100B-Ca2+. Is observed that S100B (labeled with 10-nm gold particles) binds 

https://www.nature.com/articles/s41467-021-26584-2#Fig5
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abundantly along the surface of tau fibrils (labeled with 15-nm particles) as well as to smaller 

tau aggregates and oligomeric materials. 

Together, these findings establish Aβ and tau as clients of the S100B chaperone, 

providing evidence for neuro-protective functions of this inflammatory mediator across different 

neurodegenerative disorders. 

2.3. Transgenic animal models of Alzheimer’s Disease: an overview 

Researchers interrogate biological mechanisms at multiple levels: first, at a fundamental 

level where the behavior of molecules is studied individually or in connection with other few 

molecules. Second, at a more complex level, the processes that involve the protein of interest 

in a network of hormones, circulating factors and cells, and crosstalk between cells, in healthy 

or diseased conditions. These two can be studied using in vitro approaches, for example cell 

culture, and give us some clues of if and how our molecule of interest interacts. These 

techniques have become very sophisticated to mimic the 3D and complex structures of tissues. 

But, when the exploration of physiological functions and systemic interactions between organs 

is required, a whole organism is necessary. It brings the third level, even more complex, which 

involves animal models to get a full description and understanding of the mechanisms. 

Animal models have been used to address a variety of scientific questions, from basic 

science to the development and assessment of novel vaccines, or therapies. The use of 

animals for scientific purposes has been a longstanding practice in biology and medicine due 

to the remarkable anatomical and physiological similarities between humans and animals, 

particularly mammals. This usage has prompted researchers to investigate a large range of 

mechanisms before applying their discoveries to humans [75].  

In Alzheimer’s disease, as in many other diseases, experimental models are essential to 

further understand pathogenesis and to screen and validate preventive medications and novel 

therapeutics [76]. Various AD mouse models [77, 78] as well as other animal models including 

rats, non-human primates, Drosophila, and Caenorhabditis elegans [78] have been recently 

reviewed. In the absence of gene manipulations, no small animal models exist at present that 

sufficiently or consistently mimic clinical disease pathology for experimental and preclinical 

studies of AD (Fig. 7). 
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Figure 7 –Schematic of the major animal models of Alzheimer’s disease. In AD less than 1% of the 

cases are early onset familial AD (EOAD), caused by autosomal dominant mutations in APP, PSEN1 or PSEN2. 

However, all major transgenic rodent models express these mutated forms of APP and PS1. In sporadic AD (sAD), 

the best animal models available are non-human primates. The consistent presence of the types of neuropathology 

present in each model is shown in the boxes; P: plaques; CAA; congophilic amyloid angiopathy (Aβ extracellular 

plaques in the brain) ; T: neurofibrillary tangles. We did not consider the presence of pretangle pathology in these 

animal models sufficient to indicate the presence of neurofibrillary tangle pathology. As such, only 3xTg mice 

express all 3 pathological hallmarks of AD. The specific types of animal models included in each category are 

examples of the most common animal models currently used in AD research. From [79] 

FAD results in an earlier age of onset (EOAD) and different neuropathological features 

compared to sAD [80]. Phenotype widely varies and depends on the present mutation. FAD 

shows disproportionate subcortical Aβ42 accumulation, associated with enhanced striatal tau 

pathology [81], and different development of associated neuropathology such as TDP-43, 

compared to sAD. Differences between sAD and FAD may impact the translatability of 

therapeutic findings in transgenic mouse models that are largely based on over-expression of 

APP and PSEN1 containing FAD linked mutations [78].  

In AD research community, the majority of used models are almost exclusively 

consisting of transgenic (Tg) mice. These mice models can consist of 3 approaches: 

overexpression of proteins associated with familial AD (FAD), mutant amyloid precursor 

protein (APP), or APP and presenilin (PS) [82]. All these mice exhibit AD pathology, but the 

overexpression paradigm may cause additional phenotypes unrelated to AD. At the time, the 

most practical approach are the genetically modified APP mouse models, which has 97% 

sequence homology with human APP (differences in three aminoacids [83]), results in the 
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formation and accumulation of amyloid β peptide (Aβ) as extracellular plaques (by expression 

of human APP alone or in combination with human PSEN1) and hyper‐phosphorylated tau as 

intracellular neurofibrillary (by expression of human MAPT) [78, 82]. Differences between APP 

human and mice sequences impair Aβ aggregation and prevent the formation of amyloid 

plaques in wild-type mice. Therefore, expression of human APP is necessary for the formation 

of amyloid plaques in mice. Initial transgenic models expressed wild-type human APP in mice, 

however, while these transgenic mice had increased Aβ production, they failed to consistently 

show extensive AD associated neuropathology [83, 84]. Some of the currently used AD mice 

models and their most prominent features are listed in table 1.  

Besides in FAD and sAD, Aβ and tau pathology are morphologically similar (rationalizing 

the use of mouse models with genetically engineered FAD mutations for understanding sAD). 

The potential mechanism of Aβ accumulation is the key main problem of all models. While on 

FAD Aβ deposition is primarily mainly caused by the increased production of Aβ>40 (except for 

intra‐Aβ sequence mutations that alter its structural properties [85] or the Swedish mutation 

that increases all Aβ species by increasing cleavage at the β‐site), Aβ deposition in sAD is 

likely partially caused by an aging‐associated decrease in degradation/clearance of Aβ [82]. 

Resuming, while decreased Aβ degradation may be dominant in sAD, most APP mouse 

models have increased FAD‐like production, and this should be considered and kept in mind 

during studies. In this chapter, APP23 mouse models were used to perform the assays, which 

have a 7-fold overexpression of mutant human APP with the Swedish double mutation. These 

mice develop extensive amyloid-β pathology. Aβ deposits are first observed at six months of 

age, and the formed plaques increase in size and number with age, occupying up to 25 percent 

of the neocortex and hippocampus in 24-month-old mice. Plaques are surrounded by activated 

microglia, astrocytes, and dystrophic neurites containing hyperphosphorylated tau, although 

neurofibrillary tangles are not observed. The APP23 line was considered a suitable model to 

analyze the localization of different S100s proteins in association with Aβ amyloid plaques in 

pathogenesis of Alzheimer's disease [86].  
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Table 1 – Alzheimer’s disease mice models currently used and their characteristics. 

 

Models Mutation  Main features Plaques  NFTs Neurodegeneration Gliosis 

APP23 [87] APPK670N,M671L Mid-life amyloid 
pathology (~12mo for 
homozygote, but note 
>24mo for heterozygote 
allele [77, 79, 88] 

6mo: rare plaques in CTX [87]  None [87] 14–18mo: ↓ neurons in 
CA1, no change in CTX 
[89] 

Fibrillar plaque associated astro- 
and microgliosis [8, 87] 

  
12mo: CTX, HIP, THAL, AMYG [76]  

  
General astrocytosis [90, 91]   

Majority fibrillar 
   

Tg2576[92] APPK670N,M671L Mid-life amyloid 
pathology (10-14mo) [88] 

7 – 8mo: focal plaques in CTX [93] None None [94, 95]  Plaque associated astro- and 
microgliosis from 12 M [95-97]   

 11–13mo: CTX, HIP, CER [92]  
   

  
 diffused and core 

   

APP/PS1 [6]  APPK670N,M671L  Early-onset (~6mo) 
amyloid pathology [88] 

1.5mo: CTX  None 17mo: ↓ neurons in 
DG, no change in CTX, 
CA1 [98] 

Plaque-associated astroand 
microgliosis  [99]  

 
PSEN1L166P  3mo: CTX, HIP  

   

  
 3–5mo: THAL, STR, Brain stem 

   

  
 Majority fibrillar [99] 

   

3 x Tg [100] APPK670N,M671L Early- to mid-life amyloid 
pathology plus 
hyperphosphorylated tau 
[88] 

6–12mo: CTX, HIP [100]  12mo: First in CA1 
neurons of HIP, 
later in CTX  [100] 

12mo: ↓ neurons in 
CTX [101] 

General Astro and microgliosis in 
CA1 at 7mo  [102] 

 
PSEN1M146V  Diffuse and compact  [100] 

   

 
 MAPTP301L  

    

5xFAD [103] APPK670N,M671L  Juvenile-onset amyloid 
pathology (~3mo) [88] 

2mo: CTX  
 

 
 

 
APPV717I   With age: HIP, THAL, spinal cord, 

brain stem, none in CER [103] 
None  [103]  9mo: focal ↓ neurons in CTX [103]  

 
APPV716V   

   
General and plaque associated 
astro- and microgliosis from 2mo 
[103]  

PSEN1M146L   
    

 
PSEN1L286V  
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3. Materials and Methods 

Materials. Primary antibodies were purchased from Sigma Aldrich (Map2, S100B), Novus 

Biologicals [S100A8 (calgranulin A)], Abcam (GFAP, S100B, S100A6), and Covance (β-III 

Tubulin). Secondary antibodies Alexa488 and Alexa568 were purchased from Life 

Technologies. Secondary HRP antibodies were purchased from DAKO. Unless otherwise 

indicated, all other chemicals were obtained from Sigma-Aldrich. 

Protein Expression and Purification. Human S100B, S100A6, and S100A8 were expressed 

in E. coli BL21(DE3) and purified to homogeneity using previously established protocols and 

quantitated using reported extinction coefficients [104, 105]. Apo S100B, S100A6, and S100A8 

were prepared by incubation at 37°C for 2 h with a 300-fold excess of dithiothreitol (DTT) and 

0.5 mM EDTA and eluted in a Superdex S75 (GE Healthcare). To remove contaminant trace 

metals all solutions were passed through Chelex resin (Bio-Rad). S100 protein solutions were 

prepared and stored in 50 mM Tris–HCl pH 7.4. 

Hippocampal Culture from Rat Brain. Pregnant rats were purchased from Janvier Labs. The 

preparation of hippocampal cultures was performed as described before [106] from rat 

(embryonic day-18; E18). After preparation the hippocampal neurons were seeded on poly-l-

lysine (0.1 mg/ml; Sigma-Aldrich) glass coverslips in a 24 well plate at a density of 3 × 

104 cells/well. Cells were grown in NeurobasalTM medium (Life Technologies), complemented 

with B27 supplement (Life Technologies), 0.5 mM L-Glutamine (Life Technologies) and 100 

U/ml penicillin/streptomycin (Life Technologies) and maintained at 37°C in 5% CO2. 

Immunocytochemistry. Cells were fixed with 4% paraformaldehyde (PFA)/4% sucrose/PBS 

at 4°C for 20 min. After washing 2× 5 min with 1× PBS with 0.2% Triton X-100 at RT, blocking 

was performed with 10% FBS in 1× PBS at RT for 1 h, followed by the primary antibody for 2 

h at RT. After a 3× 5 min washing-step with 1× PBS, incubation with the secondary Alexa488 

and/or Alexa568 antibody followed for 1 h at RT. The cells were washed again in 1× PBS for 

10 min and cell nuclei stained with DAPI for 5 min. After washing with aqua bidestilled, 

coverslips were mounted using VectaMount (Vector Labs). Fluorescence images were 

obtained using an upright Axioscope microscope equipped with a Zeiss CCD camera (16 bits; 

1280 × 1024 ppi) using Axiovision software (Zeiss) and ImageJ 1.51j. 

Animals. Three and fifteen months-old male mice, Mus musculus, strain C57BL/6 and APP23 

(maintained on the same background) were used. The animals were housed in plastic cages 

with stainless steel mesh lids under the standard laboratory condition with temperature 22–
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24°C, food and water available ad libitum, humidity 55% ±10% and 12/12 h light/dark cycle 

(lights on at 7 AM). 

Gene Expression Analysis. RNA was extracted using the Qiagen RNeasy lipid tissue kit 

according to the manufacturer’s instructions. RNA concentrations were measured using a 

NanoDrop 2000 (Thermo Fisher Scientific). First strand synthesis and quantitative real-time-

PCR amplification were performed in a one-step, single-tube format using the Rotor-Gene 

SYBR® Green RT-PCR kit from Qiagen according to the manufacturer’s protocol in a total 

volume of 20 μl and gene specific QuantiTect Primer Assays (Qiagen). Thermal cycling and 

fluorescent detection were performed using the Rotor-Gene Q real-time PCR machine (model 

2-Plex HRM) (Qiagen). Resulting data were analyzed using the HMBS gene as an internal 

standard to normalize transcript levels. All quantitative real-time PCR reactions were run in 

technical triplicates and mean cycle threshold (ct) -values for each reaction were taken into 

account for calculations. Ct values were calculated by the Rotor-Gene Q Software (version 

2.0.2) and transformed into virtual mRNA levels according to the formula: virtual mRNA level 

= 10 × [ct(target) − ct(standard)]/slope of standard curve. 

Histochemistry. Brain sections (14 μm thickness) were prepared from fresh snap-frozen 

brains using a cryostat (Leica CM 3050S) with the knife set at -23°C. Three sections of the 

brain of the same animal were collected on one microscope slide. For staining, the slices were 

thawed for 20 min at RT, fixed with PFA/4% Sucrose for 30 min at RT. After washing 10 min 

with 1× PBS, incubation with Triton 0.2% in 1× PBS for 2 h at RT was followed by incubation 

with Triton 0.05% for 10 min at RT. The slides were covered with Blocking Solution (BS)(10% 

FCS in 1× PBS) for 2 h at RT. The primary antibody was diluted in BS and applied over-night 

at 4°C. Subsequently, incubation for 3× 10 min with Triton 0.05% at RT was followed by 

incubation with the secondary antibody coupled to Alexa488 or Alexa568, diluted 1:500 in BS, 

at 37°C for 1.5 h. After a 3× 15 min washing step with Triton 0.05% and 1× 5 min with 1× PBS, 

cell nuclei were counterstained with DAPI and after the last washing step with 1× PBS for 5 

min, cover slips were mounted using VectaMount. Zinpyr-1 staining was performed at a final 

concentration of 10 μM and incubation time of 1 h at RT. Subsequently, the sections were 

counterstained with DAPI. Images were taken with a Zeiss LSM710 confocal microscope. For 

image analysis, center and border zone of plaques were determined using ImageJ. Zinpyr1 

signal intensity was measured of 50 plaques using the “plot profile” function along the diameter 

of a plaque crossing the center. A clear difference between center and border zone in Zinpyr1 

fluorescence intensity can be observed with the border zone displaying a mean value of 60% 

of fluorescence intensity of the center zone with a steep drop between center and border zone. 

Using this information, images were thresholded and two masks were created from Zinpyr1 
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fluorescence selecting areas above (center zone) and below 60% (border zone) of average 

fluorescence intensity of Zinpyr1 of the center of a plaque. These masks were used to create 

a selection to measure S100 signal intensity inside the respective zones of a plaque. 

Protein Fractionation. To obtain P2 fractions from brain regions, the regions were dissected, 

and 1 g tissue was homogenized in 10 ml Buffer A containing protease inhibitor mixture 

(complete mini EDTA free, Roche). Cell debris and nuclei were removed by centrifugation at 

3,200 rpm for 15 min resulting in supernatant S1 (soluble fraction) and pellet P1 (membrane 

associated fraction). Supernatants (S1) were centrifuged for 20 min at 11,400 rpm, resulting in 

S2 (soluble fraction) and P2 (crude synaptosomal fraction). The resulting pellet P2 was 

resuspended in homogenization buffer to measure protein concentration by Bradford analysis 

followed by western blotting. 

Western Blotting. Proteins were separated by SDS-PAGE and blotted onto Nitrocellulose 

membranes. Immunoreactivity was visualized using HRP-conjugated secondary antibodies 

and the SuperSignal detection system (Pierce, Upland, United States). Evaluation of bands 

from Western blots was performed using ImageJ v1.52c. Three independent experiments were 

performed, and blots imaged using a MicroChemi Imaging System from Biostep. The individual 

bands were selected, and the integrated density was measured. All WB bands were 

normalized to β-III-Tubulin and the ratios averaged and tested for significance. 

Statistics. Statistical analysis was performed using Microsoft Excel and averages tested for 

significance using SPSS version 20. For comparisons, analysis of variance (ANOVA) was 

performed followed by post hoc tests for within group comparisons. Data are shown as mean 

± SEM. Significance levels were set at p < 0.05 (<0.05*; <0.01∗∗; <0.001∗∗∗). 
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4. Results and Discussion 

4.1. S100A6, S100A8 and S100B Show Brain Region and Cell Type Specific 

Expression 

To elucidate the origin of S100 proteins in brain parenchyma, in a first set of 

experiments, we analyzed expression of S100A6, S100A8, and S100B in vitro using 14 days 

old rat hippocampal neuronal cultures. S100A8 immunoreactive signals were found in neurons 

and glial cells (Fig. 8A,B) revealed by co-staining with a marker for astrocytes (Glial fibrillary 

acidic protein, GFAP) and a marker for neurons (Microtubule-associated protein 2, MAP2). For 

S100A6 and S100B, we detected immunoreactive signals mostly in astrocytes, but also a weak 

signal in neurons (Fig. 8C). 

 

 

 

 

 

 

 

 

 

Figure 8: S100A6, S100A8, and S100B are expressed in glial cells and neurons in vitro. Rat 

hippocampal neuronal cultures were prepared, and immunocytochemistry performed at DIV 14. A) S100A8 

immunoreactive signals (green) are found in neurons and glial cells. Nuclei are visualized by DAPI (blue). Merge 

image shows dark staining of neurons by MAP2. B) S100A8, accordingly, co-localizes with markers astrocytes 

(GFAP) and neurons (MAP2). C) Immunoreactive signals for S100A6 and S100B were detected in astrocytes and 

less in neurons. 

In order to investigate whether the results obtained in vitro are representative for the in 

vivo situation, in the following set of experiments we analyzed RNA lysates from different brain 

regions (cortex, hippocampus, striatum, cerebellum) obtained from adult wildtype (WT) 

C57BL/6 mice. mRNA expression analysis for S100A6, S100A8, and S100B shows that the 

genes are expressed in all brain regions. However, S100A6 shows the highest expression in 

the cortex, and S100A8 in the cerebellum, and S100B in the cortex and cerebellum (Fig. 9B). 

mRNA expression levels were confirmed on the protein level for S100B, with the highest 

expression in the cerebellum (Fig. 9A). 
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Figure 9: S100A6 and S100B show brain region specific expression in vivo. A) RNA lysate was 

obtained from cortex (ctx), hippocampus (hip), striatum (str) and cerebellum (cer) of wt mice. Expression analysis 

for S100A6, S100A8 and S100B shows that the genes are expressed in all brain regions with S100A6 showing 

highest expression in cortex, S100A8 in cerebellum, and S100B in cortex and cerebellum (n = 3) (one-way ANOVA, 
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FS100A6 = 8.319, pS100A6 = 0.008; FS100A8 = 40.602, pS100A8 = < 0.0001; FS100B = 9.043, pS100B = 0.006; Bonferroni 

Post-Hoc analysis: S100A6: a significant difference was detected between ctx and cer (p = 0.008). S100A8: a 

significant difference was detected between ctx and cer (p = 0.000254), hip and cer (p = 0.000857), and str and cer 

(p = 0.000818). S100B: a significant difference was detected between hip and cer (p = 0.014), and str and cer (p = 

0.01)). B) The soluble protein fraction (S2) from protein lysate was obtained from cortex (ctx), hippocampus (hip), 

striatum (str) and cerebellum (cer) of wt mice (n = 3). No regional differences were detected on protein level for 

S100A6 and S100A8 (one-way ANOVA, FS100A6 = 0.576, pS100A6 = 0.647; FS100A8 = 2.209, pS100A8 = 0.165). A 

significant difference was detected for S100B (one-way ANOVA, FS100B = 7.118, pS100B = 0.012). Bonferroni post 

hoc analysis reveals a significant higher level of S100B in cer compared to ctx (p = 0.0228), cer compared to hip (p 

= 0.04934), and cer vs. str (p = 0.03557). C) Immunohistochemistry performed on wt brain sections shows S100A6 

protein expression in cortex and cerebellum. In cerebellum, S100A6 shows high expression in the molecular layer. 

D) S100A8 expression is absent in neurons and glial in both cerebellar and cortical regions. S100A8 signals 

originate from blood vessels. E) S100B is expressed in cortex and cerebellum. In cerebellum, S100B is highly 

expressed specifically in Purkinje cells (arrow). (C-E) scale bars = 50µm  

 

Based on this expression pattern, we selected the cortex and cerebellum for 

subsequent immunohistochemical analysis to identify protein expression and localization of 

S100A6, S100A8, and S100B in these brain regions. S100A6 protein expression was found in 

both brain regions (Fig. 9C). In the cerebellum, S100A6 seems to be enriched in the molecular 

layer. In contrast, S100B is very specifically expressed in the Purkinje cells of the cerebellum. 

Lower expression of S100B was detected in other regions of the cerebellum and in the cortex 

(Fig. 9E). The expression of cerebellar S100B is well established in the developing mouse 

cerebellum where it is proposed to be involved in interactions with vimentin, to participate in 

neurite extensions and to have neurotrophic activities [107]. However, S100B-deficient mice 

exhibit normal cerebellar development [108]. On the other hand, systematically elevated 

S100B levels during neurodevelopment impair cerebellar oligodendrogenesis and myelination 

[109]. In the cortex, S100B protein expression is the highest in layer IV. S100A8 protein 

expression in turn seems nearly absent in neurons and glial in both cerebellar and cortical 

regions. S100A8 signals almost exclusively originate from blood vessels, either from 

endothelial cells forming the wall of blood vessels or from protein in blood (Fig. 9D). Thus, the 

expression of S100A8 is different in dissociated cell culture from the in vivo situation. 

Alternatively, altered expression may be due to differences between rat used for cell culture, 

and mouse tissue used for in vivo studies. 
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4.2. Altered Localization of S100 Proteins in the Brain of APP23 mice S100A6, 

S100A8 and S100B Show Brain Region and Cell Type Specific Expression 

Given that a role of S100 proteins has been proposed in AD, we next analyzed whether 

the expression and distribution of S100A6, S100A8, and S100B is altered in APP23 mice 

compared to controls before the onset of amyloid plaque pathology (3 months of age, moa) 

and at old age with full amyloid plaque pathology (15 moa). Pathology was confirmed by 

visualization of plaques in brain sections of mice. Plaques were found in the hippocampus and 

cortex of 15 months old APP23 mice, but in line with the literature [110], no plaques were 

detected in the cerebellum. The prefrontal cortex of mice was then analyzed (Fig. 10A). 

Figure 10: Altered localization of S100 proteins in the brain of APP23 mice. (A) APP23 mice were 

compared to controls at 3 moa and 15 moa. Representative images of mouse prefrontal cortex are shown. A severe 

plaque-pathology was observed in 15 moa APP23 mice in this brain region. Plaques were visualized by Zinpyr-1 

staining and cell nuclei labeled using DAPI. (B) In 15 moa APP23 mice, S100A6 signals co-localize with Aβ plaques 

together with (C) S100A8, and (D) S100B. Signal intensities have been adjusted to S100 fluorescence co-localizing 

with plaques leading to very low fluorescent signals in the surrounding tissue. (A–D) scale bars = 300 µm 

In APP23 mice cortex (15 moa, plaque positive), S100A8 immunoreactive signals 

maintain their association with blood vessels. However, in addition, S100A8 signal co-localizes 

with Aβ plaques (Fig. 10B). Similarly, S100A6 and S100B localize to Aβ plaques (Fig. 10C,D). 

Several methods exist to visualize the plaques. Among them staining with Thioflavin is 

commonly used. Thioflavin detects the presence of amyloid fibrils [111]. Cross-linked fibrils 

form the center of amyloid plaques and increasing aggregation has been hypothesized to 

originate from fibrils that radiate out from a center recruiting Aβ monomers and oligomers [112] 

that are found in the periphery of a plaque. Therefore, staining with Thioflavin results in a strong 
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signal in the center of plaques and weaker signals from the border zone. Like Thioflavin, 

Zinpyr-1, a fluorophore labeling zinc associated with Aβ aggregates results in a strong labeling 

of plaques. As zinc ion levels are elevated in amyloid plaques [113], and in particular in β-

sheets associated with fibrillar assemblies [114], also zinc staining shows higher fluorescence 

in the center of plaques (Fig. 11A,B).  

Figure 11: S100 proteins co-localized with Aβ42 plaques in APP23 mice.(A,B) Visualization of plaques 

using Thioflavin or Zinpyr1 reveals strong fluorescence in the center of plaques and weaker fluorescence in the 

border zone corresponding to the aggregation state of Aβ. (B) S100A8 is significantly higher enriched in the center 

of Aβ aggregates (20–25 plaques each from n = 3 mice, t test, p = 0.0077). S100A6 is found in the center and 

periphery of Aβ plaques (pS100A6 = 0.3896). In contrast, S100B is found in the center zone and is slightly enriched 

in the border zone (pS100B = 0.1217). (A,B) = 50 µm.  

Analysis of the distribution of S100 proteins within the center and border zone of 

plaques revealed that S100A8 is significantly enriched in the center of Aβ plaques. In contrast, 

S100B localizes to the center, but more so in the border zone of plaques (Fig. 11B). S100A6 

is found both in the center and border zone of plaques (Fig. 11B). 
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4.3. Altered Concentrations of S100A8 and S100B Protein in the Brain of 

APP23 Mice  

Given that changes in the expression of S100 family members have been reported 

during aging in humans and WT mice [115], we next investigated if alterations on protein level 

also occur for S100A8 and S100B, and whether the differences found in WT animals are also 

observed in APP23 mice. To that end, brain lysates were prepared and sub-fractionated. To 

exclude the influence from blood vessels, P2 (synaptosomal fractions) were used for the 

analysis. The results show that aged WT mice have decreased protein levels of S100A8 in the 

P2 fraction both from the cortex and cerebellum (Fig. 12A,B). However, this is not the case in 

the APP23 mice. A significantly higher level of S100A8 was found in the in the P2 fraction from 

the cortex of APP23 mice compared to WT at 15 moa (Fig. 12A). The increased S100A8 levels 

in the cortex of APP23 mice after development of AD pathology are in line with the previous 

observed shift from S100A8 signals mainly associated with blood vessels to the center of Aβ 

plaques. S100B levels, on average, are higher in APP23 mice compared to controls in both 

brain regions as early as 3 moa, with a significant higher S100B level in the cortex of APP23 

mice at 15 moa (Fig. 12A). 

Figure 12: Altered concentrations of S100A8 and S100B proteins in the brain of APP23 mice. Brain lysate 

was obtained from cortex and cerebellum of control and APP23 mice at 3 and 18 moa. P2 fractions were used for 

analysis (n = 3). A) Left panel: In Cortex, a statistically significant difference was found between APP and WT mice 

at 15 moa, but not a 3 moa (two-way ANOVA). S100A8 levels were significantly higher in APP23 mice at 15 moa 

(Bonferroni test, p = 0.0091) compared to WT mice. Right panel: S100B levels were slightly higher in APP23 mice 

at each time-point but did no significant difference between WT and APP23 and no significant change during aging 

in WT and APP23 mice was found (two-way ANOVA). B) Left panel: In cerebellum, protein levels of S100A8 

decrease during aging as observed in cortex (as trend). Pairwise comparison reveals a significant difference 

between WT and APP23 mice at 3 moa, and in WT mice between 3 moa and 15 moa. However, two-way ANOVA 

analysis does not reveal significant differences. Right panel: No significant time or genotype dependent differences 

were observed for S100B in cerebellum (two-way ANOVA). 
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5. Conclusions 

S100B, S100A8, and S100A6 are among the most prominent brain expressed S100 

proteins and are all upregulated upon traumatic brain injury, aging, and neuronal damage. 

Understanding the physiology of S100 proteins in the brain through a systematic assessment 

of their relative distribution and expression levels in healthy, aged, and diseased states is a 

critical first step to establish the molecular mechanisms through which these important 

signaling molecules act on AD neurodegeneration. Neuroinflammation is a well-established 

hallmark in AD, and glia-neuronal interactions mediated through the chronic release of glia-

derived cytokines including Interleukin-1 and S100B are postulated to be key for the 

neurodegeneration process [116]. It is also emerging that early inflammation stages, prior to 

plaque formation, encompass a number of released glial mediators with the potential to 

regulate AD processes [71]. It is our contention that S100 proteins may play important roles in 

the early AD stages, and we have therefore in this work interrogated about their location and 

distribution in the brain, focusing on S100A8, S100A6, and S100B. 
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1. Abstract  

Alzheimer’s disease is commonly accompanied by neuroinflammation and Aβ peptide 

aggregation, which are key features for the initiation of neurodegeneration. Some cytokines, 

including S100 proteins, are increased in the brain during neuroinflammation; in particular, 

S100B, which is augmented and is secreted to the synaptic space by astrocytes, has been 

recently implicated in the inhibition of Aβ and tau aggregation. In the last chapter we have 

shown that several S100 proteins co-localize with Aβ plaques in the brain and our preliminary 

experiments showed that S100A6 and S100A8 delay Aβ aggregation similarly to S100B. Here 

we explore the possibility that other neuronal S100 proteins - S100A6, S100A8, S100A9 and 

the heterodimer S100A8/A9, may also suppress amyloid-β oligomerization. For this we 

followed the kinetics of Aβ aggregation in the absence and in the presence of selected S100 

proteins, monitoring ThT fluorescence. Mechanistic analysis through global fitting was 

performed to determine how these distinct S100 proteins influence the aggregation mechanism 

of Aβ42. Taken together, our findings suggest that several S100s proteins delay Aβ42 

aggregation in a Ca2+-dependent fashion, inhibiting microscopic steps. However, the dominant 

aggregation mechanism of Aβ42, with dominant secondary nucleation, is not altered by 

chaperones. Altogether, these initial results open new avenues for the potential use of these 

proteins as therapeutic modulators of Aβ42 fibril formation. 

 

2. Introduction 

The Mechanisms of Amyloid  aggregation  

The aggregation of protein molecules into filaments is a common form of self-assembly. 

The elucidation of the molecular mechanisms by which soluble proteins convert into their 

amyloid forms is a fundamental prerequisite for understanding and controlling disorders that 

are linked to protein aggregation, such as Alzheimer's and Parkinson's diseases. The major 

aggregation pathways include physical aggregation through unfolding intermediates and 

unfolded states, aggregation through protein self-association or chemical linkages, or 

aggregation through chemical degradation. The extent of aggregation is dependent on many 

factors: intrinsic – protein sequence or mutations; primary, secondary, tertiary, or quaternary 

structure – or extrinsic – linked to the environmental conditions in which protein is present, 

such as temperature, stress, or pH [1, 2]. Protein aggregates and amyloids are dysfunctional 

protein forms as they have reduced or no biological activity, potential for immunogenicity or to 

trigger cellular toxicity. The basic mechanism of self-assembly leading to amyloid fibril 
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formation which has commonalties across different amyloid diseases, is schematically 

represented in Fig. 1.  

According to the fibril formation model, amyloid is formed by the aggregation of 

monomeric precursors into fibrils by a common nucleation growth mechanism. Aggregation is 

initiated by unfolded (e.g., intrinsically disordered) or partially unfolded monomeric precursors 

(this last group refers to transient unfolded forms of a native protein, or transient folding of an 

unfolded protein). So, native proteins misfold and undergo conformational changes exposing 

aggregation prone regions. When these misfolded proteins reach a critical concentration, 

oligomers are formed that result in protofibrils that mature into fibrils. Misfolded proteins can 

also form off-pathway oligomers and amorphous aggregates that may nevertheless be toxic 

and important in pathological states. Mature fibrils are able to shear or fragmentate to form 

fibrillar oligomers to again aggregate and form new mature fibrils, or to act as a template for 

secondary nucleation oligomerization [2, 3]. 

Figure 1 – Schematic illustration of protein aggregation and amyloid formation in disease states. 

The self- assembly of a protein into amyloid involves a multitude of species with different properties, and multiple 

concurring pathways. (A) Native proteins misfold and undergo conformational change to form protofibrils and mature 

fibrils; (B) misfolded monomers may form off-pathway oligomers which do not end up in fibrils; (C) mature fibrils 

undergo shearing or fragmentation to form fibrillar oligomers (originated from fibrils) that again aggregate to form 

mature fibrils; (D) mature fibrils act as a template for oligomerization and catalysis the secondary nucleation 

reactions, forming diffusible oligomers from monomers, amplifying the self-assembly reaction. 
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Macroscopically, a typical aggregation curve depicting the kinetics of amyloid formation 

displays a characteristic sigmoidal shape (Fig. 2). The shape of the aggregation curve can be 

divided into three phases: lag phase, in the beginning, followed by a growth or elongation 

phase, reaching a final plateau. As the reaction completes, the slope of the kinetic curve 

decreases due to monomer consumption. During the growth phase we observe the greatest 

conversion rate of peptides/proteins into oligomers and amyloid, while the plateau stage 

represents a steady state where the monomer concentration has reached its equilibrium value 

[30]. On the other hand, it is in the lag phase that the underlying microscopic aggregation steps 

dominate. 

Figure 2 – Macroscopic aggregation sigmoidal curve for amyloid formation. Sigmoidal curve 

represented by concentration of aggregates formed during time. Curve is divided into three phases: lag phase, 

growth phase and final plateau. From [30] 

 

The initial increase shape curve and the approach to the plateau is more or less sharp 

and have characteristic symmetries and asymmetries, depending on the dominant underlying 

mechanism of fibril formation [4]. During the lag phase, where monomers are the prevalent 

species, the process is initiated by, at least, two microscopic steps: primary nucleation from 

monomers in solution and elongation of fibrils (Fig. 3a and 3b). Primary nucleation is the most 

important process at the beginning of the reaction and refers to formation of aggregates or 

amyloid oligomers/protofibrils in a reaction involving stacking of monomers [5]. It is treated as 

a process with single step kinetics with a constant rate kn and reaction order nc in monomer. 

Elongation refers to the process by which monomers are added to the ends of existing 

aggregates/protofibrils leading to their growth in length. In this case, elongation is modelled 

either as a single step reaction with rate constant k+ or more generally as a 2-step reaction. 

Secondary processes summarize mechanisms in which new fibrils are produced and are 

dependent on the number of present fibrils. They can have a very significant effect on a protein 

aggregation behavior, due to their auto-catalytic nature, and lead to near exponential increase 

in fibril mass over time, very characteristic of proteins involved in disease-states. In these 

secondary processes are included secondary nucleation and fragmentation. Secondary 

nucleation can be monomer-dependent, which is defined as a process whereby nucleus 
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formation from monomers is catalyzed by aggregates composed of the same type of 

monomeric building blocks (Fig.3c) or monomer-independent, known as fragmentation, in 

which the surface of growing fibrillar aggregates break into smaller pieces catalyzing the 

formation of new clusters that act as aggregation nuclei (Fig. 3d) [6]. In the case of monomer 

dependent secondary nucleation, this process is modelled either as a single process with rate 

constant k2 and reaction order n2 in monomer, or more generally as a 2-step process with an 

initial step in which monomers attach to the fibril surface. As it is monomer-independent, the 

modulation assumes an equal probability of fragmentation at each monomer in a fibril, given 

by the rate constant k-. The molecular mechanisms of the two nucleation processes and the 

catalytic roles of the surfaces are probably different. Both surfaces may provide “binding sites”, 

or merely surface accumulation of monomers, whereby increased local concentration of 

monomers may govern nucleation [7]. 

Figure 3 – Amyloid formation microscopic mechanisms and associated rate constants. (a) Primary 

nucleation from monomers in solution, (b) elongation (growth) by monomers addition to existing aggregates, (c) 

monomer-dependent nucleation in which surface catalyze secondary nucleation from monomers on fibril surface 

and (d) fragmentation in a monomer-independent nucleation (d). Rate constants are labelled as kn to primary 

nucleation rate, k+ to elongation, k2 to secondary nucleation rate and k- to fragmentation rate. nc and n2 refers to the 

nucleation reactions order. From [6]. 

 

The lag phase is generally described as the time needed for the primary nucleation. 

But, during all phases of the sigmoidal curve, an interconversion between different species 

operates at the same time. Modifications of each microscopic process influence the overall 

growth curve in different characteristic manners and to different extents. By analyzing the 

shape of the aggregation curves it is possible infer on the effects on macroscopic parameters, 

as the lag time (duration of the lag phase), half-time (time-point where the signal relative to the 

pre-transition base line has reached 50%), maximal growth rate, endpoint, and they depend 

on the combination of multiple microscopic rate constants [6].  
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An aggregation reaction which starts solely with monomeric species in solution will 

have a growth phase less steep than a reaction which starts with a number of preformed seeds, 

as shown in Fig.4. In this last case, the curve translates a process dominated by secondary 

processes, where seeds dominates the growth rate; even if primary nucleation occurs, is not 

as high as the main growth rate [4]. In this way, is possible, within an aggregation process, to 

determine the reaction order of the dominant nucleation process (nc or n2 for primary and 

secondary nucleation, respectively). This parameter is called scaling exponent, γ, which 

relates the time where half of the monomeric protein has been sequestered into aggregates 

with the total initial monomer concentration [4] (Fig. 4c). The scaling exponent, which is the 

slope of aggregation curve, depends not only on the elongation rate of the aggregates in 

solution but also on growth and nucleation processes, depicted in Fig. 4b.  

Figure 4 – Elucidation of the halftime scaling and global fitting of data. (a) example pf a sigmoidal 

curve of aggregation reaction In vitro from a solution with only monomers, in red, and when seeds are added at the 

beginning of the reaction. (b) Data for increasing initial monomer concentration. Based on the analysis of the half-

times in (c), the data are fitted globally with the integrated rate law for fragmenting filaments. From [4] 

 

The scaling exponent γ of t1/2 in amyloid aggregation provides a convenient way of 

determining the reaction order of the dominant nucleation mechanism. The exponent for 

processes where a classical homogeneous nucleation step is the major source of aggregates 

is given by γ = - nc /2 and for processes where secondary nucleation dominates, is given by γ 

= -(n2 +1) /2 [5]. If γ = -1/2, implies that n2=0, which corresponds to a monomer-independent 

secondary pathway, whereas n2>0 corresponds to a monomer-dependent process. The 

importance of defining these parameters, is that it allows better characterization of a specific 

molecular mechanism of protein aggregation, as well determination of microscopic rates which 

can give us important information about how some proteins/peptides/drugs can affect Aβ42 

aggregation. Quantitative kinetic analysis and global fitting can nowadays be performed using 

AmyloidFit [8], a robust web-based free server that allows to verify which mechanism better 

describes a given aggregation reaction. 
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Types of Amyloid  oligomers  

During amyloid aggregation (Fig.1) many and different species are formed, and 

identifying the toxic species formed during amyloid formation remains a challenge. To reach 

fibril assembly, formation of oligomers is necessary and they are very dynamic, transient, 

heterogeneous and of unknow and possibly varied structure [9]. Oligomers can then further 

associate to produce higher-order species, which can be either essential precursors of amyloid 

fibrils (on-pathway) or dead-end assemblies that do not produce fibrils (off-pathway). Besides 

off-pathway oligomers do not enter the route to form fibrils, they may be cytotoxic and relevant 

to diseases. The molecular structure of these transient species is not clearly defined but they 

tend to exhibit spherical or annular morphologies, where annular oligomers are doughnut or 

ring shaped assemblies [2]. FTIR and NMR studies showed that oligomers lack the parallel in-

register β-sheet structure present in fibrillar forms, but they contain the β-loop-β secondary and 

tertiary folds as in fibrils [10]. However, it becomes very difficult to distinguish off-pathway and 

on-pathway oligomers, once they have common immunological epitopes that are recognized 

by conformational antibodies, A11 (spherical) and αAPF (annular). Interestingly, A11 and 

αAPF antibodies do not bind to mature fibrils or oligomers formed by fragmentation of 

fibrils/protofibrils (fibrillar oligomers) [2, 10, 11]. The mature fibrils and the fibrillar oligomers 

share generic epitopes that are recognized by another conformational antibody, called OC. 

The OC antibody does not bind prefibrillar oligomers suggesting that prefibrillar and fibrillar 

oligomers are structurally different [12]. 

Initially, neurotoxicity was attributed to the presence of amyloid plaque rich in Aβ fibrils 

in brains of AD and was linked to be the primary cause of cell death and disease pathogenesis 

[2]. However, more recent evidences in AD suggest that smaller, soluble and misfolded 

oligomers, appear to be implied in neurodegeneration [13]. It was shown that the severity of 

cognitive decline arises from pre-amyloid aggregates, instead of the correlation with Aβ plaque 

formation [14-16]. Earlier transgenic AD mice models exhibited plaque formation as the 

dominant feature in AD pathology with little neurotoxicity, but very recent studies on AD 

transgenic mice support that neurotoxicity is due to Aβ oligomers [17]. In this study, Aβ 

oligomers accumulated in neurons, causing memory loss, synaptic dysfunction and tau 

hyperphosphorylation, with no extracellular amyloid plaques [17]. Consistently, other in vitro 

experiments have also demonstrated the cytotoxicity of oligomeric species, including their 

ability to disrupt membranes, suggesting that they can be the causative agents of amyloid-

associated cellular dysfunction [18, 19]. Oligomers formed from disease-related precursors 

have also been shown to impair memory and long-term potentiation, again supporting their 

role in disease [20]. 
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 Structural arrangements may be the reason for differential toxicity of amyloid oligomers 

and fibrils: oligomers are highly unstable structures whereas fibrils are stable and organized; 

oligomers expose hydrophobic surfaces in β-sheets while they are hidden inside the interacting 

stacks in fibrils [21]; oligomers are smaller in size, allowing the easily diffusion in tissues as 

compared to longer fibrils [22]; oligomers have more open active ends than fibrils, allowing 

improved interaction with more cellular targets. In the future, it will be very important to develop 

in vivo techniques able to distinguish between functional proteins, oligomeric intermediates, 

and mature fibrils to dissect the process of protein aggregation in relation with disease state or 

severity.  

Kinetics and analysis of A42 aggregation mechanisms 

The kinetics of amyloid fibril formation are normally monitored by tracking the increase 

in total aggregate mass concentration M (t) as a function of time. We can use methods which 

follow the decreasing concentration of monomeric species or the appearance of aggregates. 

For several decades the detection of these species relied on small hydrophobic dyes, such as 

derivatives and Congo Red (CR) and Thioflavin T (ThT). These ligands do not bind to specific 

proteins but are rather selective towards protein aggregates having an extensive cross β-

pleated sheet conformation and a structural regularity, the typical molecular characteristics of 

presumably all amyloid fibrils [23]. ThT fluorescence was historically one of the first assays to 

be used to probe the kinetics of protein aggregation and remains one of the most widely used 

experimental approaches for this purpose [24, 25].Thus, it remains challenging the usage of 

ThT, due to the fact that the molecular details of the binding of ThT to amyloid fibrils are not 

fully known and that the resulting fluorescence intensity is susceptible to perturbations from 

the presence of impurities or amorphous protein aggregates in the system. 

In kinetic analysis of fibril mass formation, the first step usually involves the selection 

of a set of suitable mechanisms for global fitting to the experimental data. The determination 

of scaling exponent (discussed above) of the reaction half-times in respect to the initial 

monomer concentration can be useful to access the mechanisms that underlies aggregation. 

As an example of the application of this approach, we have the elucidation of the microscopic 

mechanisms of aggregation of the Aβ42 peptide of Alzheimer’s disease [5], Fig. 5. This strategy 

revealed that the aggregation of Aβ into fibrils is controlled by secondary nucleation processes 

in the form of aggregate-surface catalysis, a finding that could have important implications in 

the context of Alzheimer’s disease [5, 26]. This type of analysis can be applied to other self-

assembling systems, from prions to amyloidogenic proteins, as a tool to interpreting and 
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comparing the specific fibril formation mechanisms that underlies that proliferation of amyloid 

fibrils.  

Figure 5 – Scheme of global fits of the three models to kinetic data of Aβ42 peptide aggregation in 

various concentrations. Both a model lacking any processes of self-replication (primary nucleation) and a model 

assuming that self-replication occurs via fragmentation fail to reproduce the experimental data. A model assuming 

that self-replication occurs through surface-catalyzed nucleation of monomers, by contrast, matches the data well 

at all monomer concentrations, with only three free global fitting parameters in total. From [27] 

 

Besides ThT, other fluorescent dyes have been used to detect amyloid fibrils and 

protein aggregates, such as ANS and Bis-ANS and, more recently, luminescent conjugated 

oligothiophenes (LCOs), as h-FTAA (heptamer formyl thiophene acetic acid) or p-FTAA among 

many others [23, 28]. Those are used to detect early non thioflavinophilic protein assemblies 

that precede formation of amyloid fibrils and also for obtaining distinct spectral signatures of 

the same fibrils. Such LCOs can be highly useful for studying the underlying molecular events 

of protein aggregation diseases due to its ability to recognize multiple types of β-aggregates 

and could also be utilized for the development of novel diagnostic tools for these diseases. 

It is also possible study amyloid formation using more direct experimental methods 

such as nuclear magnetic resonance (NMR) and circular dichroism spectroscopy (CD), in order 

to observe β-sheet formation along time [29]. These biophysical techniques need to be 

performed in relatively highly concentrated protein samples. Due to the very low protein 

concentration (nanomolar or micromolar) at the beginning of aggregation events and due to 

complex, heterogeneous and transient nature of the involved species, it is hard to study 

aggregation mechanisms with NMR neither CD. However, they are good tools to confirm 

secondary structures of intermediates or fibrils. 
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How Molecular chaperones suppress amyloid formation 

 As discussed in chapter 1, molecular chaperones are vital components for maintaining 

protein quality control, and are able to assist in the synthesis, folding, trafficking and 

degradation of proteins [30]. In addition to these functions, increasing evidence from in vitro 

and in vivo studies have demonstrated that molecular chaperones play a role in modulating 

the formation of amyloid fibrils, namely suppressing their formation and toxicity [31, 32]. 

Understanding the mechanism by which molecular chaperones suppress amyloid formation is 

very challenging because of the great complexity of protein aggregation processes. Several 

mechanisms of action have been proposed, but the big challenge lies in the identification of a 

specific molecular event associated with a given protein- chaperone system. There is a large 

variety of potential interactions between a molecular chaperone and the different protein 

species that can be present during aggregation process, Fig. 6.  

 

 

 

 

 

Figure 6 – Schematic illustration of possible interactions of molecular chaperones in the 

aggregation mechanism. Aggregation reaction network made by microscopic steps in aggregation of an 

amyloidogenic protein (blue) and possible interactions between chaperones (green) and different protein species 

present in the system. Some chaperones implicated in these steps are DNAJB6 (DnaJ Heat Shock Protein Family 

(Hsp40) Member B6), Ssa1 (a member of the Hsp70 family) and proSP-C Brichos (a molecular chaperone 

belonging to the Brichos family). From [33] 

Molecular chaperones can interact with monomeric misfolded or unfolded forms of 

proteins and also with a variety of aggregated species [34, 35]. As a consequence, any 

microscopic events that make up the macroscopic protein aggregation process can be 

influenced by chaperone binding. Is complicated to identify the specific step perturbed by an 

individual molecular chaperone due to the heterogeneity of species and the different nature of 

the protein aggregation kinetics, which are a result of numerous combinations of microscopic 

reactions involving primary and secondary nucleation, elongation, and fragmentation [5, 33, 

36]. If the target specie is monomer, the inhibited microscopic event is primary and secondary 

nucleation and elongation; if it is oligomers, is primary and secondary nucleation; if it is the 
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fibril ends, elongation is inhibited; and if it is the fibril surface, is the secondary nucleation that 

is affected [33], Fig. 7.  

Figure 7 – Molecular chaperones can affect individual microscopic steps in the aggregation 

process. a-c integration of master equations illustrates how perturbations of specific microscopic aggregation 

events modify characteristic ways the global kinetic profiles. The analysis of the changes in the macroscopic profiles 

provides quantitative information on the microscopic events altered by the interaction with molecular chaperones. 

From [33]  

It has been proposed that molecular chaperones are neuroprotective because of their 

ability to modulate the earliest aberrant protein interactions that trigger pathogenic cascades, 

such as in Alzheimer’s disease, amyotrophic lateral sclerosis and Parkinson’s disease [37]. In 

fact, S100 proteins conjugate some characteristics which suggested that they can act as 

chaperones: (i) are low molecular weight proteins; (ii) occur in different conformational states, 

including high molecular mass oligomers; (iii) have a secondary structure that is conserved at 

non-physiological temperatures; (iv) are highly resistant to thermal denaturation; (v) have 

expression levels correlated with stress conditions; and (vi) interact with aggregation prone 

proteins. Indeed, as reported in [38] and already mentioned, S100B was introduced as a dual 

function chaperone that in low concentrations are capable of suppress the formation of toxic 

Aβ oligomers and inhibit of protein aggregation. Also S100A1, was reported to act as a potent 

chaperone and a new member of the multichaperone complex Hsp70/Hsp90 [39].  

The way to define the reactional mechanisms by which molecular chaperones are 

acting consists of perform kinetic experiments and compare the results o rate laws derived 

from canonical molecular mechanisms [4, 27]. A detailed understanding of the molecular basis 

of chaperone-mediated protection against neurodegeneration might lead to development of 

therapies for neurodegenerative disorders that are associated with protein misfolding and 

aggregation.  

.  



S100 proteins as modulators of Aβ42 IV. Neuronal S100 proteins as modulators of Aβ42 aggregation 

89 

3. Materials and methods 

Materials. All reagents were of the highest grade commercially available. Thioflavin T (ThT) 

was obtained from Sigma. A Chelex resin (Bio-Rad) was used to remove contaminant trace 

metals from all solutions.  

Protein Expression and Purification. Human S100A6, S100A8, S100A9, S100A8/A9 and 

S100B were expressed in Escherichia coli and purified to homogeneity using a previously 

established protocol. Apo S100 protein family was prepared by incubation at 37°C for 2h with 

a 300-fold excess of Dithiothreitol (DTT) and 0.5 mM ethylenediamine tetraacetic acid (EDTA) 

and eluted in a Superdex S75 (GE Healthcare). Human recombinant Aβ42 was expressed in 

Escherichia coli and purified as described previously [40]. The human Aβ42 expression plasmid 

was a gift from J. Presto (Karolinska Institute, Sweden). To obtain the monomeric form, 1 mg 

of Aβ42 was dissolved in 7 M guanidine hydrochloride and eluted in a Superdex S75 (GE 

Healthcare) with 50 mM HEPES (pH 7.4). Low-bind tubes (Axygen Scientific, Corning) were 

used in all procedures employing Aβ42. 

Aβ42 Aggregation Kinetics. Aβ42 aggregation kinetics was investigated by monitoring the 

fluorescence increase of the amyloid-sensitive dye Thioflavin-T (ThT) [24, 41] as a function of 

time in a plate reader (FLUOstar OPTIMA, BMG Labtech) using a 440nm excitation filter and 

a 480nm emission filter. Fluorescence was recorded using bottom optics in 96-well 

polyethylene glycol-coated black polystyrene plates with a clear bottom (Corning, 3881). 

Briefly, Aβ42 monomer was isolated by gel filtration (Tricorn Superdex75 column, GE 

Healthcare) in 50 mM HEPES (pH 7.4) immediately prior to experiments and diluted in the 

same buffer with 1.1 mM CaCl2. ThT (10 µM) was added to each condition. Monomeric Aβ42 

(5 µM) was used in aggregation assays at 37°C, without agitation with fluorescence read every 

400s. For testing the effects of 15-times fold S100A6, S100A8, S100A9 and S100A8/A9 the 

proteins were added to the reaction media. S100B, whose effects on Aβ42 aggregation had 

been previously reported [42], was tested under identical assay conditions as a comparison 

and control. Appropriate controls in the absence of Aβ42 did not reveal significant variations on 

ThT intensity due to S100 proteins alone. Triplicates were routinely performed for all assays. 

Data analysis was carried out using the AmyloFit platform, which implements the master 

equations derived from basin-hopping algorithm that describe the evolution of total fibril mass 

in the presence of primary and secondary nucleation events, and from which microscopic 

processes and reaction rates can be determined from global fitting [8]. The kinetic traces were 

fitted using the secondary nucleation model. The normalized intensity curves and 

corresponding fits were extracted from the platform and presented as normalized intensities 

representing fibrillar mass fraction, from which the reaction half times (t1/2) were estimated [6]. 
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4. Results and Discussion  

4.1 S100 proteins delay half-time of A42 aggregation 

Considering the recent finding that S100B is a calcium-tuned suppressor of Aβ42 

aggregation [42], and that several S100 proteins are present in AD brains and co-localized 

with amyloid plaques [43], we sought to understand if they play similar roles, to gain further 

mechanistic insights into the yet unclear roles of S100 proteins in AD brain. To access that, 5 

µM monomeric Aβ42 peptide was incubated in the absence and presence of each S100 protein, 

namely S100A6, S100A8, S100A9, S100A8/A9, individually, in a range of S100 concentrations 

between 10-75 µM in the presence of Ca2+. Aggregation was monitored by ThT fluorescence 

signal, following the evolution of fibril formation, Fig. 8. 

Figure 8 –Impact of S100 proteins on Aβ42 aggregation. Fibril formation of 5 µM Aβ42 (black, t1/2= 1.3h) 

in 50 mM HEPES (pH 7.4), 1.1 mM CaCl2, at 37°C under quiescent conditions, in the presence of a range of S100 

protein concentrations between 10-75µM of S100A6 (a), S100A8 (b), S100A9 (c), and S100A8/A9 (d). 10 µM 

represented in purple, 15 µM in orange, 25 µM in blue, 50 µM in red and 75 µM in green. Plots represent average 

normalized intensity curves, obtained from three independent experiments. 

Calcium-binding-S100 proteins, S100A6, S100A8, S100A9 and S100A8/A9, can delay 

fibril formation even at the lower concentration (10µM), shown in purple in Fig.8. This inhibitory 

effect is proportional to S100 concentration. For S100A6, Fig. 8a, an increase in half-time with 

increasing concentration was noted, suggesting that secondary nucleation is being inhibited. 

The impact of S100A8 is different: while for lower concentrations there is an increased lag 

phase, as concentration increases there is no impact in the lag phase, but on the half-times of 



S100 proteins as modulators of Aβ42 IV. Neuronal S100 proteins as modulators of Aβ42 aggregation 

91 

fibril formation (which increase), Fig. 8b. S100A8 seems to inhibit different microscopic events 

depending on concentration: for low concentrations inhibits elongation, and as concentrations 

increases there is more inhibition on secondary nucleation. In the case of S100A9, Fig. 8c, 

with increased concentrations, there is an increased lag phase and half-time, in a 

concentration dependent manner. This effect on the aggregation kinetics is suggestive of 

primary nucleation inhibition. For calprotectin (S100A8/A9), Fig. 8d, the impact is opposite than 

the one observed for S100A8 alone: in low concentrations, secondary nucleation may be 

inhibited, while at high concentrations, a large impact in lag-phase in observed, inhibiting 

mainly elongation and primary nucleation events. S100A6, S100A8, S100A9 and S100A8/A9 

induces alterations on Aβ42 aggregation mechanism, altering it in different microscopic events. 

I.e., different nucleation types are being inhibited. In Fig.9 is plotted the effect of each S100 on 

Aβ42 aggregation at the fixed ratio Aβ42:S100 of 1:3.  

Figure 9 – S100 protein family modulates Aβ42 aggregation. a) Fibril formation of 5µM Aβ42 (black, t1/2= 

1.3h) in 50mM HEPES (pH 7.4), 1.1mM CaCl2, at 37°C under quiescent conditions, in the presence of 15µM of 

S100A6 (grey, t1/2= 2.2h), S100A8 (orange, t1/2= 12.3h), S100A9 (green, t1/2= 2.8h), S100A8/A9 (blue, t1/2= 5.9h) 

and S100B (yellow, t1/2= 3.5h). Plots represent average normalized intensity curves (a), fitted to a secondary 

nucleation model, obtained from three independent replicates for each of the tested conditions. t1/2= reaction half-

times. Table with half-times for each reaction is shown in (b). 

S100s have different effects on Aβ42 aggregation. At the same ratio, S100A6, S100A9 

and S100B inhibit secondary nucleation, while S100A8 inhibit elongation and S100A8/A9 

inhibit primary nucleation. Focusing on half-times (t1/2) of the Aβ42 aggregation in the presence 

of S100s reveal that S100A8 has the strongest effect (∼15 × increase) in delaying fibril 

formation, under the tested conditions. The effect of S100A6 and S100A9 is not so 

pronounced, but the presence of the heterodimer S100A8/A9 also increases half-time. The 

effect of S100A8/A9 seems to be an intermediate effect between S100A8 and S100A9 alone. 

In the case of S100B, the inhibitory effect has been shown to result from a direct physical 
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interaction with Aβ42 [42]. These results suggest that these S100 proteins influence Aβ42 

aggregation possibly through physical interactions like those described for S100B. In support 

of this possibility interaction is the evidence that the S100A8-containing heterodimer 

calprotectin interacts with Aβ40, also influencing its aggregation [44]. Although this study gave 

us clues about the impact of S100s on Aβ42 aggregation, other approaches are necessary to 

study the influence of that interaction on the mechanism of self-assembly. 

 

4.2. Scaling exponent of Aβ42 aggregation kinetic dominant mechanism 

is not altered upon interaction with S100 proteins 

For Aβ42 aggregation, the secondary nucleation mechanism under the studied in vitro 

conditions has emerged as the most important type of micro-step and a source of toxic 

oligomeric species [5]. Understanding how S100 proteins can mechanistically affect Aβ42 

aggregation in fundamental to understand the impact that this protein family can have, namely 

in Alzheimer’s disease. To explore the dependence of the various microscopic steps in the 

Aβ42 aggregation in the presence of S100 proteins, we carried out a series of kinetic 

experiments at different concentrations of Aβ42, maintaining a fixed ration of Aβ42: S100 [45]. 

To determine this molar ratio, we first studied the impact of a S100 on Aβ42 aggregation, 

individually, Fig. 10. The goal was to choose the lowest molar ratio at which a given S100 

protein starts to influence the macroscopic parameters of Aβ42 aggregation. 

Figure 10 – Aβ42 aggregation in the presence of different ratios of S100 proteins. Aβ42 peptide were 

incubated in 5µM concentration in different ratios Aβ42: S100 protein. In (A) S100A6 were studied from 1-3-fold 
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excess, in (B) S100A8 was studied from 0.05-0.3-fold excess, in (C) S100A9 was studied from 5-20-fold excess 

and in (D) S100A8/A9 was studied from 0.5-2-fold excess. Plots represent average normalized intensity curves, 

obtained from three independent 

Different Aβ42: S100 molar ratios were used for each studied S100 protein because 

different effects for different concentrations are observed. Ratios of 1:3, 1:0.05, 1:15 and 1:2 

were chosen for S100A6, S100A8, S100A9 and S100A8/A9, respectively. Using these 

selected molar ratios, we sought to understand if S100s are capable of changing the dominant 

aggregation mechanism of Aβ42. Processing and global analysis of protein aggregation kinetic 

data were performed suing AmyloFit (http://www.amylofit.ch.cam.ac.uk, [8]). This fitting 

platform is freely accessible online, and it enables robust global data analysis without the need 

for programming or detailed mathematical knowledge. Fig. 11 represents the fitted data 

obtained for Aβ42 aggregation in the presence of S100A6, S100A8, S100A9 and S100A8/A9. 

 

Figure 11 – Analysis of the effect of S100 proteins on the aggregation kinetics of Aβ42. Fibril formation 

of a concentration range of Aβ42 peptide from 1 to 6µM alone (a) and in the presence of 3-fold excess of S100A6 

(b), 0.05-fold excess for S100A8 (c), 15-fold excess for S100A9 (d) and 2-fold excess for S100A8/A9 (e). Curves 

fitted by AmyloidFit online platform. Plots represent average normalized intensity curves obtained from three 

independent replicates for each of the tested conditions. 

http://www.amylofit.ch.cam.ac.uk/
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To infer on the impact of each S100 protein on the dominant reaction mechanism of 

Aβ42 it is necessary to determine scaling exponent (γ), which describes how the lag time or 

half-time of the reaction scales with the initial Aβ42 concentration of monomer, by double-

logarithmic plots [8], represented in Fig. 12. Scaling exponent will give us some guidance 

regarding a possible alteration in the dominant aggregation mechanisms [8].  

Figure 12 – Scaling exponent of S100 in modulation of Aβ42 aggregation. Double log plot of time to 

half-completion of Aβ42 aggregation as function of Aβ42 initial monomer concentration, in the presence of 1.1mM CaCl2, in 

interaction with 15xfold excess of (a) S100A8 (red) and S100A6 (green), (b) S100A9 (orange) and (c) S100A8/A9 (blue). 

This approach allowed us to determine a scaling exponent ≈-0.6 for Aβ42 aggregation 

alone, following a linearity, confirming that Aβ42 aggregation pathway proceeds via a 

mechanism where secondary events dominate the generation of new fibrils, consistent with 

previously reported ranges of scaling exponents obtained under identical experimental 

conditions [5, 8]. Analyzing scaling exponent data for Aβ42 in presence of S100s, we observe 

a straight line for all conditions. Linear plots indicate that the dominant mechanism does not 

change at different monomer concentrations. The presence of S100A8 is the one that shows 

the major effect, showing a smooth negative curvature (which may indicate that competition of 

several processes in parallel are present) but the difference is not significative. Overall, we 

observe that studied S100 proteins does not change the dominant mechanism of Aβ42 

aggregation, which is secondary nucleation process. S100 proteins inhibit some Aβ42 

aggregation microscopic events, but, overall, do not change Aβ42 aggregation mechanism, in 

these conditions. S100s are able to inhibit secondary nucleation, but not to the point of 

changing the dominant aggregation mechanism.  

Altogether, these results corroborate that several proteins of S100 family can interfere 

with the aggregation of Aβ42, by delaying half-times and lag-phases and inhibiting the 

microscopic events, presumably through direct interactions. 
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5. Conclusions 

Alzheimer’s disease is a the most common progressive neurological disorder which affects 

millions of people worldwide. One of the major hallmarks of the disease is the deposition of 

amyloid-β peptide in the brain forming plaques and amyloids. During neuroinflammation, 

several S100 proteins are released, augmenting their levels in the brain and co-localizing with 

Aβ plaques in AD models. Recent work has shown that S100B has novel chaperone-like 

functions, interacting physically with Aβ42 affecting its aggregation mechanisms. Here, we 

provide evidence that other S100 proteins, namely S100A6, S100A8, S100A9 and S100A8/A9 

also affect Aβ42 aggregation presumably through physical interactions as with S100B. By 

studying the impact of increasing concentrations of S100 proteins on Aβ42 aggregation, we can 

infer in a preliminary basis which micro steps are being inhibited. Different S100s inhibit Aβ42 

aggregation differently: S100A6 inhibits mostly secondary nucleation; S100A8, at low 

concentrations, inhibits elongation and at high concentrations inhibit secondary nucleation; 

S100A9 inhibits primary nucleation; and S100A8/A9 inhibit secondary nucleation at low 

concentrations and elongation and primary nucleation at high concentrations. Using the scaling 

exponent approach, we could access which is the dominant aggregation mechanism; We 

observed that the presence of any of the S100 proteins influenced the predominant mechanism 

of Aβ42 aggregation. These findings suggest that prior to pro-inflammatory and disease-

aggravating roles in later disease stages, S100 proteins may engage in new protective 

activities related to amyloid aggregation processes, which might be amenable to future 

pharmacological intervention to mitigate AD progression. Understanding the roles that S100 

proteins play in the early AD aggregation and how they interact with Aβ42 can open new clues 

and approaches to better understand the biology of AD regulation.  
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1. Abstract 

 S100A9 protein is an aged-related proinflammatory cytokine from the S100 family, 

which is found to be upregulated in neurodegenerative diseases. Recent literature suggests 

that increased S100A9 levels during inflammation may lead to its amyloid formation and toxic 

deposition, due to exposure of its aggregation prone regions in helix IV, as proposed for 

neurodegenerative disorders [1, 2] and the aging prostate [3]. It has also been proposed that 

in Traumatic Brain Injury (TBI) and Alzheimer’s disease (AD) brains S100A9 co-aggregates 

intracellularly with the formation of fibrillar materials [4]. However, the evidence that these 

S100A9 fibrils are truly amyloid structures that are formed during disease states is not fully 

established nor is well defined from a mechanistic viewpoint.  

In this work, we focused on investigating the formation of S100A9 polymeric assemblies 

under physiological conditions with the absence and in the presence of metal ions. We 

gathered evidence suggesting that these string-like polymeric structures are very stable and 

structurally keep the α-helical fold characteristic of native S100A9. We show that these 

polymers are not truly amyloid in nature and can reversibly dissociate, being composed by 

assembly units comprising native-like S100A9 protomers. Our data shows that formation of 

the S100A9 polymers is a dynamic process which nevertheless does not involve major 

conformational changes in the S100A9 α-helical fold, and the properties and characteristics of 

those polymers are discussed. We hypothesize that these structures may be a form of protein 

stabilization to maximize the lifetime of the protein in extracellular environments, notably in the 

synapse. 

 

2. Introduction 

Proteins occur in a multitude of quaternary structures among which are higher order 

oligomers and fibrils generated through self-assembly. The formation of protein fibrillar 

assemblies is critical in biology as they are implicated in important structural functions such as 

cytoskeleton formation. This involves mostly globular proteins that interact with each other 

through multiple assembly mechanisms to form fibrils [5]. In some cases, protein fibrils have 

amyloid or amyloid-like characteristics resulting from tight intermolecular hydrogen bonding 

and cross- structure [6, 7]. Such structures are frequently associated to protein misfolding 

diseases as is the case of the amyloid  peptide and Tau, which are culprits in Alzheimer’s 

disease. However, pathological self-assembly of globular protomers also occurs, as illustrated 

by polymerization of deoxyhemoglobin S, in sickle cell anemia [8, 9]. Amyloid fibrils are not 

necessarily toxic, and the so-called functional amyloids illustrate how the amyloid fold can be 
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implicated in diverse physiological functions in cells [10]. Therefore, protein self-association 

into elongated fibrils underscores multiple physiological functions as well as pathological 

threats to cells.  

While toxic protein oligomerization is repressed from an evolutionary perspective 

through multiple strategies that encompass minimizing aberrant intermolecular interactions 

[11, 12], functional oligomerization has been positively selected as a strategy to regulate or 

enhance protein functions [13]. Such multimers - amyloid or not - allow proteins to form higher 

order oligomers, from low order quaternary assemblies to higher order filamentous structures. 

Examples include protein self-assembly mechanisms for concentration and natural storage 

such as those of the functional amyloids formed by pituitary peptide hormones in granules [14], 

to antagonize toxic self-aggregation as established for TDP-43, that forms physiological 

globular filaments in the nucleus [15], to increase local concentration and signaling activity as 

in the case of multi-protein signalosomes [16], or of S100 proteins whose diverse quaternary 

multimers allow tuneable activation of advanced glycation end products receptors (RAGE) [17]. 

In this respect, S100 proteins are interesting working models to investigate the 

molecular basis for oligomerization in both physiological and pathological contexts. S100 

proteins are multifunctional signaling molecules, with intra- and extracellular functions which 

are implicated in multiple cellular processes, including signal transduction, cell differentiation, 

regulation of cell motility, proteostasis, and inflammation [18, 19]. For these reasons, S100 

proteins have been implicated in several human pathologies, notably cancer, inflammatory 

diseases, and neurodegeneration [20-23]. This family of signaling Ca2+-binding proteins 

comprises +20 members that are structurally conserved and occur mostly as homodimers. 

However, they are also found in tissues as higher order native multimers (tetramers, hexamers 

and octamers) [24, 25]. Under destabilizing conditions, S100 proteins form amyloid fibrils due 

to exposure of otherwise shielded aggregation prone regions [3, 24, 26, 27], whose eventual 

physiopathological relevance is still unclear. Furthermore, several S100 proteins evolved 

additional binding sites for Zn2+ and Cu2+ [19, 24]. Their pleiotropic functions therefore relate to 

expression levels, to the biochemical milieu of the expression sites (intra- or extracellular), to 

metal binding and quaternary structure.  

S100A9 is abundant in the brain and has been found in diseased and aged tissues, in 

the form of punctiform histological inclusions in correlation with classical amyloid pathological 

hallmarks [1, 4, 28, 29], making it a robust biomarker of neurodegeneration, notably 

Alzheimer’s Disease [30]. S100A9 has been implicated in spontaneous interconversion into 

amyloid due to an initial misfolding event and subsequent intermolecular β-sheet formation, 

with no observable lag phase [31, 32]. In the recent literature, it is described that S100A9 is 

able to form polymeric structures that resemble amyloid structures and bind to amyloid 
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fluorophores [31]. The polymerization reaction occurs through a two-step 

nucleation−autocatalytic growth model concentration dependent of α-helical S100A9 protein. 

The self-assembly demonstrates that initial misfolding and β-sheet formation, defined as 

“nucleation” step, spontaneously takes place within individual S100A9 molecules [31]. The 

impact of S100A9 oligomers or self-assemblies on memory was studied through intranasal 

administration of S100A9 (dimers, oligomers and fibrillar states) in aged mice. S100A9 

oligomers and fibrils, but not dimers, evoked amnestic activity which is correlated with 

disruption of dopaminergic and glutamate neurochemistry in the prefrontal cortical and 

hippocampal regions [29, 33]. Additionally, intranasal administration of S1009 induces cellular 

stress in the frontal lobe, hippocampus, and cerebellum of aged mice, as well as impaired 

learning [29]. However, the underlying structural and molecular details of such processes 

remain enigmatic, and the characteristics of the fibrillar materials formed may differ from those 

of canonical amyloid fibrils. Here, we study the formation of S100A9 fibrillar self-assemblies 

combining chemical kinetics, nanoscopic analyses by electron and atomic force microscopies, 

DLS and spectroscopic approaches.  

Under physiological conditions and high concentrations, we established that the 

natively folded S100A9 dimer self-assembles into worm-like protofibrils. We establish that 

S100A9 in these fibrils retains its native-like conformation, despite a slight increase in 

intermolecular -sheets. We propose that this mode of self-assembly, so far unique to S100A9 

among the S100 family, is related to a disordered C-terminal extension, found exclusively in 

this protein, which mediates self-assembly process into wormlike fibrils that lack the hallmark 

features of amyloid. 

 

Functional amyloids 

 Amyloids are usually associated with disease state; however, in the past two decades 

it has become increasingly clear that amyloids can also play physiological roles. Amyloids are 

used by nature in multifaceted ways, occurring in bacteria, fungi, and mammals. Recent 

studies have deepened our understanding of the role of functional amyloids pay in these 

processes and the regulatory mechanisms that underlie them. Furthermore, functional 

amyloids may possess noncanonical supramolecular morphologies [34], being composed by 

relatively short peptide building blocks [35] [8], and assemble in response to environmental 

fluctuations [36]. There is a growing list of amyloids with functional properties which can be 

divided in chemical storage (such as different peptide hormones which are stored as inert 

amyloids inside secretary granules ready for activation), structure (includes amyloids that fulfill 

structural functions), information (like amyloids involved in epigenetic inheritance and 
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memory), loss-of-function (amyloids whose formation leads to loss of their activity in the soluble 

state) and signaling/gain-of-functions (activated on amyloid formation in different ways) [10]. 

Obviously, functional amyloids may belong to more than one group, because the amyloid 

structure by itself can have more than one function. Table 1 summarizes a list of functionally 

annotated amyloids, by group. 

 

 Table 1 – Functionally annotated amyloids  

 

Amyloid Organism 
Soluble protein 

function 
Amyloid Function Refs 

Group I – Chemical storage 

Peptide/protein hormones mammals Involved in hormone signaling Sorting, storage and release of hormones [35] 

Major basic protein (MBP) (also 
group IV – loss-of-function) 

mammals 

Toxic in eosinophils 
destabilizes membrane of 

intruder/host in the oligomer 
state 

Inerte storage of the toxic MBP [36] 

Inclusion body formation of many 
heterologous proteins when 

expressed 
Escherichia coli Various 

Storing proteins inside secretory granules, 
possibly for detoxification 

[37] [38] 

Group II – Structure 

Curli (amyloid component: CsgA) 
E. Coli (homolog in 

Salmonella) 
Not known 

Component of the extracellular matrix; 
involved in adhesion, biofilm formation, 

and invasion 
[39] 

Biofilm-associated proteins (Baps) 

Staphylococcus, 
Enterococcus, Salmonella, 

Pseudomonas, 
Acinetobacter 

Not known 
Involved in primary attachment to surfaces 
and intracellular adhesion; host invasion; 

monitoring calcium and pH levels 
[40] 

Group III – Information  

Sup35 (also group IV – loss-of-
function) 

S.cerevisiae Translation termination 
Prion form is inactive (has a polyQ 

sequence alignment) 
[41] 

Poly-Q-expanded fragment of human 
huntingtin exon-1 

S.cerevisae Not known Insoluble protein deposit formation  [42] 

Group IV – loss-of-function 

Yeast pyruvate kinase Cdc19 (also 
group I – chemical storage) 

S.cerevisiae Pyruvate kinase  
Stored inside stress granules; amyloid 

form in enzymatically inactive 
[43] 

Group V – Signaling/Gain-of-function 

HET-s prion Podospora anserina Not known 
Prion form is active (oligomerization) 
involved in primitive immune system  

[44] 

Neuronal cytoplasmatic 
polyadenylation element-binding 

protein (CPEB) 
Aplysia (CPEB)Drosophila 

CPEB regulates messenger 
RNA (mRNA) translation 

Long-term memory (has a polyQ 
sequence segment) 

[44] 

Necroptosis-related amyloid system 
RIP1/RIP3 

mammals Not known 
Signaling and cell death of necroptosis 

(related to the HET-s system) 
[45] 
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3. Materials and Methods 

Materials. All reagents were of the highest grade commercially available. Thioflavin T (ThT) 

was obtained from Sigma. A Chelex resin (Bio-Rad) was used to remove contaminant trace 

metals from all solutions. S100A9 was expressed in Escherichia coli BL21(DE3) and purified 

to homogeneity using a previously established protocol[37, 38]. Apo S100A9 was prepared by 

incubation at 37 ºC for 2h with a 300-fold excess of Dithiothreitol (DTT) and 0.5 mM 

ethylenediamine tetraacetic acid (EDTA) and eluted in a Superdex S75 (GE Healthcare). 

S100A9 protein solutions were prepared and stored in 50mM Tris-HCl pH 7.4. Protein 

concentrations were determined spectrophotometrically using the extinction coefficient 13,980 

cm-1.M-1 at 280 nm. 

Electrophoresis. SDS polyacrylamide gel electrophoresis (PAGE) was carried in 12% Tris-

Tricine gel. Protein sample was mixed with loading buffer in 1:1 ratio. The electrophoretic 

separation was conducted in a Mini protean II Electrophoresis system (BioRad) with two 

running buffers: cathode buffer (0.1M Tris, 0.1M Tricine, 0.1% SDS with pH 8.25) and anode 

buffer (0.2M Tris, pH 8.9). The voltage used was 150V. The standard protein marker was 

purchase from BioRad. Blue Safe solution (Nzytech) was used for staining. 

Production of S100A9 multimers. S100A9 solution was incubated at 0.53 and 2.6mg/mL 

concentration in 50mM Tris-HCl, pH 7.4, 37°C, using a continuous agitation at 250rpm. 

S100A9 multimers were produced after 48h of incubation. The morphological parameters were 

studied by AFM imaging. 

Analytical Size Exclusion Chromatography (SEC). Analytical SEC was performed at room 

temperature on a Superdex 75 Tricorn high performance column (GE Healthcare, Vcolumn = 

24mL) connected to an AKTA Purifier UPC-10 system and run at 1ml/min. The column was 

calibrated with proteins of known molecular weight: apoprotein (6.5kDa), cytochrome c 

(11.8kDa), ribonuclease A (13.7kDa), carbonic anhydrase (29kDa), ovalbumine (44kDa) and 

conalbumine (75kDa). 500µl of S100A9 incubated different times at 0.53mg/mL and 2.6mg/mL, 

250rpm, was applied and run at pH 7.4: running buffer was 50mM Tris-HCl (chelex water) pH 

7.4.  

S100A9 aggregation kinetics Aggregation kinetics was performed by recording the ThT 

fluorescence intensity as a function of time in a plate reader (Fluostar Optima, BMG Labtech) 

with a 440 nm excitation filter and a 480 nm emission filter. The fluorescence was recorded 

using bottom optics in half-area 96-well polyethylene glycol-coated black polystyrene plates 

with a clear bottom (Corning, 3881). Briefly, different concentrations of S100A9 apo were 
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diluted in 50mM Tris-HCl, pH 7.4, 5mM TCEP and 0.5mM EDTA or Calcium, and a ratio of 

ThT: protein of 2:1 was used for each condition. For the Zinc assays, final S100A9 protein 

concentration was 0.53mg/mL, with a ratio of zinc:protein of 1-12:1. The assays were 

performed at 37°C, with 86rpm agitation cycles of 20s before each acquisition. Aggregation 

kinetics of S100A9 in the presence of different zinc ratios was determined 

spectrophotometrically by measuring the absorbance at 360nm at the endpoint reactions of 

S100A9: Zinc ThT fluorescence assay.  

Circular Dichroism (CD) Spectroscopy CD measurements and kinetics were performed on 

a JASCO J-1500 spectropolarimeter equipped with a Peltier-controlled thermostatic cell 

support. Far-UV CD spectra (200-260nm) were acquired using 5nm/min scan speed and 1nm 

resolution and recorded at 20µM S100A9 with or without 80 µM CaCl2 or ZnCl2 in 50 mM Tris 

pH7.4. Quartz cells had 1mm optical path.  

Dynamic Light Spectroscopy (DLS). DLS measurements were performed on a Zetasizer 

Nano (Malvem) DLS instrument by scattering light at 630bn and under 173° angle. 20µM 

S100A9 in 50mM Tris-HCl pH 7.4 was subjected to five repetitive measurements. 

Hydrodynamic diameter was evaluated from the autocorrelation curves fitted with 

manufacturer’s software and molecular weight was calculated by Protein Utilities program 

provided by the manufacturer. 

Monomer release assay. For monomer release assay, S100A9 multimers were formed upon 

incubation of 0.53mg/mL in the presence of times calcium, in 50mM Tris-HCl, pH 7.4, 48h at 

37°C, using a continuous agitation at 250rpm. After formation, multimers were isolated by SEC. 

Multimers fraction was introduced into a 50 kDa MWCO dialysis membrane against 20mM 

Tris-HCl pH 7.4, using stirring 200rpm at 4°C. For 14 days, absorbance was measured at 

280nm, Trp fluorescence at 340nm, and dot blot intensity of the inner and outer part at the 

endpoint. All values were plotted against dialysis time (days). A negative control was used with 

buffer 20mM Tris-HCl pH 7.4 instead of the multimers. Presented data is a mean between four 

individual assays. 
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4. Results and Discussion  

4.1. Spontaneous formation of S100A9 polymers and effect of Ca2+-

binding 

 To investigate the spontaneous formation of S100A9 fibrillar aggregates, we incubated 

purified apo S100A9 at 37°C and pH 7.4 under mild agitation (250 rpm) for up to 48h (Fig 1A). 

During this period, we observed no concurring precipitation, as denoted by the lack of 

increased light scattering and no pellet upon end-point centrifugation. To verify oligomer 

formation, we employed size-exclusion chromatography (SEC) and observed a new band 

eluting above the column cut-off, corresponding to a high molecular weight species, in addition 

to that of the S100A9 dimer (Fig. 1B). Bioimaging analysis combining atomic force microscopy 

(AFM) and transmission electron microscopy (TEM) showed that the species present in the 

two SEC bands correspond, respectively, to globular S100A9 native dimers and to fibrillar 

aggregates that we coin as worm-like (Fig. 1C). To unravel the inner structural properties of 

the fibrillar multimers, we carried out circular dichroism (CD) analysis to investigate the 

structural features of the filaments. The properties of the S100A9 fibrils were compared to 

those of the S100A9 dimer, whose far-UV CD spectrum is typical of the -helical S100 protein 

fold, with minima at 222 and 208nm (Fig. 1D).  

Figure 1 – Structural analysis of S100A9 fibrils formed under physiological conditions. (A)S100A9 

self-assembly reaction protocol; (B) SEC resolution of S100A9 oligomers formed after 48h of reaction; (C) 
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Bioimaging analysis of S100A9 SEC high molecular weight worm-like fibrils (blue frames) and dimers (green frame) 

by TEM (top panel) and AFM (two bottom panels). 

 

We next set to determine if Ca2+ binding to S100A9 influences the formation of fibrillar 

multimers. For that we monitored the self-assembly reaction of S100A9, in the presence and 

in the absence of Ca2+ in physiological conditions (37 C, pH 7.6) for up to 144h. Using AFM, 

we established that, in both cases, fibrils with similar morphologies are formed (Fig. 2A). This 

observation is compatible with the fact that Ca2+-binding has no destabilizing effect on S100A9, 

as the protein thermal stability with Ca2+-bound (Tm ~ 85 C) is even higher than that of the apo 

form (Tm ~ 73 C) (Fig. 2B). Therefore, in our experiments and in both conditions, S100A9 fibril 

formation does not involve any Ca2+-induced destabilization event. We then used SEC to 

assess the kinetics of the formation of the fibrillar oligomers and, from the obtained SEC 

profiles, we also noted that Ca2+-binding does not influence the aggregation rate (Fig. 2C, D). 

Given that soluble higher-order fibrils are promptly formed without noticeable accumulation of 

intermediary oligomers, we conclude that fibril assembly proceeds through assembly of native 

S100A9 dimers (Fig. 2C, D). AFM analysis of the species formed at different time points along 

the fibrillation reaction at 15, 24 and 72h (Fig. 2F) reveals that worm like S100A9 fibrils are 

rapidly formed and that their morphology gets increasingly complex with no observation of 

straight fibrils.  
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Figure 2 – The morphology of S100A9 worm-like fibrils is marginally influenced by Ca2+-binding. 

(A) AFM topography images of end point filaments formed in both conditions examined after 144h incubation at 

37C pH 7.6; (B) Thermal denaturation profiles of apo and Ca2+-S100A9 determined from CD analysis at 222nm; 

(C) SEC chromatogram analysis of oligomer formation by apo and Ca2+ bound S100A9 up to 144h; (D) Kinetics of 

formation of S100A9 fibrils and analysis of the relative S100A9 populations showing that a decrease in dimers 

directly corresponds to an increased in fibrils; (E) AFM maps of at different time points illustrating increasing 

complexity of assembled fibrils 

E 
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Increased molecular weight of S100A9 assemblies along time is also corroborated by 

DLS analysis, in Fig. 3. We have measured an average molecular diameter around 4nm for 

both apo apo and Ca-bound S100A9. This hydrodynamic diameter corresponds to the reported 

diameter of the dimer S100A9 as in the PDB entry 5I8N. Even thought, it has been previously 

reported that Ca2+ enhances the oligomerization of S100s into high-ordered polymers [24], 

which increase in size is time-dependent. As we can observe, in the absence and in the 

presence of calcium the formation of high-ordered species occurs over time. After 5h, apart 

from dimeric S100A9, we also detect larger species with around 100 nm diameter (Fig. 3A, B) 

and upon 20h we have a mixture of species ranging from the dimers to species at around 100 

nm and even 4000 nm, which can be insoluble aggregates.  

Figure 3 –S100A9 soluble self-assembly structures have high molecular weight. Dynamic Light 

Scattering (DLS) assay of in vitro S100A9 self-assembly structures measurements of S100A9 in apo form (A), in 

the presence of four-times calcium (B) with 0h, 5h and 20h of incubation times, at pH 7.4. Representative 

distributions of multiple samples analysed. 

 

4.2. S100A9 polymers are not disulphide crosslinked  

To probe the nature of the S100A9 fibrils, we investigated the possible involvement of 

intermolecular disulfide bonding in the formation of the S100A9 fibrillar multimers, through the 

single Cys-3 residue present in S100A9, an amino acid which contains a thiol group. For that, 

we analyzed the S100A9-C3S mutant and determined that the self-assembly reaction also 

takes places, yielding worm-like fibrillar multimers identical to those obtained for wild type 

S100A9, thus excluding the involvement of disulfide bonds in these species (Fig. 4).  
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Figure 4 –S100A9 multimers are not disulfide-linked dependent. S100A9 C3S mutant forms multimers 

upon incubation in physiological conditions as the WT. SEC (A) and bars quantification content (B) after incubation 

of 2.5mg/mL of protein for 24h, 37°C and 250rpm. AFM images of the multimers after SEC for S100A9 WT (C) and 

mutant (D). 

 

Altogether, findings in this section show that the spontaneous self-assembly of S100A9 

dimers into fibrillar multimers is not dependent of Ca2+ binding and does not involve 

intermolecular disulfide bonding. Multimers also do not depend on electrostatic interactions as 

high salt concentrations (up to 1 M NaCl) did not abolish their formation (Fig. 5). The 

observation that S100A9 worm-like polymers are formed reversibly from S100A9 dimers, and 

that they are protease and SDS sensitive, contrasts with the highly stable and irreversible 

nature of canonical amyloid fibrils. 
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Figure 5 –S100A9 multimeric self-assemblies do not have an electrostatic character. S100A9 protein 

was incubated with different concentrations of sodium chloride, 0-1M, and incubated in physiological conditions. 

SEC (A) and bars quantification content (B) after incubation of 2.5mg/mL of protein for 24h, 37°C and 250rpm. 

 

4.3. S100A9 polymers bind Amyloid-specific fluorophores 

To obtain information about the amyloidogenic character of S100A9 multimers (self-

assemblies), different fluorescent dyes were used. ThT and ANS are the most used dyes to 

follow amyloid formation and here, we used other fluorophores such as oligothiophenes (LCOs 

– Luminescent Conjugated Oligothiophenes – p-FTAA and h-FTAA). LCOs are recent and 

innovative amyloid specific dyes used to detect non-thioflavinophilic amyloid aggregated 

species [39]. 

Figure 6 –S100A9 self-assembly structures have a smooth amyloidogenic character. Different 

fluorescence dyes, Thioflavin-T (A), ANS (B), and oligothiophenes p-FTAA (C) and h-FTAA (D) were used to 

characterized S100A9 multimers and dimer. Measurements were performed with 0.04mg/mL of multimers/dimers 



V. Analysis of S100A9 self-assembly into pseudo-amyloid fibrils 

113 

of S100A9. Incubation, pre-SEC, were performed at 2.5mg/mL of protein in 50mM Tris-HCl chelex pH 7.4, 37°C, 

24h with agitation 250rpm. 

The usage of different fluorescent dyes for dimers and multimers of S100A9 shows that 

there are almost no differences in intensity between the two of them (Fig 6). ThT fluorescence 

is the one that shows more differences: In one hand, ThT is known to report the formation of 

β-sheet-rich aggregates which shows intensive fluorescence upon intercalation into stacked 

β-sheets that form during aggregation [34]. In the other hand, ThT may also bind as excited 

dimers (“excimers”) to large hydrophobic cavities within fibrils, as occurs for S100 proteins [40]. 

This observed enhancement of ThT bound to multimers means that these assemblies promote 

the opening of hydrophobic cavities in S100A9 oligomer, allowing the binding of ThT. 

S100A9 multimers present some amyloidogenic character by the ThT and h-FTAA 

binding experiments. In fact, quantitative analysis of the ATR-FTIR spectra of the S100A9 

dimers and fibrils shows a noteworthy difference. Spectrum of the fibrils shows a clear and 

distinct shoulder at ~1620 cm-1 in the Amide band I, which is the typical spectral feature 

characteristic of intermolecular -sheets and H-bonding in amyloid-like self-assemblies [41-44] 

(data not shown). This content of intermolecular -sheet increases from 5 ± 5% in the case of 

dimers to 30 ± 5% in the case of the flexible fibrillar aggregates, at the expense of an equivalent 

loss in native -helix structure. Thus, overall, the nanoscopic and spectroscopic data prove 

the formation of highly flexible fibrillar (worm-like) aggregates, which are stabilized by a tight 

network of intermolecular H-bonding and -sheets. 

 

4.4. Kinetic analysis of S100A9 polymerization and effect of Zn2+-

binding 

To evaluate the amyloidogenicity of S100A9, we incubate the protein at 5-200µM at 

37°C and followed the Thioflavin-T (ThT) kinetics at physiological pH7.4 in the absence and 

presence of 4xCa2+ (Fig. 7A, B). ThT is a fluorescence dye that is frequently used for 

monitoring the amyloid formation by proteins and peptides [45]. Emission intensity of ThT dye 

monitored at 480nm (excitation at 450nm) increases when it binds to cross β-sheet structure 

of amyloids.  
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Figure 7 – Amyloidogenic character of S100A9 in a concentration dependent manner. S100A9 in 

apo form (A) and 4 times calcium binding (B) in 50mM Tris-HCl chelex pH7.4. Protein used at increasing 

concentration, between 5µM-200µM, 37°C, 24h with agitation 86rpm, 20sec before cycle. Plots represent averaged 

intensity curves obtained from three independent replicates for each of the tested conditions. (C) Plot of the ThT 

intensity at the endpoints of the aggregation of S100A9 shown in A and B.  

We found that S100A9 in the apo form forms ThT-positive reactive species in a 

concentration-dependent manner but no lag phase was observed, which reflects an 

instantaneous nucleation process and may suggest that S100A9 are able to form nuclei 

directly from their soluble dimer conformation [46]. On the other hand, in the presence of 

4xCa2+, ThT reactive species have much lower intensity, suggesting some molecular 

rearrangement differences between the formed multimers during oligomerization process. Fig. 

7C plotted the ThT intensity of the end-point reaction for both incubations. 

Protein misfolding conformational changes are a mainstay of neurodegenerative 

diseases involving formation and deposition of toxic protein oligomers, which can be favored 

by dysregulations of labile metal ions within the cellular environment. Metal ions such as 

calcium, zinc and copper are key players in brain neurobiology, their homeostasis is altered in 

most neurodegenerative conditions, and they are found within proteinaceous inclusions from 

patients [47]. Considering that S100A9 is a calcium-binding protein and the fact that metal ions 

play essential roles in the brain and there is evidence about their homeostatic dysfunction 

across different neurodegenerative disorders [47], we first postulated that metal-ions may 

interfere with S100A9 aggregation processes. Calcium, as well as zinc binding, have been 

shown to induce conformational changes within S100 proteins leading to the exposure of 

hydrophobic surfaces, that may allow interaction with the target protein [48].  

Circular dichroism (CD) spectra showed an α-helical conformation of S100A9 with no 

incubation, in the absence or presence of calcium, Fig. 8A. In the presence of Zinc, S100A9 

immediately starts to lose its native conformation, accompanied by spectral band broadening 

and a slight shift of the minimum to 210nm. Right upon incubation, zinc destabilizes the native 
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structure causing S100A9 to precipitate into insoluble aggregates (Fig. 8), and effect which is 

also noted monitoring CD changes at 222nm (Fig. 8B). In contrast, incubation for 48h at 37°C 

maintained apo S100A9 in the native form with soluble oligomers being formed as confirmed 

by SEC of the endpoint incubation product (Fig. 8C) where different components can be 

separated. The same was observed for Ca-bound S100A9, with no changes in CD signal at 

222 nm.  

Figure 8 – S100A9 protein forms oligomeric species maintaining its α-helical conformation upon 

incubation. (A) CD spectra of S100A9 in the absence (blue) and presence of calcium (orange) and zinc (grey) with 

no incubation; (B) CD kinetics during incubation, plotted the 222nm wavelength with time at 37°C and in absence 

(blue) and presence of metal-ions, S100A9+4Ca2+ (orange), and S100A9+4Zn2+ (grey and purple) and (C) SEC 

analysis after S100A9 homodimer the incubation 24h with the metal-ions, 37°C. Spectrum obtained from 

0.25mg/mL protein samples dissolved in 50mM Tris-HCl buffer pH 7.4. 

Focusing our attention on Zinc, and knowing that S100B protein acts as a zinc 

metallochaperone by suppressing Aβ42 oligomerization [49], we investigated how S100A9 

behaves in the presence of zinc. Although in the presence of calcium S100A9 does not change 

its conformation and is not amyloidogenic upon incubation, in the presence of zinc, an inverse 

scenario in observed. Upon addition of Zn2+, S100A9 immediately precipitates producing a 

concentration-dependent decrease in α-helix content, once there are only two Zn2+-binding 

sites, coordinated by residues from two homodimers. Zn2+
 is also reported to influence the 

degree of oligomerization associated with a decrease in secondary structure content [50], Fig. 

8A. Binding of Zn2+
 occurs invariably at the dimer interface, involving coordination residues 

formed by HEXXH motives from both subunits that are close to the dimer interface, being able 

to bound two Zn2+
 ions per homodimer [38]. 
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Figure 9 – Zinc induces conformational changes in S100A9 and forms ThT-reactive species. Zinc 

binding kinetic curves for S100A9 in increasing Zinc molarity. (A) CD kinetics during incubation, plotted the 222nm 

wavelength with time at 37°C in the presence of 1-4 times zinc equimolar to S100A9. (B) S100A9 zinc-dependent 

(0-14 equimolar) ThT fluorescence kinetics and (C) ThT intensity (orang squares) and turbidity kinetics (blue circles) 

at the endpoint of the reaction plotted with the equimolar of zincs. Turbidimetry measured at absorbance of 412nm 

at 20h in function of zinc molecules per S100A9 dimer. Protein used at 0.5mg/mL, pH 7.4, 37°C with agitation 

86rpm, 20sec before cycle. 

 

Generally, dimeric S100A9 protein binds four Ca2+
 ions per dimer while there are just 

two putative sites for Zn2+
 [24]. In contrast with calcium (Fig.9), the presence of Zn2+

 enhances 

ThT intensity meaning that there are ThT-positive species formed with time. ThT is known to 

report the formation of β-sheet-rich aggregates which shows intensive fluorescence upon 

intercalation into stacked β-sheets that form during aggregation [40]. A zinc-dependent kinetic 

was performed to study the impact of zinc at different stoichiometries, Fig. 9C. These 

experiments show that above 4xZn2+:S100A9 there is a concentration-dependent 

enhancement of ThT fluorescence intensity and turbidity, meaning that are being formed ThT- 

reacting and insoluble aggregates (macroscopically appeared as a white precipitate). For 

ratios up to 4xZn2+/S100A9, there are no significant variations neither of ThT intensity or 

turbidity, which may be due to the Zn2+
 nonspecific binding to the four coordinated Ca2+-specific 

binding sites of the S100A9 homodimer. Zn2+- ions might bind not exclusively to specific zinc-

binding sites but may interact also with other sites [38]. 

 

4.5. S100A9 fibrillar polymers disassemble into dimeric S100A9 

To probe the nature of the S100A9 fibrils, we subsequently assessed their resistance 

to degradation, which is a hallmark of canonical amyloid fibrils. Unlike amyloids, we determined 

that S100A9 fibrils are sensitive to proteinase K digestion and migrate as monomers in SDS-

PAGE (data not shown), with no noticeable evidence for high molecular weight species. Also, 
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we performed dilution/dialysis experiments (Fig. 10) and observed that the S100A9 worm-like 

fibrils revert to soluble S100A9 dimers, indicating that their assembly is reversible.  

Figure 10 – S100A9 dimers are released from S100A9 fibrils along time. (A) Increment in absorbance 

at 280nm(blue), Trp fluorescence in 340nm (orange) and in dot blot intensity (green) of solution outside de dialysis 

membrane denoting releasing of building-blocks of S100A9 (n=4) and the respective negative controls (black). (B) 

SEC of the solution outside the membrane at the endpoint of the assay. (C) SDS-PAGE of the solutions inside and 

outside the membrane at the endpoint of the assay, as well as the native S100A9 as a control. AFM topography 

images of end point of dialysis inside (E) and outside (F) of the membrane. 

 

Immediately on the first day we can observe an enhancement in absorbance and Trp 

fluorescence in the outer part of the membrane, and the values increased until the day eleven, 

meaning that S100A9 protein are being released from the multimers, over time. To make sure 

that the enhancement is due to the release of the S100A9, we performed a dot blot assay 

using S100A9-antibody, Fig. 11, and we can observe that the signal is specific for S100A9 and 

is in accordance with the obtained results. The behavior of the three curves is similar, and we 

can conclude that S100A9 building blocks are being released from the multimers with time. To 

confirm the presence of S100A9 in both compartments we performed SDS-PAGE gel and to 

check the molecular weight and the morphology of the species that were present in the outer 

part we ran a SEC and we did AFM, respectively (Fig. 10E, F). SEC chromatogram from the 

outer part suggests that we are in the presence of dimers with approx. 33 kDa, which is very 

close to the reported molecular weight 26 kDa [38].  
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Figure 11 – S100A9 multimers release assay. Dot blot assay using S100A9-antibody. Sample were 

deposited day-by-day and then incubated with specific antibody. 

 

4.6. S100A9 C-terminus mediates polymer assembly 

Interestingly, the formation of this type of filament seems to be limited to S100A9 and 

not to other members of the S100 protein family. The premise derived from our observations 

is that this is due to unique structural characteristics of S100A9, namely disordered C-terminal 

(with IDP character) extension of ~20 residues which is absent in other proteins from this family 

and a less stable fold, that altogether favor permissive conformational excursions of the native 

state that populate assembly-competent conformers. As a proof of concept, we expressed and 

purified the truncated S100A9 C3S, with deletion of ca. 90 base pairs at C-terminal, Fig. 11A. 

The mutation at the cysteine was maintained to exclude eventual self-assembly through 

disulphide bounds. 

Figure 11 – Truncated S100A9 C3S does not form self-assemblies upon incubation. Purified 

truncated mutated S100A9 C3S (S100A9 C3S ∆90) (A) has a CD spectrum like the native S100A9 and the mutated 

S100A9 C3S (B) with composed by the characteristic α-helical content. (C) SEC analysis after S100A9 C3S ∆90 

homodimer 24h incubation with no metal ions, at 37°C. Samples were dissolved in 50mM Tris-HCl buffer pH 7.4. 

Truncated mutated S100A9 – S100A9-C3S-∆90 – has the same fold as native S100A9, 

as observed by CD spectra in Fig. 11B. C-terminal amino acids are not required to reach the 
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α-helical fold characteristic of S100A9. In order to study the importance of the C-terminus in 

the formation of self-assemblies, S100A9 C3S ∆90 was incubated in the same conditions used 

for the WT, Fig. 1A, B. SEC analysis, Fig. 11C, revealed that C-terminal is essential for the 

formation the polymers. Upon incubation, most of the protein precipitates, and there is no 

formation of larger oligomers. Thus, our data suggests that the C-terminal may be a mediator 

of dimeric S100A9 polymerization. Once S100A9 is the only member of the family that have 

this longer C-tail, it gives to S100A9 a unique characteristic that can result in this unique 

structural feature.  

 

5. Conclusion 

S100A9 is a protein implicated in neurodegeneration. It is highly present in AD brains 

and has been shown to be a relevant AD biomarker. In this work, we have shown that S100A9 

forms fibrillar self-assemblies which maintain a native-like conformation. We demonstrated the 

spontaneous formation of S100A9 polymers and that Ca2+-binding has no effect on the 

process. Kinetic analysis of S100A9 polymerization shows that Zn2+-binding enhances 

aggregation but S100A9 immediately precipitates producing a concentration-dependent 

decrease in α-helix content. Interestingly, S100A9 polymers bind amyloid-specific fluorophores 

but these properties do not necessarily reflect the formation of canonical type amyloids. The 

fact that the S100A9 fibrillar polymers disassemble into dimeric S100A9 upon dialysis shows 

that these polymers are not truly amyloid but rather likely result from stacking of native-like 

S100A9 proteins. One aspect that may be relevant to elucidate this self-assembly process is 

the C-terminus extension of 20 amino acid residues, that is exclusive to S100A9 among 

members of the S100 protein family. Indeed, we generated a truncated deletion variant without 

the C-terminus extension and found that, although S100A9 is still expressed and folded, once 

purified it does not polymerize but forms amorphous aggregations. Future research will 

uncover the molecular and structural underpinnings of this process, which may be an important 

mechanism for storage of S100A9 in tissues.  
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1. Systems approaches to understand biological processes 

Systems biology has been responsible for some of the most important developments 

in human health. In general terms, it consists of a global approach in biomedical research to 

understand the larger picture - from the level of the organism, tissue or cell form the 

combination of different elements. It seeks to decipher the complexity of biological systems 

that starts from the understanding that the networks that form the whole are more than the sum 

of the parts. Systems biology is collaborative, since it integrates many specific areas – biology, 

computer science, engineering, bioinformatics, physics, and others - to predict how these 

systems change over time and under varying conditions, and to develop solutions. For that, its 

focus is on the study of biological constituents including genes, proteins, and cellular and 

metabolic components using mathematical and computational systems with a multidisciplinary 

and integrative approach (Fig. 1) 

Figure 1 – Illustration scheme of a possible integrative and multidisciplinary approach of systems 

biology. First, is needed to define the biological components that participate in a cellular mechanism, then form a 

genome-scale maps in a stepwise manner and a conversion of reconstructed gene networks into a mathematical 

model and, finally use the models in a prospective and predictive manner. Adapted from [41] 

 

Over the past two decades, clinicians and scientists learnt how to familiarize with 

genomic, transcriptomic, miRnomic, proteomic, and metabolomic data which are obtained from 

technologies including quantitative polymerase chain reaction, oligonucleotide microarrays, 

mass spectrometry, and next-generation sequencing [41]. Through sophisticated 

computational models and simulations, information is extracted and interpreted with an 
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interdisciplinary approach. Systems biology offers an opportunity to study how the phenotype 

is generated from the genotype. The ability to design predictive, multiscale models enable to 

discover new biomarkers for disease, stratify patients based on unique genetic profiles, and 

target drugs and other treatments. Systems biology creates the potential for entirely new kinds 

of exploration and drives constant innovation in biology-based technology and computation. 

This work did not follow a classical systems biology approach but resorted to multiple 

disciplines – biophysics, cellular biology, biochemistry, and techniques to build the larger 

picture underlying the role of a family of proteins in the one important biological process. Our 

studies on S100 proteins, spanning from studies in animal models to investigations on protein 

structure attempted to leverage a broader understanding of their role in proteostasis. Thanks 

to this comprehensive, systems-inspired approach, we have gained insights on the 

distributions of S100 proteins in the brains of AD mice models along disease progression and 

on how S100 proteins can modulate Aβ aggregation, uncovering new potential roles for these 

proteins in health and disease states. 

 

2. S100 proteins as novel players in proteostasis and AD 

Alzheimer’s disease is the most common progressive neurodegenerative disease and 

the most prevalent age-related dementia which affects millions of people in the world [1]. The 

imbalance on proteostasis, metallostasis (metals ion levels) and many other cellular processes 

promotes dysfunction in nervous cells that cause neurodegeneration and lead to declining 

brain functions. Along this continuum there is a progressive self-assembly and accumulation 

of the Aβ peptide into toxic aggregates and amyloid fibrils that form extracellular plaques. The 

deposition of Aβ in the brain then prompts dissociation and hyperphosphorylation of the tau 

microtubule associated protein, that self assembles into oligomers with proteotoxic spreading 

potential and amyloids forming neurofibrillary tangles.  

Protein aggregation in AD is accompanied by neuroinflammation [2] and microglia and 

innate immune cells of the central nervous system play key roles in mediating 

neuroinflammatory responses [3]. Neuroinflammation is mediated by the production of 

cytokines, chemokines, reactive oxygen species (ROS), which are produced by glia 

(astrocytes and microglia), endothelial cells and immune cells. Most of the times 

neuroinflammation is referred to as a deleterious and negative process that aggravates cell 

death, and most of ongoing research is focused on these pathological aspects. However, some 
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neuroinflammatory responses are positive. In fact, the degree of neuroinflammation depends 

on the context, duration, and course of the primary stimulus or insult [3], Fig. 2.  

In many circumstances, there is a balance between inflammatory and intrinsic repair 

processes that influences functional recovery. Moreover, communication between the brain 

and immune system involves neuroinflammatory processes that are beneficial and adaptive. 

Therefore, to discuss whenever neuroinflammation is positive or detrimental, it is important to 

establish which pathways and players represent positive and negative aspects, and which are 

the transition threshold between the two situations. 

 

Figure 2 - Positive and Negative Aspects of Neuroinflammation. Degrees of neuroinflammation 

influences supportive or destructive immune signals to the central nervous systems, depending on the intensity and 

duration. Positive and negative aspects of neuroinflammation are shown on the left and right, respectively. Insults 

leads to induction of sickness behaviors by the production of interleukins (group of cytokines). From [3] 

 

As described in this thesis, S100 proteins are mostly presented as pro-inflammatory 

cytokines with disease aggravating roles. For instance, S100B is secreted from astrocytes; 

S100A9 is expressed by mononuclear cells (as lymphocytes and monocytes); and S100A8/A9 

is constitutively expressed in neutrophils and monocytes as a calcium sensor. S100s are 

introduced as key players in AD neuroinflammatory responses and S100B, S100A9, S100A8, 

and S100A6 are among the most prominent brain expressed S100 proteins, which are all 

upregulated by aging and neuronal damage. In this work, we put together multiple 

complementary approaches and techniques to investigate if and how S100 protein modulates 
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and/or influence cellular proteostasis. S100 proteins are multifunctional and are involved in 

several processes within cells, including regulation of proliferation, calcium homeostasis and 

inflammation, and some S100 proteins are secreted or released to regulate cell functions via 

activation of surface receptors. Also, extracellular S100 proteins regulate the biological activity 

of other cells and participate in innate and adaptive immune responses. Here, we sought to 

study new protective functions and structural characteristics of members of this protein family 

that may be relevant to understand the plethora of S100 protein functions. One of the goals 

was to uncover mechanistic details of the cross talk between S100 proteins during pathological 

states, under different physiological concentrations. In addition, in the context of AD, we were 

interested in study their effect on Aβ aggregation, once they co-localized around A plaques 

during disease state. 

To reach the goal it was very important to use a combined approach: Cellular studies 

in neurodegeneration models and protein analysis, in Chapter III, where S100 localization in 

healthy and diseased brains of APP23 mice models were identified. Using fluorescent dyes, 

we showed that several S100 proteins (S100B, S100A6, and S100A8) are co-localized with 

Aβ plaques. As reported in literature and as confirmed by our results, at early stages of AD, 

S100 proteins are located surrounding Aβ plaques, in mice brains. Once co-localized, S100s 

might be able to interact with the Aβ peptide, preventing or delaying its aggregation; to confirm 

this we established a putative interaction between neuronal S100A6, S100A8, S100A9, 

S100A8/A9 and the Aβ peptide, based on their effect on Aβ aggregation, monitored using ThT 

fluorescence, studied in chapter IV. It had been previously shown in [4] that S100B delays Aβ42 

aggregation and now, in this work, we were able to demonstrate that other S100 proteins also 

inhibit Aβ42 aggregation. Our results suggest that these proteins may act on different stages of 

the aggregation reaction (primary nucleation, secondary nucleation), without however 

changing the dominant Aβ42 aggregation mechanism. Therefore, it is possible that S100 

proteins contribute to the maintenance of proteostasis, as long as possible. At early AD stages, 

S100 proteins may have beneficial effects delaying Aβ aggregation, but, at late stages, as the 

accumulation of aggregated protein increases, their pro-inflammatory activities over and their 

action becomes disease aggravating. Eventually, co-aggregation phenomena between S100 

proteins and Aβ42 may even occur, which might be indicative of a mechanism of chaperone 

inactivation by deposition. The apparently contradictory protective versus deleterious functions 

of S100 proteins in neurodegeneration is explained by the realization that these are multi-

functional proteins that exert different functions depending on disease stages and expression 

levels. Presumably, the protective chaperone-type functions prevail at early stages, at the 

onset of proteotoxic insults and involve dynamic interactions with monomeric and proto-

filament forms of aggregation-prone peptides, that mitigate their aggregation and toxicity. The 
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pro-inflammatory functions take over at later disease stages, activating RAGE mediated 

inflammation and increasing accumulation of protein inclusions that promote misfit interactions 

with mature fibrillar materials promoting co-aggregation processes. These findings suggest 

that S100 proteins might constitute potential therapeutic targets e.g. resorting to function-

blocking antibodies, as proposed in [5]. 

In chapter V, we focused on the characterization of the S100A9 filamentous 

assemblies, which are unique among the S100 family. S100A9 protein is abundant in the brain 

and has been found in diseased and aged tissues as punctiform inclusions in correlation with 

classical amyloid pathological hallmarks, which has led to the suggestion of co-aggregation 

phenomena [11]. Also, this protein is known to be secreted by astrocytes at high levels into the 

vicinity of amyloid plaques, where it has been indicated to play protective anti-aggregation 

properties. Using different spectroscopic and imaging techniques, we found that under 

physiological conditions, S100A9 forms string-like polymeric structures, very stable which are 

not truly amyloid, as it has been proposed in other studies, that can reversibly dissociate and 

are composed by assembly units comprising native-like dimeric S100A9 protomers. Such 

structures illustrate the diversity of protein oligomerization mechanisms. We describe these 

filaments as pseudo-amyloid, as they are explicitly distinct from the bona fide straight and 

relatively rigid amyloid fibrils, highly enriched in tightly stacked cross- motifs. While these 

filaments share some features like those described for shorter semi-flexible worm-like amyloid 

polymorphs usually generated at low pH, namely lower -sheet content and inferior 

nanomechanical properties [6-9], they have characteristics that better match those of filaments 

formed by stacking of globular proteins, namely lack of major conformational changes 

associated to filament formation, end-to-end stacking hydrophobic interactions rather than 

cross- packing, susceptibility to proteolysis and effective de-polymerization into functional 

protomers.  

 Other S100 proteins such as S100B that are even more abundant in the brain, do not 

form filaments such as those of S100A9. We argue that, in the context of its increased 

expression and extracellular secretion to high level, as during the neuroinflammatory process 

in Alzheimer’s neurodegeneration, S100A9 has evolved the capacity to self-assemble into 

filamentous structures composed by interacting pairs of S100A9 dimers, as a possible 

mechanism for extracellular storage or enhancement of signaling activity, among many 

possible. This unique S100A9 filament might be due to the C-terminal extension, exclusively 

found in this protein. S100A9 protein may adopt these conformations as protective roles, 

promoting its availability in cells whenever is necessary, or may be a form of protein 

stabilization to maximize the lifetime of the protein in extracellular environments. 
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