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ACRONYM 

1D Mono-dimensional 

2D Bi-dimensional 
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AD Alzheimer’s Disease 
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NDDs Neurodegenerative Diseases  

NFTs Neurofibrillary Tangles 

NMR Nuclear Magnetic Resonance 

NP Nanoparticle 

PD Parkinson’s Disease 
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PP2A Protein phosphatase 2A 

ppm Chemical shift in parts per million 

PRD Proline-Rich Domain  

PS phosphorylation site 

PTMs Post-Translational Modifications 
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ABSTRACT 

Neurodegenerative diseases (NDs) are a heterogeneous group of neurolog-

ical disorders characterised by a progressive loss of neurons in central nervous sys-

tem (CNS) or peripheral nervous system (PNS). NDs are caused by misfolded pro-

tein aggregates in specific areas of the brain. The collapse of the structure and func-

tion of neural networks, results in the breakdown of the core communicative cir-

cuitry, culminating in impaired memory, cognition, behaviour, sensory, and/or mo-

toric functions. The prevalence of these diseases rises dramatically with age and is 

expected to surge with the increasing life expectancy in most countries, in the next 

decades.  

Among neurogenerative disorders, Alzheimer's disease (AD) and Parkinson’s dis-

ease are the most common forms of dementia in older adults and the two relevant 

related proteins are Tau and α-synuclein, respectively. Both are amyloidogenic and 

natively unfolded proteins, which convert from monomeric to aggregated states in 

pathological conditions. The formation of Neurofibrillary tangles (NFTs) of Tau 

underlies the onset of the AD, as well as the aggregation of α-synuclein is associated 

with PD.  

The possibility to redirect aggregation pathway is essential to understand and pre-

vent the doomed fate of these proteins.  

 

In this thesis I focused my attention on Tau protein, I investigated the molecular 

mechanisms of aggregation, and I exploited different ways for preventing or target-

ing the aggregation pathway.  

A body of evidence shows that post-translational modifications (PTMs) can play 

important role in both physiological and pathological behaviour of Tau protein. 

Therefore, I focused my attention on the investigation of the impact of ubiquitina-

tion of Tau on the conversion into toxic species. For this purpose, I optimized a 

novel method to insert ubiquitin protein onto a specific position of Tau, via dehy-

droalanine chemistry. After optimizing the synthetic step, I investigated the aggre-

gation propensity of the ubiquitinated Tau and interestingly I observed that this 

modification interferes with the fibrils formation. 
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Moreover, I investigated the influence of nanomaterials, in particular gold nanopar-

ticles, on Tau properties. 

The application on nanomaterials in routine life is growing day by day, due to their 

unique physical properties. In this work, I used ultrasmall gold nanoparticles 

(usGNPs), because the core size gives them extraordinary properties like fluores-

cence and biocompatibility. So, I combined the nanomaterials with Tau studies, in 

two different directions. First of all, I tried to understand if nanomaterials can pre-

vent or at least slow down Tau aggregation. As well as for ubiquitination studies, I 

monitored Tau aggregation in the presence of different usGNPs concentrations, and 

I discovered that usGNPs are able to reduce Tau aggregation, and, at a certain 

amount, they can even arrest the aggregates formation.  

On the other hand, liquid-liquid phase separation of protein into condensed drop-

lets, is a common mechanism for eukaryotic cells to carry out physiological reac-

tions but mounting evidence suggest that this compartmentalization can be the 

spark that triggers amyloid protein aggregation. From this premise, I tried to char-

acterize the system Tau-usGNPs, and actually I found that usGNPs are able to per-

turb Tau droplets formation, but more interestingly I realized that they are good 

markers candidates to monitor Tau aggregation event in LLPS formation.  

Finally, I investigated the influence on Tau aggregation mediated by an Italian ex-

presso coffee mixture of trigonelline, theobromine, genistein, and caffeine. In fact, 

it is well established that coffee and coffee derived phenolic compounds have a role 

in neuroprotection against oxidative-stress and neuro-inflammation thanks to the 

ability to cross the Blood Brain Barrier.  
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1 INTRODUCTION 

1.1 Neurodegeneration: Alzheimer Disease  

A large number of neurodegenerative diseases (NDDs) share the same ab-

normal accumulation of intracellular and/or extracellular protein aggregates that 

contribute to cellular proteostatic collapse. 1,2 The pathogenesis of neurodegenera-

tive diseases is still poorly understood, however, it is coming from causal contribu-

tions of both genetic and environmental factors. 3 

Among NDDs, Alzheimer’s disease (AD), first discovered by Alois Alzheimer in 

1907, is the most prevalent and spread form of dementia. It is associated with aging 

and results in devastating disability and diminished quality of life; its occurrence 

will reach epidemic proportions by 2050, if not abated.  

The pathological hallmarks of AD include amyloid plaques composed of amyloid 

β-protein (Aβ) 4,5 and neurofibrillary tangles of hyperphosphorylated Tau protein. 

6,7 Although useful symptomatic therapies involving the use of acetylcholinesterase 

inhibitors and N-methyl-D-aspartate (NMDA) receptor antagonist are available, 

knowledge on the definitive pathophysiological cause of AD is limited, and no cu-

rative treatments are yet accessible. 8 

The limited knowledge of the origins and development of AD has prompted scien-

tists to advance new techniques, in order to understand the mechanisms at molecu-

lar level that drive amyloidogenic proteins to disastrous fate. 

1.1.1 Tauopathies 

Tauopathies are morphologically heterogeneous neurodegenerative dis-

eases, defined by the intracellular deposition and transcellular propagation of ab-

normal hyperphosphorylated Tau aggregates. Tauopathies can be classified, as pri-

mary or secondary, when a second protein, such as Aβ, is necessary for pathology, 

like in Alzheimer’ disease. 9–12 

In adult human brain, Tau is expressed in six different isoforms, from a single gene, 

by alternative splicing of exons 2, 3 and 10.  

https://www.sciencedirect.com/topics/medicine-and-dentistry/degenerative-disease
https://www.sciencedirect.com/topics/medicine-and-dentistry/degenerative-disease
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Based on distinct isoform of Tau, several neuropathologic phenotypes are distin-

guished. The differences between phenotypes arise from the 3R\4R ratio and the 

number of phosphorylated sites. 13 A detailed classification is reported in Figure 1. 

 

 

Figure 1. Tauopathies classification in presence of 3R(yellow),4R(green) or a mixed 3R/4R(blue) re-

peats. In order: PiD: Pick’s disease; FTLD: frontotemporal lobar degeneration; NFT: neurofibrillary 

tangles; PSP: progressive supranuclear palsy; CBD: corticalbasal degeneration; AGD: argyrophilic 

grain disease; GGT: globular glial Tauopathy.13 

1.2 Intrinsically Disordered Proteins (IDPs) 

Intrinsically disordered proteins are a group of proteins which lack second-

ary structure. This unique property arises from amino acid sequences which include 

the presence of a great amount of negatively charged amino acid that lead to a high 

net charge at neutral pH, and a low content of hydrophobic amino acid residues. 14–

17 The concept that protein, under native, functional conditions, 18,19 are disordered, 

emerged from the works of Jirgensons’s and Arnone et all.  

Although they lack a well-defined secondary structure, many IDPs undergo disor-

der-to order transition, upon binding to small and/or macromolecules 20–23 or after 

post-translational modifications. 24,25 
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Since IDPs have no single, well-defined stable structure and exist as highly dy-

namic conformational ensembles, they do not undergo the dogma ‘structure-func-

tion’ paradigm. 17 Despite this property, many efforts have been done in structural 

biology to reveal the conformation dynamic of this class of proteins, through dif-

ferent techniques, like Nuclear Magnetic Resonance (NMR) 26, X-Ray crystallog-

raphy 27, Circular Dichroism (CD) 28,29spectroscopy and computational molecular 

dynamic (MD) simulations. 18,30 

1.2.1 Tau protein 

Tau is a microtubule-associated protein, predominantly expressed in the neurons, 

which plays an important role in the assembly and stabilization of microtubules. 

Tau is a natively unfolded protein characterized by high solubility and structural 

flexibility. 31–35 The full-length protein Tau comprises 441 residues, and it is en-

coded by a gene located on chromosome 17 which consists of 16 exons 34,36. Full-

length Tau is organised in four domains: an N-terminal projection domain, a pro-

line-rich domain (PRD), a microtubule-binding domain (MTBD), and a C-terminal 

domain. Human full-length Tau is presented in six isoforms, derived from alterna-

tive mRNA splicing of microtubule-associated protein Tau (MAPT) gene around 

exons 2,3 and 10, as reported in Figure 2. 
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Figure 2. A) Full-length Tau protein B) Six different Tau isoforms derived from alternative splicing 

of exon 2(N1), exon 3(N2) and exon 10 (R1-R4). 

Tau was first isolated in 1975 for its microtubules formation ability and, even 

though it is expressed in many tissues like heart, kidney, lung and testis, 35 it is 

mainly present in the brain neuronal axons. 37  

The N-terminal part and a short region at the C-terminus are acidic while the MTBD 

and the proline-rich region are both positively charged in order to ensure the bind-

ing with the microtubules that are mainly negatively charged.  

In pathological conditions, Tau, is found hyperphosphorylated and this modifica-

tion diminishes its ability to promote MTs assembly. 38 In particular, the reducing 

affinity to the MTs, leads to the release of soluble Tau proteins, targeted by post-

translational modifications, that directly or indirectly alter Tau conformation, pro-

moting Tau dimerization in an anti-parallel manner. 39  
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From a histopathological point of view, AD is characterized by the presence of ex-

tracellular amyloid plaques, containing the aggregated amyloid precursor protein 

(APP) Aβ, and intracellular neurofibrillary tangles (NFTs) composed of hyper-

phosphorylated Tau protein in paired helical filaments (PHFs) or straight filaments 

(SFs). 40 

According to the amyloid cascade hypothesis, increased production and aggrega-

tion of Aβ lead to the accumulation of toxic species of this peptide, which further 

causes brain pathology and dementia; this hypothesis assumes that the presence of 

this started Aβ fibrils can induce Tau aggregation. 32,33,35,40  

A significant discovery for understanding Tau behaviour came when it was recog-

nized that the protein contains isolated short peptide motifs, which have a high ten-

dency for β-structure and aggregation, specifically, PHF6 (275VQIINK280) and 

PHF6* (306VQIVYK311), located at the beginning of R2 and R3 repeats. 41–43 

From recent Cryo Electron Microscopy (Cryo-EM) images was emerged that both 

PHF and SF of Tau aggregates, are composed of two C-shaped subunits which as-

semble in two protofilaments. The core structure of these filaments consists of res-

idues 306 to 378, corresponding to R3 and R4 repeats of Tau. 42–45 The structure is 

an in-register parallel β-sheet formed by a β-bend and β-helix motif, linked by β-

strands. 43 Notably, it was discovered that, in vitro, a longest construct, spanning 

residues 297-391, exhibits a potent ability to form filaments, without inducers, that 

is not observed with full-length Tau. 46 

Another important step in understanding Tau aggregation pathway, comes from the 

idea that MAPT, as intrinsically disordered protein, can assemble inside the neu-

ronal cells into liquid droplets by phase separation (LLPS). 47 This process is 

thought to play a crucial role both in normal neuronal function and in neurodegen-

eration, however the underlying molecular mechanisms are still far from being fully 

clarified due to complicating factors like nonuniform charge patterning and se-

quence specificity. 
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1.2.2 α-Synuclein 

Alpha-synuclein is an IDP, it comprises 140 amino acids and is mainly lo-

cated in the presynaptic nerve terminal. The amino acidic sequence includes three 

regions, as depicted in Figure 3. 48 

 

Figure 3. Schematic structure of α-synuclein. 48 

 

The N-terminal amphipathic lysin-rich motif (amino acids 1-60) plays a crucial role 

in modulating alpha-synuclein interaction with membranes, while the C-terminus 

domain is rich in acidic amino acids and prolines and it is involved in the interaction 

with small molecules, metals and other proteins. The central domain is the non-

amyloid-β component, or NAC domain, it is highly amyloidogenic and is respon-

sible for fibril formation and synuclein aggregation. The C-terminal region is able 

to decrease protein fibrillation due to the negative charge, by interacting with the 

NAC domain forming self-chaperone. Modifications in the C-terminus domain, 

coming from truncation or phosphorylation and other PTMs, lead to the formation 

of α-syn aggregates deposited in Lewy’s body (Figure 4), associated with Parkin-

son’s disease. 48–50 

 

Figure 4. α-Synuclein-positive Lewy body (arrow) in pigmented nerve cell of the substantia nigra 51 

Parkinson’s disease is the second most common form of dementia, after AD, it is a 

slowly progressive pathology that affects the neurons in the substantia nigra. Grad-

ual degeneration of these cells causes a decrement in the dopamine content. PD is 
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characterized by different body impairments, like resting tremor of the body, brad-

ykinesia and akinesia, rigidity of limbs and postural instability, gait or balance prob-

lems (postural instability). 

1.3 Post-Translational Modifications  

Protein regulation takes place predominantly through post-translational 

modifications (PTMs). Combinations of such PTMs are responsible for regulating 

and fine-tuning protein conformation and activity 52,53 however they can dramati-

cally change the function driving to protein toxicity.  

In the case of Tau protein, extensive reports have been published about hyperphos-

phorylation, as representing the starting point for aggregation of toxic species. 40,54 

Beside the abnormal phosphorylation of Tau, the synergic effect of others PTMs 

can result in a cooperative and anti-cooperative effect on Tau aggregation, as illus-

trated in Figure 5. 

Among various PTMs, hereafter we will briefly discuss about phosphorylation and 

ubiquitination, with a particular focus on the latter. 

 

 

Figure 5. Tau aggregation related to PTMs scheme. On the right: anti-aggregation PTMs effect. On 

the left: pro-aggregation PTMs 
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1.3.1 Phosphorylation  

Protein phosphorylation is the addition of a phosphate group by esterifica-

tion at mainly three types of amino acids: serine, threonine, and tyrosine. 

In physiological conditions it is very important to maintain a correct balance be-

tween Tau phosphorylation and dephosphorylation to guarantee the stability of cy-

toskeleton and microtubule binding. 

Tau phosphorylation process is driven by different classes of protein kinases that 

are: proline-directed serine/threonine-protein kinases (GSK-3, Cdk5, MAPK, and 

ERK2), non-proline-directed serine/threonine-protein kinases (PKA, PKC, 

AMPK), tyrosine kinases (FYN), calmodulin-dependent protein kinases II 

(CaMKII). 46,55,56 

On the other hand, several phosphatases act in dephosphorylation of Tau protein, 

such as PP1, PP5, and PP2B, PP2A. 55 

Down-regulation of PP2A has been observed in AD which might intensify Tau hy-

perphosphorylation. To accelerate dephosphorylation process, Pin1 induces Tau 

prolyl-isomerization facilitating Tau dephosphorylation by PP2A. After a long pe-

riod of time, Tau dephosphorylation cell machinery is overcome and Tau 

dephosphorylation becomes more difficult. 

Moreover, down-regulation of Tau glycosylation, may cause conformation changes 

of Tau that expose the phosphorylation sites, normally buried within the protein. In 

fact, impairing brain glucose uptake/metabolism leads to down-regulation of O-

GlcNAcylation (and over-activation of GSK3β), which in turn facilitates abnormal 

Tau hyperphosphorylation. 39,56 

The detailed Tau phosphorylation sites are illustrated in Figure 6. 

 

 

 

Figure 6. Tau Phosphorylation Sites (PSs). PSs found in AD brains (in brown), PSs found in normal 

brain (in green) and PSs present both in normal and AD brains (in blue). PSs unclear (in black). 57 
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1.3.2 Ubiquitination  

Ubiquitination is a post-translational modification that is involved in nu-

merous cellular processes including protein degradation. It consists of the covalent 

attachment of a ubiquitin to target proteins. Ubiquitin is a folded protein which 

comprises 76 amino acids.  

The ubiquitin proteasome system, together with the autophagy-lysosome system, 

are the main cell machinery for protein degradation.58 Ubiquitin is not only in-

volved in protein degradation but also in regulating gene transcription, cell cycle 

progression, DNA repair, apoptosis, virus budding, and receptor endocytosis. 59,60  

The ubiquitination of a substrate is biologically regulated by the coordinated action 

of a three enzyme-cascade. The E1 enzyme must first activate ubiquitin in an ATP-

dependent reaction, upon binding the cysteine residue on the ubiquitin to its C-ter-

minal through a covalent bond. At that point, the thioesterified ubiquitin passes 

from the E1 to E2 enzyme, the ubiquitin-conjugating enzyme. Finally, the E3 ubiq-

uitin ligase binds to both the E2-bound ubiquitin and the protein substrate, promot-

ing the transfer of ubiquitin onto the substrate that becomes attached to the ε-amine 

of a lysine residue through an isopeptide bond. 59,61  

The ubiquitinated substrate than moves to the 26S proteasome for degradation as 

illustrated in Figure 7. 

 

 

Figure 7. The ubiquitin–proteasome system (UPS). Activated ubiquitin binds to E1 and is transferred 

to the ubiquitin-conjugating enzyme (E2). The E2 carries the activated ubiquitin to the ubiquitin lig-

ase E3. 62 
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Dysregulation of Tau ubiquitination contributes to neuronal cell loss in the brain of 

AD patients, since UPS is impeded from the possibility to process filamentous 

forms of Tau, consequently, it is reported that Tau isolated from AD-paired helical 

filaments (PHF) is ubiquitinated at several lysine sites. 45,63,64 

Sixteen of 17 identified ubiquitination sites of PHF-Tau are in the microtubule-

binding four-repeat domain (4RD) which forms the core of the filaments. Specifi-

cally, mono-ubiquitin was found to be linked to Lys254, Lys257, Lys311 and 

Lys317 64, while single and double ubiquitination at residues Lys311 (R3) and 

Lys317 (R3) were identified as the most distinct PTM for differentiating between 

AD and control groups based on quantitative proteomic analysis of insoluble Tau 

in the brain. 45,54,63 The ubiquitination, in combination with other PTMs, may affect 

the ultrastructural organization of pathological Tau filaments. Based on the above 

notions, we plan to investigate the aggregation propensity of site-specifically ubiq-

uitinated Tau proteoforms, prepared in vitro. 65 
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1.4 Aggregation pathway 

Amyloid proteins, under abnormal conditions, can convert into toxic aggre-

gates, as largely discussed in paragraphs 1.2.1 and 1.2.2. 

This process is common to  a number of proteins including Tau, amyloid-β, poly-

glutamine, α-synuclein, and prions, responsible of diseases such as Alzheimer's 66, 

Huntington's 67, Parkinson's 68, and prion. 69 Because of its importance, kinetics 

mechanism of protein aggregation has gained a huge interest in the last years.  

The review of Morris et all 70 elegantly collected all the theoretical and practical 

techniques to study aggregation kinetic. The fibrillation reaction rate depends on 

the protein concentration and can be accelerated by the presence of pre-aggregates 

components, like seeds.71–73 

The aggregation of an intrinsically disordered protein occurs through a nucleation-

dependent polymerization reaction and its typical kinetics is well-represented by a 

sigmoidal curve composed of three phases. The initial thermodynamically disfa-

voured lag phase, in which the protein is preferentially in monomeric state, the 

growing phase or elongation phase in which protofilaments start to aggregate, and 

the stationary phase in which the fibrillation process reaches the maximum rate, 

described by the equilibrium constant ka (s
-1).  

Amyloid fibrils have common optical properties such as birefringence upon binding 

with specific dyes like Congo red and thioflavin-T. 71,74 This characteristic allows 

to follow protein fibrillation through spectroscopy, monitoring the fluorescence 

emission. 

The schematic representation of this process is presented in Figure 8. 

 

 

Figure 8. Schematic representation of amyloid protein fibrillation process 75 
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1.5 Tau aggregation modulators  

Tau aggregation is the key point for modulating the occurrence of Alz-

heimer disease. Different therapeutic possibilities are currently being explored that 

target proteins implicated in neurodegenerative disease. However, there are major 

challenges that hamper the development of novel therapies, including incomplete 

knowledge of druggable disease targets and their mechanism of action as well as a 

lack of biomarkers to monitor disease progression and therapeutic response. 2,76  

To achieve this goal, it is important to understand the pathogenesis of neurodegen-

erative conditions, i.e., a broader understanding of biochemical modifications is 

crucial. 

In this Ph. D thesis, I explored the aggregation propensity of Tau protein when 

influenced by nanomaterials, by selected molecules derived from coffee beverage 

and upon ubiquitination modification.  

1.5.1 Ubiquitin coupling reaction 

Post-translational modifications are essential for good regulation of protein 

functions. Tau protein as an IDP, undergoes several PTMs including phosphoryla-

tion, ubiquitination, methylation and etc. Besides being important for physiological 

conditions, mounting evidence suggests that Tau hyperphosphorylation enhance its 

ability to self-assemble into paired helical filaments (PHFs) that accumulate into 

fibrillary tangles.  This, results in the loss of axonal or dendritic transport as well as 

disassembly of the microtubules. Together with phosphorylation, ubiquitination, in 

combination with other PTMs, may play a role in modulating Tau aggregation. 35,39 

The possibility of quantifying the impact in which PTMs remodel the protein con-

formational landscape will pave the way for mitigating aberrant structural transfor-

mations, offering opportunities in chemical biology and molecular therapeutics. 

In this work, a specific site of Tau was ubiquitinated, by chemoselective disulfide 

chemistry and sulfide reaction through dehydroalanine chemistry, in order to strive 

key information about the role of ubiquitin for Tau aggregation.  The scheme of the 

two reactions is reported in Figure 9. 
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Figure 9. Ubiquitinated Tau4RD species. A: Chemoselective disulfide-couplings using Ellman's rea-

gent (DTNB; 5,5-dithio-bis-(2-nitrobenzoic acid)). B: Sulfide coupling using dehydroalanine chemis-

try.  

1.5.2 Nanoparticles  

The use of nanoparticles has a wide spread of applications and nowadays 

they are largely used and implemented in electronic, medical industries and food; 

77,78for instance, nanoparticles conjugated with antibodies, such as quantum dots, 

are used in diagnostic to determine the exact amount of the target in tissue.79 

There are various methods for drug delivery crossing blood-brain barrier (BBB) 

based on nanomaterials, like poly (lactic-co-glycolic acid) (PLGA) coated nanopar-

ticles fabricated by a nanofoil meld that produces uniform biocompatible NPs, but 

several methods are invasive, such as BBB osmotic modification. 80 

In the field of neurodegeneration, remarkable steps have been done including na-

nomaterial technology, as revealed by experiments in stem-cell showing that nano-

fibers can be used as nanocarrier to prevent the inflammatory response in microglia, 

an effect linked to neuroinflammation and degeneration. 81 

Gold nanoparticles are nanomaterials in the size range of 1 to 1000 nm, and among 

them, ultrasmall NPs (core size< 3nm) are promising candidates for biomedical ap-

plication due to their biocompatibility, 82,83 in addition, the increased surface area-

to-volume ratio of NPs increases the rate of drug loading, thereby improving drug 

efficacy and safety.  

Here, I concentrated my attention on, dihydrolipoic acid (DHLA)-usGNPs as prom-

ising modulators for Tau aggregation. The structure of the nanoparticle used in this 

study is illustrated in Figure 10. 
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Figure 10. DHLA-usGNPs structure representation. 

 

1.5.3 Coffee compounds 

Natural compounds have been studied for a long time for their potential 

health benefits. Among molecules that nature provides, polyphenols are a class of 

compounds largely studied for their wide range of applications such as anti-inflam-

matory, anti-oxidant, neuroprotective and anti-aggregation activities. 84,85  

Polyphenols are prominent candidates for neurogenerative disease because their 

hydrophobicity property permits to cross the BBB. 

Coffee is one of the most consumed beverage in the world, and helpful effects of 

brewed coffee are already known, such as the daily uptake of methylxanthines is 

correlated with a decrease in risk of stroke, suicide and depression. 86 

Despite of its positive effects on brain welfare, caffeine has not great effect on Aβ 

peptide and Tau fibrillization, as shown by the comparison between coffee and de-

caffeinated coffee. On the other hand, it has been found that the concentration of  

coffee molecules like theobromine and chlorogenic acids (CGAs) is inversely pro-

portional to the formation of Aβ42 fibrils. 87,88 

Another class of newly investigated coffee derived components are phenylindanes, 

they are able to completely inhibit Aβ oligomerization and fibrillization in vitro and 

to partially decelerate Tau fibrillization. 89 

Relying on these promising perspectives, here the effects of an Italian espresso cof-

fee mixture and of selected coffee-derived bioactive molecules towards mitigation 

of Tau aggregation are investigated. The structures of the molecules used in this 

study are illustrated in Figure 11. 
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Figure 11. Structures of the molecules selected for the study: theobromine, caffeine, trigonelline and 

genistein (from left to right). 

 

1.6 Liquid-Liquid Phase Separation of Tau (LLPS) 

Liquid-liquid phase separation (LLPS) of biopolymers is a phenomenon 

leading to the formation of membraneless organelles (MLOs) in eukaryotic cells 

(also known as biomolecular condensates or droplets). Condensation occurs upon 

weak multivalent interactions, such as heterotypic electrostatic interactions be-

tween oppositely charged polyelectrolytes, or homotypic interactions involving re-

petitive low-complexity sequences and multiple interacting sites. LLPS is used by 

the eukaryotic cells for many activities like storage, processing of RNA and to fa-

cilitate intracellular reactions. 90–92 LLPS indeed, is reached when a molecule orig-

inally present in one-phase regime in solution, separates into two phases regime 

characterized by a highly concentrated phase (condense or dense phase) and a dilute 

phase, giving rise to liquid droplets. A schematic representation is reported in Fig-

ure 12. 

Similar to other IDPs, Tau protein undergoes LLPS and this phenomenon has been 

suggested to initiate the aggregation of Tau. 47 Therefore, discovering agents that 

can target or alter Tau condensation can shed light into this cellular mechanism both 

for in vitro and in vivo studies.  

In my work I studied if nanoparticles could act as condensate-targeting agents, due 

to their unique material properties and modes of interaction with biomolecules. 
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Figure 12. Schematic diagram of LLPS. On the left, the black line separates the one-phase and two-

phase regime. The phase separation depends on environmental conditions, like pH and temperature. 

CL refers to the concentration of the light dense component, while CD to the dense phase. The exam-

ples 1-5 along the orange tie line represents the rearrangement of system when changing the ratio be-

tween CL/CD. On the right, the gray curve outlines the instability region in which the system under-

goes the spinodal demixing decomposition. 93 
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2 Aim of the thesis  

The aim of this doctoral project is to provide new atomic-level information 

on the conformational changes and the aggregation kinetics of Tau protein modu-

lated by different cofactors. For this purpose, I employed a multidisciplinary ap-

proach including organic chemistry, and a variety of spectroscopy and microscopy 

techniques such as CD, NMR, fluorescence, and TEM. In particular, I focused my 

attention on a PTM of Tau, ubiquitination, and I investigated the impact of site-

specific ubiquitination on Tau aggregation. To this aim I designed a novel semi-

synthetic approach via dehydroalanine to modify Tau with a ubiquitin moiety at a 

selected residue. I then exploited the impact of coffee extract and coffee-derived 

compounds and of selected nanoparticles on Tau aggregation propensity. Moreo-

ver, I elucidated the interaction and the influence of nanoparticles in the early ag-

gregation events of Tau, described by liquid-liquid phase separation. 

A deep understanding of the mechanisms of aberrant modification of amyloido-

genic proteins and the investigation of molecular strategies to interfere with protein 

aggregation is crucial for finding new treatments for neurodegenerative diseases, 

which are an ever-increasing health and social problems all over the world.  
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3 Results and discussion 

3.1 Ubiquitination  

3.1.1 Introduction  

A hallmark of many neurodegenerative diseases is the slow accumulation 

of misfolded protein deposits in the neurons of the brain. 94  

The microtubule-associated protein Tau forms pathological aggregates with the 

properties of amyloid fibrils in a number of neurodegenerative disorders termed 

Tauopathies, including Alzheimer's disease (AD) and frontotemporal dementia. 95 

Tau is an intrinsically disordered protein (IDP) with little propensity for self-aggre-

gation in solution, however in pathological conditions it readily assembles into or-

dered b-sheet-containing supramolecular filaments. 43 Recently, was discovered 

that PHFs isolated from AD-brain revealed residues 306-378, belonging to the re-

peat region R3 and R4, as the ordered fibril core, with the N- and C termini forming 

the fuzzy coat. Another fragment that has been used for in vitro assembly studies is 

dGAE, which comprises residues 297–391 of Tau, and was identified as the prote-

olytically stable core of PHFs from tangle fragments of AD.  

Above this, the determinants of abnormal protein aggregation are still poorly un-

derstood but the process appears to be strongly influenced by post-translational 

modifications (PTMs). 33 Although the greatest research focus has been on the role 

of hyperphosphorylation of Tau, other PTMs, such as acetylation and ubiquitina-

tion, have also been implicated in events that lead to neurodegeneration. 45,96  

Ubiquitination (or ubiquitylation) involves the formation of an isopeptide bond be-

tween the C-terminal carboxyl group of the small regulatory protein ubiquitin (Ub) 

and the ε-amino group of lysine sidechains of the protein substrate. The conjugated 

Ub molecule can be further modified by additional Ub molecules to form elongated 

chains with diverse linkage topology that elicit different signals. 97 The role of ubiq-

uitination in Tau biology and pathology is poorly understood but it has been asso-

ciated with enhanced formation and impaired clearance of pathological inclusions. 

64,98 Alterations to the levels of ubiquitination of Tau at various stages of disease 

have been observed in AD and other Tauopathies. 63 The full-length Tau isoform 
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(441 amino acids) has 44 lysine residues, of which 17 were reported as ubiquitina-

tion sites specific to pathological Tau. 63,99 Sixteen of these sites are in the microtu-

bule binding domain (MTBD), which forms the core of the filaments. 43,63 Recent 

research suggests that ubiquitination, together with other PTMs, may play a role in 

the structural diversity of various Tau strains. 45 

Understanding the influence of ubiquitination on the conformational transitions of 

Tau requires the detailed investigation of ubiquitinated proteoforms obtained from 

controlled reactions. We have previously demonstrated that Tau can be ubiqui-

tinated in vitro by an enzymatic method, using CHIP (carboxyl terminus of Hsp70 

interacting protein) as the ubiquitin ligase (E3) in a chaperone-independent manner. 

100–102 This approach affords facile and quantitative mono-ubiquitination of the sub-

strate; however, the product is a mixture of regioisomers and is therefore unsuitable 

for establishing precise structure-function relationships. To overcome this disad-

vantage, we developed an alternative approach based on disulfide coupling chem-

istry. 100,101 This semisynthetic method generates a mimic of the native isopeptide 

bond, i.e. a disulfide bond between a Cys residue inserted in a specific position of 

the target protein and the C-terminal aminoethanethiol of a Ub derivative obtained 

from intein processing. 103,104 Disulfide-based coupling is advantageous as it is re-

gio- and chemoselective, however the resulting product may prove unstable in a 

weakly reducing environment such as can be found in a living cell. Hence, in the 

present work, we explored a further strategy for the site-selective ubiquitination of 

Tau through stable covalent conjugation.  

Dehydroalanine (Dha) chemistry has been widely exploited for the precise posi-

tioning of labels and post-translational modifications on protein substrates. 105 The 

noncanonical amino acid Dha can be installed at a desired position by diverse meth-

ods, 106 and sulfur-containing nucleophiles can readily attack the β-carbon atom of 

Dha to afford a highly selective thia-Michael adduct. The reaction can proceed in 

mild conditions to form a stable thioether linkage. Recent investigations demon-

strated the successful application of Dha chemistry for the site-specific phosphory-

lation and methylation of Tau, and for the ubiquitination of a folded protein sub-

strate. 107  
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Herein, we describe an optimized chemical reaction for the preparation of Ub con-

jugates of Tau4RD and ADTau core (297-391) via Dha precursors. 

The reaction scheme used in the present work is reported in Figure 13. 

 

 

Figure 13. Ubiquitination reaction scheme. Dha protein formation (top) and ubiquitination reaction 

(bottom). 
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3.1.2 Results and discussion  

Ubiquitin conjugation via dehydroalanine chemistry  

 

Following the intein-mediated ligation approach, 108 we prepared a thiol-terminated 

Ub derivative (I) by expression of a Ub-intein fusion protein, followed by cysteam-

ine-mediated cleavage of Ub from intein. The aminoethanethiol moiety becomes 

linked to the C-terminus of Ub via trans-thioesterification and S, N acyl shift reac-

tion, as illustrated in Figure 14. 

 

 

Figure 14. Intein-mediated ligation scheme 

Next, we mutated the two native cysteine residues Cys297, Cys322 of Tau4RD into 

Ala, to obtain cysteine-free Tau4RDΔC, and introduced a non-native cysteine in 

the desired position Tau4RDΔC(K353C) (hereafter Tau353), using site-directed 

mutagenesis. The non-native Cys353 was then transformed into Dha as Tau353Dha 

(III), via bis-alkylation elimination using methyl 2,5-dibromopentanoate (MDBP). 

107  

Dha was homogeneously introduced after incubation of the reactants for 6 h at 37 

°C under shaking at 450 rpm (Figure 15). 

 

 

Figure 15. Dha formation via bis-alkylation elimination 
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The progress of the reaction was followed by SDS-PAGE analysis, by loading the 

samples w/o DTT as depicted in Figure 16. It is perfectly visible that Tau353 loaded 

w/o DTT runs like a dimer, due to disulfide bonds formation between the thiol 

group of the cysteines of two monomers, while, for Tau353Dha, a single band cor-

responding to a monomer of 14 KDa is visible thus meaning that the cysteine re-

acted to form dehydroalanine. 

 

 

Figure 16. 15% SDS-PAGE showing Tau353Dha formation. The well for compound II is dimeric for 

compound III is monomeric. Samples were loaded w/o DTT. 

Finally, Ub-SH was conjugated to precursor III via 1,4 thia-Michael addition, 107 

producing homogeneous Tau353Ub (IV) with a thioether linkage. Figure 17 

 

 

Figure 17. Thia-Michael addition for ubiquitination reaction 

Proteoform IV contains a close mimic of the native conjugate, where the γ-carbon 

of the lysine sidechain is replaced by sulfur.  

The ubiquitinated Tau formation was followed along the time by SDS-PAGE as 

shown in Figure 18. 
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Figure 18. 15% SDS-PAGE showing the time course of the reaction to obtain the ligated product. Ali-

quots were taken immediately after preparation and after 4 h and 6 h of incubation. The bands corre-

spond to reactants (compounds I, III) and product (compound IV). 

 

Product purification and characterization  

The ubiquitinated Tau product was then purified by preparative HPLC. The sepa-

ration of the species was carried out using a C4 column with a gradient of acetoni-

trile. Figure 19 

 

 

Figure 19. Top: HPLC elution profile of the reaction mixture examined after 6 h of incubation. Bot-

tom: SDS-PAGE of HPLC fractions displaying the bands corresponding to pure reactants and prod-

uct.  
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All the intermediate compounds and the product were characterized by MALDI-

TOF mass spectrometry, using an HCCA matrix Figure 20. All the data show that 

we have successfully achieved the synthesis of the conjugated species Tau353Ub.  

 

 

Figure 20. Mass spectrometry analysis. MALDI-TOF MS spectra of compounds I (A), II (B), III (C), 

and IV (D) are shown. Experimental mass values (Da) are displayed, expected values are 8624 Da (I), 

13725 Da (II), 13691 Da (III), 22314 Da (IV). 

 

Circular dichroism (CD) 

The intrinsically disordered state of Tau is best described as an ensemble of rapidly 

interconverting conformers with no permanent global or local structural ordering. 

109 Short elements of secondary structure may form transiently and potentially in-

fluence the self-interaction propensity of the polypeptide. 110 To gain insight into 

the conformational perturbations induced by the Ub moiety on the substrate Tau, 

the secondary structure of Tau353Ub was examined by far-UV circular dichroism 

(CD). The spectrum of TauΔC displays a deep negative ellipticity minimum at ~198 

nm and no major bands at wavelengths longer than 205 nm (Figure 21, black line), 

in agreement with its disordered state. The spectrum of Ub reflects the presence of 

both b-sheet and α-helical elements of secondary structure (Figure 21, red). The 

spectral profile for the ubiquitinated proteoform (Figure 21, green) displays a 
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negative dichroic signal at 202 nm and overall stronger negative ellipticity than 

unmodified Tau. Since the spectrum of Tau353Ub coincides with the sum of the 

spectra of unconjugated protein moieties, within experimental error, it can be con-

cluded that the disordered character of the protein is retained, and no major second-

ary structure motifs are induced by the modification.  

 

Figure 21. Far-UV CD spectra acquired on precursor III (black), precursor I (red), and on product IV 

(green). Protein species were 6 µM. 
 

Thioflavin-T assay  

Most Tau proteoforms and constructs, including Tau4RD, are stable in so-

lution as monomers, therefore aggregation inducers like heparin or fatty acids are 

generally used to probe the aggregation mechanism. 101,111 The aggregation kinetics 

of the two proteoforms, in the presence of heparin, was determined by monitoring 

the time-dependent fluorescence signal of Thioflavin-T (ThT), a benzothiazole dye 

responsive to the cross-b structures characteristic of amyloid-like fibrils. 112 Here, 

we aimed to compare the aggregation kinetics of Tau353Ub with that of the uncon-

jugated protein. The kinetic profile was sigmoidal-shaped and consistent with a 

macroscopic nucleation-growth mechanism ( 

Figure 22). In the used conditions, both the nucleation and growth processes 

were rapid for unmodified TauΔC (midpoint transition time constant, t0.5 = 8.58 ± 

0.02 h; elongation time constant, t = 0.69 ± 0.02 h). By contrast, a significantly 

decreased aggregation rate was observed for Tau353Ub (midpoint transition time 
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constant, t0.5 = 27.47 ± 0.09 h; elongation time constant, t = 3.46 ± 0.08 h), indicat-

ing that ubiquitination in position 353 disfavours protein self-assembly. This result 

is in complete agreement with our previous finding obtained for a ubiquitinated 

TauΔC produced exploiting disulfide-coupling chemistry Tau353-SS-Ub. 100 

 

Figure 22. Aggregation assay. ThT fluorescence assay on Tau species incubated with heparin. Meas-

urements were performed on 10 µM TauΔC (grey) and Tau353Ub (green). Data represent the mean ± 

SD from three replicate measurements. Solid lines correspond to the best fit curves determined using 

an empirical sigmoid function. 

TEM analysis  

The morphology of an amyloid protein aggregate can be revealed by Transmission 

Electron Microscopy (TEM). For our purpose, we investigate the morphological 

structure of fibrils of TauΔC protein and of the conjugated Tau353Ub construct, by 

TEM images, in order to confirm the results obtained by ThT assay.  

Upon incubation with heparin for 48 h, both on unmodified and modified Tau pro-

tein images were acquired. As revealed from the pictures in Figure 23 and from the 

statistical analysis, the two samples display different structure parameters. TauΔC 

was characterized by a large width of 9±2 nm, a narrow width of 5±2 nm and a 

twist crossover repeat of 58±2 nm, on the contrary, Tau353Ub was characterized 

by a large width of 5±2 nm a narrow width of 4±2 nm and a twist crossover repeat 

of 20±2 nm. This results are in perfect agreement with the ThT assay, and con-

firmed that the presence of the ubiquitin in position 353 largely perturbs the 
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formation of Tau mature fibrils, but did not arrest the aggregation event, as previ-

ously demonstrated in the paper of Munari et all. 101 

 

 

 

Figure 23. TEM representative images of (A) TauΔC and (B) UbTau353, after 48h of incubation at 

37°C under static condition. Scale bars are reported in each image and correspond to 500 nm (white) 

200 nm (black) 100 nm (red). Distribution of (C) narrow width, (D) large width and (E) crossover dis-

tances measured from TEM images of TauΔC (black) an UbTau353 (blue). Welch’s statistical analy-

sis was performed comparing the values obtained for the two samples, p = * 0.01-0.05, ** 0.001-0.01, 

*** 0.0001-0.001, ****<0.0001 
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Chemical modification of ADTau core: 

The production of ubiquitinated ADTau core follows the same steps of Tau353. 

The purification of UbSH is the same as reported in Materials and methods. 

First, we mutated the native cysteine residue, Cys322 of ADTau core into Ala, to 

obtain cysteine-free ADTau coreΔC, and then we introduced a non-native cysteine 

in the desired position obtaining ADTau coreΔC(K353C) (hereafter ADcore353 

(V)), using site-directed mutagenesis. The non-native Cys353 was then transformed 

into Dha, as previously reported for Tau353Dha, via bis-alkylation elimination us-

ing MDBP. 

Dha was homogeneously introduced after incubation of the reactants for 6 h at  

37 °C under shaking at 450 rpm.  

To carry out the ubiquitination reaction, we used the same molar ratio between 

UbSH and Dha construct as for Tau353, i.e., 300 µM of UbSH (I) and 300 µM DTT 

was added to 100 µM ADcore353 Dha (VI). The reaction was performed @ 37°C 

with a shaking of 700 rpm (Test A, Figure 24).  

 

Figure 24. Test A 17% SDS-PAGE of the course of the ubiquitination reaction. Aliquots were taken 

immediately after preparation and after overnight incubation. The bands correspond to reactants I and 

VI. 

The reaction did not produce the attended result, probably given to the aggregation 

of ADTau core,113 we therefore tried other ubiquitination condition.  

First of all, we reduced the shaking at 500rpm, and we kept the temperature constant 

at 37°C (Test B, Figure 25). We repeated the test by using the same amount of 

proteins with the same molar ratio reported above. 
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Figure 25. Test B. 17% SDS-PAGE of the course of the ubiquitination reaction. Aliquots were taken 

immediately after preparation and after 2 h, 4h and 6 h of incubation. The first line from the left cor-

respond to compound I alone and the second line to compound V alone. The bands correspond to re-

actants (compounds I, VI) and product (compound VII). 

Even in this case the yield was very low, so we decided to decrease the temperature 

to 30°C and we kept fixed the shaking at700 rpm (Test C, Figure 26). 

 

 

Figure 26. Test C. 17% SDS-PAGE of the course of the ubiquitination reaction. Aliquots were taken 

immediately after preparation and after 4h and 6 h of incubation. The bands correspond to reactants 

(compounds I, VI) and product (compound VII). 

Even in this case we did not get a good yield of the product.  

 

Product purification and characterization  

ADcore353 and ADcore353Dha were characterized by MALDI-TOF mass spec-

trometry, using an HCCA matrix. The related calculated and experimental mass 

values are displayed in Figure 27. 
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Figure 27. Mass spectrometry analysis. MALDI-TOF MS spectra of compounds V (left) and VI 

(right). Experimental mass values (Da) are displayed, expected values are 10296 Da (V), 10264 Da 

(VI). 

Even though the absolute mass values are not closed to the experimental ones, the 

difference between the two protein is exactly 32 Da, which correspond to the loss 

of a thiol group. 

Afterwords, we tried to purify the products of Test B and C with size exclusion 

chromatography (SEC) and HPLC (same method of Tau353Ub), but we did not 

succeed in the purification probably due to the low amount of product. (purification 

chromatogram and gels are not reported) 
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3.1.3 Conclusion  

The design of novel reactions to obtain ubiquitinated conjugates is crucial to study 

the effect of site-specific modifications on aggregation propensity of Tau protein.  

Nowadays several methods are available to perform ubiquitination reactions, but 

none of them are regioselective or can produce stable or non-oxidating product. 

61,100,102 

Here, I exploited the dehydroalanine chemistry to achieve a chemo-selective prod-

uct for both Tau353 and ADcore353. For the first, pure product in a good yield was 

obtained. The progress of the reaction was followed by SDS-PAGE and all the in-

termediates’ products were characterized by MALDI-ToF spectrometry. We 

demonstrated that the conjugation of Tau protein to the ubiquitin, in position 353, 

can perturb the fibrillation process and we were able to analyse the structural dif-

ferences between Tau and Tau353Ub from the TEM images. 

Concerning ADcore353, the dehydroalanine product was proved by MALDI-ToF 

spectrometry and SDS-PAGE, but the reaction, to obtain the ubiquitinated con-

struct, needs further optimization. 
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3.1.4 Materials and methods  

Reagents  

Methyl 2,5-dibromopentanoate (MDBP), were purchased from BLDpharm (Ger-

many). Heparin, Thioflavin-T (ThT), acetonitrile, dithiothreitol (DTT) and Tri-

fluoroacetic acid (TFA) were obtained from Sigma-Aldrich (St Louis, MO, USA). 

In all preparations, high-purity deionized water from a Millipore system was used.  

 

Recombinant protein expression and purification  

For proteins expression, 20 mL of a starter culture were added to 1 L of growth 

medium. The culture was then incubated at specific condition according to the pro-

tein (see Table 1) and expression was induced with 0.5 mM of IPTG. 

Table 1. Cell cultures parameters for different protein. In order are reported: the growth medium, the 

antibiotics, optical density at 600 nm, the incubation time and the temperature. 

Cells were then collected and centrifuged at 10000g for 15 min at 4°C. The resulting 

pellet was resuspended in 25 mL of lysis buffer (80 ml for Ub-IntHis) (see Table 

2). After several sonication steps at maximum power alternating by rest periods in 

ice, the lysate was centrifuged for 20 min at 10000g at 4 °C and the supernatant was 

kept for further purification processes, briefly described in each protein section.  

Tau4RD ADTau core Ub-IntHis 

20 mM Tris-HCl pH 7.6  

50 mM NaCl 

Protease inhibitors 1X 

PMSF 1mM 

DNase 1X 

1mM MgCl2 

1 mM EDTA 

20 mM MES pH 6.8,  

50 mM NaCl 

Protease inhibitors 1X 

PMSF 1mM 

DNase 1X 

5 mM MgCl2 

1 mM EGTA 

20 mM Tris-HCl pH 7.6, 

0.5 M NaCl 

20mM imidazole  

Protease inhibitors 1X 

PMSF 100 mM 

DNase 1X 

3 mg of lysozyme 

Table 2. Lysis buffer solution composition. 

Protein Medium Antibiotic O.D. 
600

 Time Temp 

Tau4RD LB Amp 0,7-1 5h 37°C 

ADTau core LB Amp/Chl  0,8-1 5h 37°C 

Ub-IntHis Autoinducing Amp  ON 37°C 
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Heat shock transformation 

Competent cells were transformed following the heat shock protocol: 

- 50/100 μL of competent cells were thawed in ice. 

- 30-50 ng of DNA were added, and the cells were incubated in ice for 20 min. 

- the heat shock was performed at 42 °C for 45 sec in a water bath and then cells 

were placed in ice for 2 min. 

- 500 μL of LB medium was added and the culture was incubated at 37 °C for 1 

hour with orbital shaking. 

- cells were plated on LB agar with specific antibiotic(s) and incubated O.N. at 37 

°C. 

 

Tau4RD 

Tau4RD, and its mutant C291A/C322A/K353C, gene (spanning residues Q244-

E372 plus initial Met, corresponding to R1-R4 repeats of Tau) (Figure 28) was 

cloned into a pET22b(+) vector via NdeI-BamHI sites with a stop codon to avoid 

insertion of a C-terminal histidine-tag (Figure 29). The plasmid pET22b (+) (pur-

chased by Novagen) is a 5493bp expression vector with T7 promoter. It is charac-

terized by a pelB leader sequence for subcellular targeting and tag csd, ampicillin 

resistance and many restrictions enzyme sites. Tau4RD, and its mutant, were ex-

pressed in BL21 (DE3) E. coli cell line, introducing the Tau4RD sequence via plas-

mid transformation. 

 

 

 

Figure 28. Schematic Tau4RD representation (top) and Tau4RD sequence (bottom). 
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Figure 29. Schematic representation of vector pET-22b (+). 

Tau4RD and its mutant were purified as described below. Briefly, the lysate was 

boiled for 20 min and, once it was cooled, centrifuged at 10000g for 20 min.  

The soluble part was filtered and loaded onto an SP ion exchange column, pre-

equilibrated with 20 mM Tris-HCl pH 7.6, 25 mM NaCl. The protein elution was 

performed with linear gradient from 25 mM to 500 mM NaCl.  

Purified Tau4RD products were dialyzed in water.  

 

ADTau core (a.a 297-391) 

With a length of 5493 bp, the pET22b (+) plasmid features both a T7 promoter and 

terminator, including an AmpR gene and chloramphenicol for ampicillin and chlo-

ramphenicol resistance and a pelB leader sequence. As well as Tau4RD, also 

ADTau core was expressed in BL21 (DE3) E. coli cell line, introducing the ADTau 

core sequence via plasmid transformation. The T7 RNA polymerase-IPTG induc-

tion system suited this cell line perfectly, ensuring efficient transformation and 

high-level protein expression. 

The plasmid used is the same for Tau4RD, reported in Figure 29, while ADTau 

core sequence is reported in Figure 30. 
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Figure 30. Schematic ADTau core representation (top) and ADTau core sequence (bottom) 

The lysate was boiled for 20 min and, once it was cooled, 1mM TCEP and DNase 

was added and then centrifuged at 10000g for 20 min. The supernatant was loaded 

in a SP-FF ion exchange column, pre-equilibrated with 20mM MES pH 6.8, 50mM 

NaCl, 1mM EGTA, 1mM MgCl2, 0.1 mM PMSF. The elution was performed with 

a linear gradient from 50-250 mM NaCl.  The protein was dialyzed in water.  

 

Ubiquitin-GyrA intein-His 

The ubiquitin bearing an amino ethanethiol C-terminal group (Ub-SH) required for 

the sulfide-coupling reaction, were produced by a chimeric protein where ubiquitin 

was cloned to the N-terminal of the GyrA intein in a pET22 vector. In this way, the 

chimeric protein has a C-terminal His-tag. The Ubiquitin-Intein-His sequence is 

reported in Figure 31. 

 

Figure 31. Ubiquitin-GyrA intein-His amino acid sequence 
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The lysate was filtered and then loaded onto a Ni2+ charged-chelating Sepharose 

(GE Healthcare) pre-equilibrated with 20 mM Tris pH 7.6, 500 mM NaCl, 20 mM 

imidazole, and eluted with a linear gradient from 20 mM to 500 mM imidazole. The 

protein was dialyzed in 20mM Tris-HCl pH 7.6. 

 

Ub-SH production  

Cleavage of Ub-SH was obtained by incubating the clean fusion protein in a buffer 

at pH 7.5 containing: Tris-HCl 20 mM, EDTA 1 mM, cysteamine 40 mM, and 

Tris(2-carboxyethyl) phosphine (TCEP) 3 mM for 48 h at RT. Ub-SH was purified 

by superdex-75 gel filtration column with 20 mM Tris and 150 mM NaCl buffer.  

Ub-SH amino acid sequence is illustrated in Figure 32. 

 

 

Figure 32. Ub-SH aminoacid sequence. 

Ubiquitination reaction  

Dha Formation  

Tau353Dha was obtained as described above.107 Briefly, 500µl of Tau353 (or AD-

core353) was mixed with 20 mM DTT, and then heated at 37 °C for 4 minutes to 

remove all dimers by reducing intermolecular disulfide bonds. The sample was then 

loaded in a G-25M Sephadex PD-10 desalting column (GE Healthcare) and eluted 

with 900 µL of 20 mM NaPi pH8. Following that, was performed the reaction be-

tween Tau353 (or ADcore353) and 2, 5-dibromopentanoate (MDBP) with a molar 

ratio of 1:50 in 20 mM NaPi pH8. The solution was then incubated for 6h at 37°C 

and 450 rpm. Excess MDBP was removed by passing the reactions through G-25M 

Sephadex PD-10 desalting column and then conversion to Dha was verified via 

MALDI-TOF mass spectra.   
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Ubiquitination chemical reaction   

To design the ubiquitinated product, Dha precursor, Ub-SH and DTT were left to 

react in a molar ratio 1:3:3 respectively, in water solution. The mixture was per-

formed at 37 °C for 6h under shaking at 700 rpm (Tau353) and different combina-

tion for ADcore353. Excess DTT was removed via G-25M Sephadex PD-10 desalt-

ing column. The reaction was then purified via HPLC preparative.   

 

Far-UV Circular Dichroism (CD) spectroscopy  

CD measurements were carried out on a Jasco J-1500 spectropolarimeter equipped 

with a Peltier type temperature-controlled cell holder (Jasco, Easton, MD, USA). 

Far-UV spectra (190–260 nm) were recorded in 0.1 cm cuvettes, at 25 °C, with a 

scan rate of 50 nm/min, a bandwidth of 1 nm, and an integration time of 2 s. Five 

spectra accumulations were averaged for each sample and the spectrum of the 

buffer was considered as a blank and subtracted. Protein concentration was 6 μM. 

Data plots were generated with GraphPad Prism 9 (GraphPad Software Inc., La 

Jolla, CA, USA).   

 

Thioflavin-T (ThT) aggregation assay   

Solution of TauΔC was preliminarily filtered through a 100 KDa cut-off filter. The 

aggregation was performed in 20 mM sodium phosphate buffer at pH 7.4 and 50 

mM NaCl (with 0.02% NaN3 and protease inhibitors w/o EDTA), incubating 10 

µM protein with heparin in a molar ratio 1:1. 

The kinetics of aggregation was monitored by measuring the fluorescence of thio-

flavin-T (10 μM) added to each sample in a 96-well dark plate (100 μL final volume 

for each well). Fluorescence measurements were performed using a TECAN Infi-

nite M200 Pro microplate reader (Tecan Group AG, Männedorf, Switzerland) at 30 

°C for ca.48 h with cycles of 30 s of shaking (250 rpm, orbital) and 10 min of rest 

throughout the incubation. The fluorescence intensity was measured every 11 min 

(excitation, 450 nm; emission, 480 nm; bottom read). Error bars of fluorescence 

data correspond to standard deviations of at least four independent experiments.   
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Transmission Electron Microscopy (TEM)  

For TEM measurements, samples were prepared as described for the ThT assay in 

a final volume of 100 μL and incubated at 37 °C for 48 h in static condition. Sub-

sequently, 30 μL of aggregates samples (5 μM) in mQ H2O were adsorbed onto 

400 mesh holey film grids; after staining with 2% uranyl acetate (for 2 min), the 

sample was observed with a Tecnai G2 (FEI) transmission electron microscope op-

erating at 100 kV. Images were captured with a Veleta (Olympus Soft Imaging 

System, Münster, Germany) digital camera using FEI TIA acquisition software 

(Version 4.0).   

 

Mass Spectroscopy  

Mass spectra were acquired on a Bruker Ultraflextreme MALDI-TOF/TOF instru-

ment (Bruker Daltonics, Billerica, MA, USA) at the Centro Piattaforme Tecnolog-

iche (CPT) of the University of Verona. Samples were acidified with TA30 solution 

(30% Acetonitrile (ACN), 0.1% trifluoroacetic acid (TFA) in water). The resulting 

solutions were mixed 1:1 (v/v) with the matrix HCCA (α-cyano-4-hy-

droxycinnamic acid) and 1 μL of the sample/matrix solution was spotted in tripli-

cate onto a Ground steel MALDI target plate (Bruker Daltonics) and dried at room 

temperature. 
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3.2 Published article: Tau Nanoparticle 

 

Ultrasmall gold nanoparticles form multi-molecular assemblies with the un-

structured protein Tau and inhibit disease-related conformational transitions. 
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ABSTRACT 

Understanding the interactions between nanoparticles (NPs) and proteins is crucial 

for the successful application of NPs in biological contexts. Protein adsorption is 

dependent on particle size, and protein binding to ultrasmall (1−3 nm) NPs is con-

sidered to be generally weak. However, most studies have involved structured bi-

omacromolecules, while the interactions of ultrasmall NPs with intrinsically disor-

dered proteins (IDPs) have remained elusive. IDPs are abundant in eukaryotes and 

found to associate with NPs intracellularly. As a model system, we focused on ul-

trasmall gold nanoparticles (usGNPs) and Tau, a cytosolic IDP associated with Alz-

heimer’s disease. Using site-resolved NMR, steady-state fluorescence, calorimetry, 

and circular dichroism, we reveal that Tau and usGNPs form stable multimolecular 

assemblies, representing a new type of nano−bio interaction. Specifically, the ob-

served interaction hot spots explain the influence of usGNPs on Tau conformational 

transitions, with implications for the intracellular targeting of aberrant IDP aggre-

gation. 
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The successful development of nanoparticle (NP)-based tools for use in biological 

contexts requires a thorough understanding of the nano−bio interactions.1 Despite 

the inherent complexity of interfaces, significant progress has been made in the 

description of the physicochemical interactions between nanomaterials and biolog-

ical components.2 A major result is the observation that most NPs readily interact 

with biomolecules that adsorb on their surface, forming a biomolecular corona 

which influences their biodistribution and bio-activity.3,4 

Among NPs, ultrasmall NPs (usNPs), usually defined as particles with core size in 

the range 1−3 nm, present attractive features for biomedical purposes, including 

efficient renal clearance, limited accumulation in the liver, in vivo tumour accumu-

lation, enhanced cell and nuclear penetration, and capability to cross the 

blood−brain barrier.5−8 Ultrasmall gold NPs (usGNPs) have the advantage of con-

trollable synthesis, ease of surface modification, emergent optical properties, and 

low toxicity.9,10 Therefore, usGNPs show great promise for applications in biosens-

ing, cellular imaging, drug delivery, and disease therapy.11,12 

A systematic investigation of protein adsorption to citrate- stabilized GNPs upon 

exposure to biological media provided clear evidence that the characteristics of the 

protein corona are particle-size-dependent.13 Thus, large NPs become coated by a 

thick, multilayered corona, while medium-sized NPs display a near-single dense 

protein corona layer, and small NPs exhibit an incomplete corona. In the ultrasmall 

scale, the nature of protein−NP interactions differs from the case of larger NPs, 

being characterized by transient particle−biomolecule associations and by the ab-

sence of hard coatings.14,15 Indeed, usNPs are of comparable size or smaller than 

common proteins and may display macromolecule-like or even drug-like features. 

The formed supramolecular species can be defined as usNP/protein complexes.16 

A significant fraction of proteins interacting with NPs in a living system is consti-

tuted by macromolecules of defined tertiary structure, including albumin, immuno-

globulins, and others that are abundant in peripheral biofluids.17,18 However, a re-

cent study revealed that NP-associated intracellular proteomes are enriched in in-

trinsically disordered, RNA- processing proteins, suggesting that conformational 

disorder facilitates the binding of proteins to NPs.19 In addition to RNA-binding 

proteins, biologically active intrinsically disordered proteins (IDPs) and proteins 
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containing disordered regions (IDRs) are abundant in eukaryotic proteomes.20 Be-

sides being involved in key biological functions, an increasing number of IDPs are 

found to undergo aberrant aggregation, under defined conditions, and are associated 

with irreversible neurodegenerative diseases.21 In this context, the binding to NPs 

could provide the means to redirect aggregation pathways and mitigate the for-

mation of neurotoxic assemblies, opening the way to new therapeutic strategies.22,23 

Classical NPs offer large surface areas for accommodating disordered polypeptides, 

whose conformational adaptability allows establishing a large number of noncova-

lent interactions. The adsorption of amyloidogenic proteins and peptides onto NPs 

and the consequences on protein fibrillation have been extensively explored.22,24 At 

the macroscopic level, NPs were found to either accelerate or retard protein fibril 

formation, depending on surface properties.23,25 In the ultrasmall regime, the inter-

actions of IDPs with NPs remain poorly characterized.26−28 

Herein, we focus on the interaction of usGNPs with a prototypical IDP: the aggre-

gation-prone, four-repeat domain of Tau (Tau4RD, Supporting Information Figure 

S1A). Tau is a cytosolic IDP that supports neuronal cell function and that, in patho-

logical conditions, transitions from a soluble monomeric state to oligomers and fi-

brils (hallmark aggregates in Alzheimer’s disease, AD).29,30 A high number of basic 

amino acid residues mediate the interaction of Tau4RD with biological and exoge-

neous anionic surfaces (microtubules, lipid mem- branes, NPs). To characterize the 

mode of interaction between usGNPs and Tau4RD, we applied gel electrophoresis, 

steady- state fluorescence spectroscopy, isothermal titration calorimetry, circular 

dichroism spectroscopy, and site-resolved solution NMR. We further explored the 

influence of usGNPs on disease-related protein conformational transitions. 

We prepared dihydrolipoic acid (DHLA)-capped usGNPs (ligand structure is dis-

played in Figure S1B) with a previously described one-pot synthetic approach.31 

DHLA-capped usGNPs (hereafter referred to as usGNPs for simplicity) exhibit lim-

ited ligand desorption due to the strong Au−S bonds and form stable colloids in 

aqueous solution due to electrostatic repulsion between carboxylates.31,32 The col-

loidal solution of usGNPs appeared pale brown and displayed bright red lumines-

cence on exposure to UV light (Figure S2A). The particles were characterized by 

UV−visible absorption spectroscopy, transmission electron microscopy (TEM), 

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
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dynamic light scattering (DLS), and 1H NMR spectroscopy (Figure S2 B−H). The 

mean core size was ca. 1.9 nm, and the ζ- potential value in neutral solution was 

ζ = −36 ± 6 mV. 

To investigate protein binding to usGNPs, we first applied agarose gel electropho-

resis. UsGNPs are expected to migrate toward the positive electrode. Conversely, 

Tau4RD is a lysine- rich, highly basic polypeptide that displays positive ζ potential 

(ζ = 22 ± 1 mV, pI = 9.7) and is predicted to migrate toward the cathode. In this 

work, we used a cysteine-free protein variant (hereafter, Tau4RD) to avoid uncon-

trolled formation of Au−S and S−S bonds. The observed progressive decrease of 

usGNP electrophoretic mobility toward the anode on increasing protein concentra-

tion (Figure 1A) likely originated from both an increased size and a surface charge 

variation determined by the association of usGNPs with Tau4RD. 

 

 

Figure 1. Gel electrophoresis and photophysical measurements. (A) Agarose native gel electrophoresis: 

left, unstained; right, Coomassie staining. Lanes 1−7 were loaded with 6.5 μM usGNPs; lanes 2−8 con-

tained Tau4RD at concentrations 3.25, 6.5, 13, 19.5, 43.5, and 65 μM; all components were dissolved in 

0.5% TBE, pH 9 (1% agarose, 50 V, 40 min). (B) Tyrosine fluorescence emission spectra (λex = 270 nm) 

measured on 6 μM Tau4RD in the presence of usGNPs at varying concentration. The spectrum of the free 

protein is shown in black (λmax = 304 nm). (C) Relative Tyr fluorescence intensity as a function of usGNP 

concentration (Stern−Volmer plot). The solid line corresponds to an exponential function fit. (D) Colloi-

dal solutions of 0.5 μM usGNPs in the presence of varying concentration of protein, visualized under UV 

lamp. (E) Fluorescence emission spectra (λex = 530 nm) of 0.25 μM usGNP in the presence of Tau4RD at 

varying concentration. The dashed line indicates the shift of the peak maximum. (F) Relative usGNP 

fluorescence intensity as a function of protein concentration (logarithmic scale). The solid line corre-

sponds to the best-fit curve (Hill function) 

 

We further examined the effect of the interaction on the photophysical properties 

of protein and usGNPs. The intrinsic fluorescence of the protein, due to the single 

fluorescent residue Tyr310, was effectively quenched on addition of usGNPs (Fig-

ure 1B), suggesting that the repeat region R3 closely approached the particle 

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
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surface. The nonlinear dependence of the  relative  fluorescence  intensity, F0/F, on 

usGNPs concentration (Figure 1C) indicates that the quenching mechanism was not 

of a single type (dynamic or static). Previous work established that fluorescence 

quenching of organic dyes by usGNPs lacking a surface plasmon band was domi-

nated by nanometal surface energy transfer.33 

As noted earlier, the photoluminescence of usGNPs is generally affected by protein 

binding.34 Here, we observed a progressive enhancement of intrinsic luminescence 

on increasing the concentration of Tau4RD (Figure 1D), with up to 20-fold higher 

intensity for the highest concentration of Tau4RD considered, and a blue shift of the 

emission band maximum (up to 40 nm) (Figure 1E). The latter observation indicates 

that adsorbed protein molecules reduced the polarity of the local dielectric environ-

ment at the particle surface and suggests that Tau4RD has a greater capability to 

shield the usGNP surface from the solvent, compared to compact globular pro-

teins.34 The fluorescence intensity did not show saturation behaviour in the investi-

gated concentration range (Figure 1F); therefore, an accurate quantitative analysis 

of the experimental curve was not possible. Nonetheless, a tentative fit of the data 

with a Hill model yielded a Hill coefficient n = 0.66, suggestive of anti-cooperative 

binding. 

To gain insight into the mechanism of association, we performed isothermal titra-

tion calorimetry (ITC) experiments. The calorimetric response obtained by titrating 

Tau4RD into a solution of usGNPs appeared nonmonotonic, with a net heat release 

in the first half and endothermic behaviour in the second half of the titration (Fig-

ures 2A,S3). Interestingly, the titration of another IDP, α-synuclein, into usGNPs 

generated a different calorimetric profile, lacking net endothermic signals (Figure 

S4) but also reflecting the occurrence of multiple processes during titration. The 

calorimetric curves for both protein systems were ionic-strength-dependent, dis-

playing reduced heat exchange at high salt concentration (Figures 2B,S3, and S4), 

thus pointing to a contribution of electrostatic interactions to the underlying phe-

nomena. The effect was particularly evident in the second part of the process: at 

high salt concentration, the positive hump in the calorimetric profile of Tau4RD and 

the negative shoulder in that of α-synuclein were attenuated. In the case of Tau4RD 

in salt-containing solutions, the early titration heat signals departed from the general 

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
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trend of the following titration points (note that solution buffers for injectant and 

analyte were identical) (Figures 2B, S3). This behavior was not observed for α-

synuclein (Figure S4), indicating that the effect was protein-specific. Calorimetric 

data for Tau4RD were analyzed with a two-sets-of-sites binding model to estimate 

thermodynamic quantities (Tables 1, S1). In the absence of NaCl, binding was 

strong for both sets, driven by enthalpy in the first and by entropy in the second 

event. The number of involved binding sites was larger for the second set than for 

the first set. The energetic terms and affinity constants were reduced in the presence 

of 100 mM NaCl. The favourable enthalpic term likely resulted from strong electro- 

static attraction between the negatively charged usGNPs and the polycationic pro-

tein, while the favorable entropic component of the second event may reflect, 

among various possible contributing factors, the conformational disorder of bound 

protein molecules. Thus, the proposed model identified two main modes of associ-

ation of Tau4RD with usNPs: the one characterized by greater affinity may corre-

spond to unhindered docking of protein molecules to free surface areas on usNPs, 

while the lower affinity mode may correspond to the binding to already coated us-

NPs. The occurrence of two distinct types of interaction recalls the concept of hard 

and soft corona described for larger NPs. However, differently from a typical hard 

corona where folded proteins form a densely packed and sterically defined adlayer, 

Tau molecules bound to usGNPs are probably best described as a “fuzzy” assembly, 

where fuzziness refers to the conformational heterogeneity of bound-state ensem-

bles of IDPs observed in many protein−protein complexes.35 On binding to usNPs, 

IDPs will engage small contact regions, by contrast larger NPs may accommodate 

long polypeptide stretches and multiple regions. Thus, IDPs interacting with larger 

NPs can form fuzzy complexes36 as well as more static and compact protein coro-

nas.37 

 

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
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Figure 2. Energetics of the interaction between Tau4RD and usGNPs. Isothermal titration calorimetry data 
obtained on titrating Tau4RD into usGNPs, in the presence of 0 mM (A) and 100 mM (B) NaCl (see Figure 
S3 for additional NaCl concentration points). Left panels display corrected heat transfer rates; right panels 
display integrated heat plots. Orange lines are best-fit curves based on a two-sets-of-sites binding model; 
data displayed as empty circles were excluded from fitting. 

 

Table 1. Thermodynamic Parameters for the Binding of Tau4RD to usGNPsa 

NaCl b Ka (M
−1) 

ΔG (kJ 

mol
−1) 

ΔH (kJ mol
−1) −TΔS (kJ mol

−1) n 

0 mM I 
(6.1 ± 0.9) 

× 107 
−44.5 ± 0.4 −268 ± 5 224 ± 5 5.8 ± 0.1 

 
I
I 

(2.7 ± 0.3) 

× 106 
−36.8 ± 0.3 74 ± 5 −110 ± 5 12.5 ± 0.1 

100 mM I 
(8.1 ± 1.2) 

× 106 
−39.5 ± 0.4 −216 ± 20 177 ± 20 5.5 ± 0.8 

 
I

I 

(3.1 ± 0.5) 

× 105 
−31.4 ± 0.4 65 ± 10 −96 ± 10 6 ± 3 

Given errors are from data fitting. bI, first binding event; II, second binding event. 

 

The disordered character of Tau4RD entails strong conformational plasticity and 

adaptability to binding surfaces.23 To obtain insight into protein structural changes 

resulting from adsorption to usGNPs, we performed circular dichroism (CD) meas-

urements. The far-UV CD spectrum of Tau4RD free in solution featured a deep el-

lipticity minimum centered at 198 nm (Figure S5A), consistent with a prevalently 

unstructured state. The addition of usGNPs elicited the progressive reduction of 

signal ellipticity and a shift of the peak minimum toward longer wavelengths. We 

interpret these spectral changes as being due to a binding-induced redistribution of 

conformational states and formation of a heterogeneous ensemble of bound mole-

cules with mixed-type local secondary structure elements.38,39 The peak wavelength 

change as a function of usGNP concentration was found to follow an apparent 

Langmuir-type dependence (Figure S5B), indicating saturable binding. 

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
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To identify the NP-binding site(s) on Tau4RD, we performed site-resolved NMR 

spectroscopy experiments. Previous works demonstrated the power of NMR to elu-

cidate the binding modes and dynamics of proteins, both folded and unstructured, 

on NP surfaces with single residue resolution.36,40−47 The 1H−15N HSQC spectrum 

of [15N]Tau4RD displays HN correlation signals for virtually all non-proline amino 

acid residues (Figures 3A,S6). After addition of small amounts of usGNPs, the po-

sition of individual peaks was minimally perturbed (for P:usGNP = 0.02, ΔδHN were 

<0.015 ppm); by contrast signal intensities were significantly reduced (Figures 

3A,B, S6). In the initial titration steps, no new signals appeared; however, at higher 

usGNP concentration, a number of broad, low-intensity peaks became visible at 

different positions from those of the unbound protein (Figure 3A). This behavior, 

also in consideration of the binding strength determined by ITC, is consistent with 

the partitioning of protein molecules to a particle-bound state in a slow− interme-

diate exchange regime. The absence of sharp bound- state resonances can be at-

tributed to multiple molecules interacting with each particle, forming assemblies 

with reduced rotational diffusion, and to structural disorder and dynamics of the 

bound-state conformational ensemble contributing to peak broadening. The resi-

due-by-residue signal intensity attenuation was not uniform along the peptide se-

quence, with a similar profile at low (Figure 3B) and high ionic strength (Figure 

S7), indicating preferential involvement of discrete regions in binding to usGNPs. 

For example, the strong attenuations in segment 276−283, encompassing part of 

one hexapeptide motif (PHF6*, 275−280), suggest that this region represents a pref-

erential anchoring site for usGNPs. Indeed, two adjacent lysine residues (Lys280, 

Lys281), a unique occurrence in the entire polypeptide, may promote the associa-

tion via strong electrostatic attraction. Interestingly, intensity perturbations were 

also strong (>80%, Figure 3B) in the stretch 309−311, which belongs to the second 

hexapeptide motif (PHF6, 306- 311) and terminates with Lys311, hinting at a cen-

tral role of these motifs in the protein’s slow exchange dynamics.  

 

 

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
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Figure 3. Mapping of contact sites and conformational dynamics. (A) Selected portions of HN-HSQC 

spectra (600 MHz) of 50 μM [15N] Tau4RD (black) in the absence (top left) or presence of usGNPs (colored 

maps overlaid on black) at the reported molar ratios. Red and green maps are shown in scale with black 

spectrum, the cyan map is displayed with increased intensity for better visualization of the peak position 

changes; the rightmost panel displays an enlarged view for better appreciation of peak details; and protein 

(P):usGNP molar ratios are indicated on top. (B) Residue-specific HSQC-peak intensity versus residue 

number. Peak intensities were measured on Tau4RD in the absence (I0) or presence (I) of usGNPs at a 

molar ratio P:usGNPs = 0.02; only isolated peaks were included in the analysis; the protein domain or-

ganization is schematized with bars of different gray shading for the four repeat motifs (R1−R4); and the 

hexapeptide motifs are indicated in orange. (C) Representative 15N- CPMG relaxation dispersion curves 

at 700 MHz spectrometer frequency observed for 200 μM [15N]Tau4RD in the absence (empty circles) or 

presence (filled circles) of 2 μM usGNPs (from left to right: Lys281, Leu282, Gln288) and 10 mM NaCl. 

Uncertainties were estimated from duplicate measurements; solid lines are the best-fit curves obtained by 

fitting the relaxation data to a two-state exchange model, the fitted exchange rate constants are reported; 

and dashed lines indicate the average R2
obs for no exchange. (D) EXchange contributions to relaxation 

rates obtained from relaxation dispersion experiments on samples containing Tau4RD and usGNPs. Gray 

bars are errors propagated from the uncertainties of fitted parameters. 

 

To gain additional insight into the dynamics of Tau4RD in the presence of usGNPs, 

we carried out 15N-spin Carr−Purcell−Meiboom−Gill relaxation dispersion 

(CPMG-RD) experiments, which are sensitive to exchange processes in the 0.3− 10 

ms time window.48 Chemical exchange signal broadening, resulting from an en-

hanced relaxation rate (line width λ = 2𝑅2
𝑜𝑏𝑠 , where 𝑅2

𝑜𝑏𝑠 = 𝑅2
0  + 𝑅𝑒𝑥), is modulated 

by the frequency of the CPMG pulse train (νCPMG) applied during the TCPMG relax-

ation delay of the NMR experiment. The analysis of 𝑅2
𝑜𝑏𝑠  versus νCPMG dispersion 
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curves provides information on the underlying dynamic process. The protein alone 

displayed virtually no relaxation dispersion, by contrast small but clear-cut RD ef-

fects for some residues were apparent in the presence of usGNPs (Figure 3C, D). 

Dispersion curves were analyzed with two-state exchange models, and all data were 

found to best fit to an exchange process in the fast-limit regime. This process likely 

corresponds to the weak binding of protein molecules to already coated NPs since 

the experiment was performed with protein in large excess. Observing the effects 

of the intermediate dynamics that characterizes the protein−NP interactions would 

require comparable concentrations of protein and NPs corresponding to conditions 

unsuitable for relaxation dispersion measurements. Relaxation dispersion origi-

nates from changes in the chemical environment at the observed site, and, interest-

ingly, the largest chemical exchange contribution to transverse relaxation, Rex, was 

observed in the region 277−282 and for residue 288 (Figure 3D). We further note 

that the effective relaxation rate values at high CPMG field strength (νCPMG → ∞), 

𝑅2
0 , corresponding to relaxation in the absence of exchange, were invariably larger 

for Tau4RD in the presence of usGNPs than for the protein alone. The residue-by-

residue variation of ΔR2 (with/without usGNP, Figure S8), measured at a CPMG 

field of 595 Hz to suppress exchange-induced line broadening, reports on contribu-

tions to R2 from the NP-bound state.49,50 The patterned profile again indicates the 

prevalent involvement of the PHF6 regions in the assembly with usGNPs.  

Following the observation that aggregation-prone hexapeptide motif regions were 

key mediators of binding to usGNPs in both slower and faster exchange regimes, 

we set to explore the influence of usGNPs on protein aggregation. The aggregation 

kinetics of Tau4RD was followed by monitoring the time dependent fluorescence 

signal of thioflavin-T (ThT). The kinetic profile was sigmoidal-shaped and con-

sistent with a macroscopic nucleation−growth mechanism (Figure 4A). The pres-

ence of low amounts of usGNPs (P:NP < 0.005) showed modest influence on the 

kinetics of the process, as evident from the little changes in transition midpoints 

compared to the particle-free sample. However, the addition of usGNPs at a P:NP 

ratio of 1:0.03 resulted in a significantly delayed aggregation (midpoint transition 

time constant, t0.5 = 30.1 ± 0.4 h versus 20.7 ± 0.1 h in the absence of NPs) and 

almost unchanged fibril elongation rate (elongation time constant, τ =1.6 ± 0.3 h 
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versus 1.4 ± 0.1 h). The fluorescence intensity at plateau decreased progressively 

on increasing the concentration of usGNPs until complete quenching in the case of 

a P:NP molar ratio of 1:0.1 (Figure 4A), possibly indicating the formation of smaller 

amounts of fibrils.  

 

 

Figure 4. Protein conformational transitions and aggregation. (A) Aggregation kinetics monitored by ThT 

fluorescence. Measurements were performed on Tau4RD in the absence (gray dots) or presence (light-to-

dark red dots) of usGNPs (P:usGNP molar ratios 1:0, 1:0.002, 1:0.004, 1:0.03, 1:0.1); solid lines corre-

spond to the best-fit curves determined using an empirical sigmoid function; data represent the mean of 

five replicate measurements; and vertical gray lines indicate transition midpoints. (B) Far-UV CD spectra 

acquired on 6 μM Tau4RD after 0 h (black) and 24 h (brown) incubation, in the absence or presence of 

usGNPs at the indicated molar ratios. (C) Representative TEM images of Tau4RD samples after 48 h 

incubation in aggregating conditions, in the absence (left panel) or presence (remaining panels) of usGNPs 

(see Figure S9 for additional    images). Scale bar is 100 nm. 

 

The protein conformational transitions taking place during aggregation were further 

monitored by far-UV CD (Figure 4B). The spectrum of Tau4RD in the absence of 

usGNPs revealed a major change in secondary structure content after 24 h of incu-

bation: the ellipticity minimum shifted to larger wavelengths (217 nm), consistent 

with the formation of β- structure, and a shoulder appeared around 207 nm, possibly 

corresponding to mixed-type secondary structures.39 In the presence of usGNPs at 

a P:NP ratio of 1:0.1, no conformational conversion was observed after the incuba-

tion period, while experiments conducted with lower amounts of particles revealed 

an intermediate situation with a smaller signal of the disordered protein and slightly 

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02902/suppl_file/nl2c02902_si_001.pdf
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increased ellipticity around ∼220 nm (Figure 4B). Thus, the CD data were con-

sistent with the concentration-dependent trend observed in the ThT fluorescence 

assay. TEM analysis of samples incubated for 48 h showed that filamentous aggre-

gates could form in the presence of low−intermediate concentrations of usGNPs but 

not when particles were added at a P:NP ratio of 1:0.1 (Figures 4C, S9). By coarse 

visual inspection of the micrographs, we found that the amount of fibrillar aggre-

gates decreased with increasing usGNP concentration, confirming the inhibitory 

effect of usGNPs. The inhibitory action of usGNPs was retained at higher (near-

physiological) ionic strength (Figure S7). 

The possibility to use usNPs for modulating the conformational states of IDPs in-

tracellularly stimulated us to verify two fundamental requirements for usGNPs: (i) 

their biocompatibility and (ii) their ability to get internalized into live neuronal cell 

models. To assess the biocompatibility, we evaluated the viability of two different 

human cell lines, the neuroglioma derived H4swe and the nontumoral human em-

bryonic kidney (HEK-293), after 72 h treatment with various concentrations of 

usGNPs. We observed no significant decrease in cell viability for both lines (Figure 

S10A), demonstrating that usGNP does not display acute cytotoxicity. Next, we 

monitored the cellular uptake and the internalization efficiency of usGNPs in 

H4swe cells by confocal microscopy. Since autofluorescence of usGNPs was in-

sufficient to provide a clear signal at the used concentrations, we resorted to label-

ling the particles with cysteamine-FITC. Small granular aggregates were clearly 

visible in the cytoplasm of cells treated for 48 h with labelled nanoparticles (Figure 

S10B). Overall, these results indicate that usGNPs are internalized by the cells with 

little or no toxicity in the short term, making them suitable for in-cell applications. 

The observation that usGNPs concentrated intracellularly in discrete sites stimu-

lated us to verify whether they localized in stress granules (SGs). These cytoplasmic 

membraneless organelles contain several RNA-binding proteins which are enriched 

for intrinsically disordered regions (IDRs) and thus could represent targets for 

usGNPs. Colocalization experiments showed that upon simple incubation, usGNPs 

did not apparently partition into SGs induced by arsenite treatment nor did they 

trigger SG formation (Figure S11). However, if cell membrane permeabilization 

was applied to facilitate particle uptake after SG induction, usGNPs distributed 
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throughout the cell interior and partitioned into SGs (Figure S12), suggesting that 

usGNPs may interact with IDRs/IDPs in these organelles.  

In conclusion, usNPs are attracting considerable interest for potential applications 

in the life sciences. The possibility to design usNPs that target biologically active 

macromolecules and modulate their function requires in-depth characterization of 

their interactions with biomolecules. It has been observed that particle size strongly 

influences NP−protein interactions and that protein binding to usNPs is generally 

weak, at least in the case of globular folded proteins. However, the nature of the 

interactions of usNPs with disordered proteins (IDPs) has been poorly investigated. 

In our study, we aimed at a detailed, sub molecular level characterization of a pro-

totypical system consisting of usGNPs and the disordered Tau protein. We found 

that usGNPs engage the protein Tau4RD in the formation of stable (Ka = ∼ 107 

M−1) multimolecular assemblies (Figure 5), in contrast to the notion of weak protein 

association to usNPs. Additional short-lived (τex = 1−10 ms) interactions were also 

detected, likely corresponding to binding events on the exterior of usGNP/Tau com-

plexes. The formed assemblies are best described as “fuzzy” complexes, with ref-

erence to bound-state conformational heterogeneity. Different from assemblies 

with larger NPs, the interaction of IDPs with usNPs cannot involve long polypep-

tide stretches and may not result in the formation of a sterically defined and compact 

protein corona. This type of assembly can affect biological behaviour: specifically, 

by targeting disease-related protein aggregation sites of Tau, usGNPs were found 

to act as aggregation inhibitors. Given the observation that usGNPs are not cyto-

toxic and are taken up by neuronal cells, they could find application for aggregation 

studies in both in vitro and cellular models of neurodegeneration. 
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Figure 5. (A) Schematic representation of the multimolecular assembly formed by ultrasmall gold NPs 

and a prototypical intrinsically disordered protein, characterized by two distinct exchange regimes. (B) 

Schematic representation of the influence of usGNPs on disease-related amyloid deposition of Tau4RD 
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METHODS 

 

Reagents 

Tetrachloroauric acid trihydrate (HAuCl4), lipoic acid (LA), and sodium borohy-

dride (NaBH4) were purchased from Alfa Aesar (MA, USA). Heparin and all 

chemical reagents were obtained from Sigma-Aldrich (St Louis, MO, USA). In 

all preparations, high-purity deionized water from a Millipore system was used. 

 

Recombinant protein expression and purification 

Recombinant Tau4RD (region Q244-E372 of human full-length Tau, plus initial 

Met) was expressed and purified as described previously,1 with the mutations 

C291A and C322A to avoid unintended disulfide bond formation (hereafter re-

ferred to as Tau4RD for simplicity). Briefly, the protein was expressed in BL21 

(DE3) cells grown in LB medium at 37 °C for 5 h, with 0.5 mM IPTG. Protein 

purification was achieved by thermal treatment of the soluble bacterial extract 

(80–100 °C) and SP-ion exchange chromatography. To label Tau4RD with 15N, 

the E. coli culture was grown in M9 minimal medium supplemented with 

15NH4Cl (1 g/L). Purified Tau4RD products were dialyzed in the final buffer (10 

mM phosphate buffer pH 7.4, hereafter called working buffer). Recombinant hu-

man α-synuclein was produced in E. coli BL21 (DE3) cells and purified as re-

ported previously. 2 

 

Synthesis of lipoic acid-stabilized ultrasmall gold nanoparticles 

For synthetic procedures, all glassware was cleaned with 70% HNO₃ and rinsed 

thoroughly in Millipore water prior to use. Dihydrolipoic acid (DHLA)-capped 

ultrasmall gold nanoparticles (usGNPs) were synthesized following a previously 

reported protocol 3,4. Briefly, 70 mg of lipoic acid were dissolved in 188.6 ml 

aqueous solution containing 484 µL NaOH (2 M), followed by addition of 

HAuCl4 solution (1.96 mL, 2% by mass). After stirring for 5 min, an aqueous 

solution of NaBH4 (4.06 mL, 50 mM) was slowly added drop by drop, under 

rapid stirring. The reaction was stopped after stirring overnight. The brownish 

solution was dialysed against ultrapure water, and then overnight against working 
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buffer, using a 3.5 kDa molecular weight cut-off membrane. The solution was 

purified by centrifugal filtration, using Amicon Ultra (Merck, Millipore) centrif-

ugal filters with a 10 kDa cut-off. The pale brown solution containing the usGNPs 

was stored at 4 °C for later use. 

The nanoparticle concentration was estimated from the absorbance at 450 nm 

using the extinction coefficient (4.25 105) M-1 cm-1, as reported by Haiss.5 UV-

vis absorption spectra were recorded with a NanoDrop™ 2000 Spectrophotome-

ter (Thermofisher), using 1 cm path-length quartz cuvettes. 

Cysteamine-FITC/DHLA-capped usGNPs were synthesized following the same 

protocol described above. 3,4 Cysteamine (0.05 M) was mixed with FITC 8 mg/ml 

in sodium carbonate buffer, pH 9.0, for 24 h at room temperature in the dark. The 

product was then mixed with lipoic acid in a molar ratio of 16:1. 

 

Dynamic Light Scattering (DLS) 

Hydrodynamic diameter and ζ-potential measurements were performed using a 

Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) at room temperature, 

operating at λ = 633 nm and equipped with a back scattering detector of 173°. 

For determining size distribution by DLS, a solution of 13 µM usGNPs in work-

ing buffer was recorded in triplicate and the average of three measurements was 

plotted. For ζ-potential measurements, samples were loaded into a folded capil-

lary cell and the voltage was automatically set to 148 V. The ζ- potential values 

were derived from the electrophoretic mobility by means of the Henry equation 

over five replicates. 

 

Fluorescence Spectroscopy 

Fluorescence measurements were performed on a Jasco FP-8500 spectrofluo-

rometer (Jasco, Easton, MD, USA) using 1 cm path-length quartz cuvettes. The 

used concentrations of usGNPs and Tau4RD were such that the absorbance at the 

excitation wavelength was less than 0.05, to avoid self-absorption and inner filter 

effects. 

Fluorescence emission spectra of usGNPs were recorded in the range of 550-750 

nm using an excitation wavelength of 530 nm (slit width 5 nm). A fixed 
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concentration of usGNPs (0.25 µM) was titrated with Tau4RD (800-0.05 µM). 

Samples were prepared in working buffer. 

Tyrosine fluorescence measurements were performed on a Jasco FP-8500 spec-

trophotometer (Jasco, Easton, MD, USA). The excitation wavelength was 270 

nm (slid width 10 nm) and emission spectra were collected in the range of 275-

400 nm. A fixed concentration of Tau4RD (60 µM) was titrated with usGNPs (3-

0.1 µM). 

All experiments were performed at room temperature. Three spectra accumula-

tions were averaged for each sample and the spectrum of the buffer was consid-

ered as a blank and subtracted. 

 

Isothermal Titration Calorimetry (ITC) 

ITC measurements were performed with a MicroCal PEAQ-ITC instrument 

(Malvern Panalytical, UK) at 25 °C. 

1.5 µM of usGNPs were titrated with Tau4RD or α-synuclein (150 µM and 250 

µM, respectively). Nineteen injections of 2 µL were performed, setting the stir-

ring speed to 500 rpm, with 150 s interval between subsequent injections. For all 

titrations, samples were dialysed against the same working buffer. Number of 

sites (N), dissociation constant (KD) and enthalpy change (ΔH) were the experi-

mental parameters obtained by the best performing fitting model (two sets of 

sites). Data were analyzed by using the MicroCal PEAQ-ITC Analysis Software 

(Malvern). The titrations were repeated in the presence of different concentra-

tions of NaCl (10, 50, 100 and 200 mM NaCl for Tau4RD, 10 and 200 mM NaCl 

for α-synuclein). 

 

Nuclear Magnetic Resonance (NMR) spectroscopy 

NMR spectra were recorded on a Bruker Avance IV 700 MHz spectrometer, 

equipped with a TCI cryoprobe, or on a Bruker Avance NEO 600 MHz spec-

trometer equipped with a Prodigy TCI cryoprobe. All the spectra were recorded 

at 10 °C. 

One-dimensional 1H spectra were acquired on DHLA-stabilized usGNPs (5 μM) 

and DHLA solutions, in working buffer and 10% D2O, for general 
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characterization. Experiments were performed using a standard pulse sequence 

incorporating the excitation sculpting water suppression scheme. A total of 8 

transients were acquired over a spectral width of 9615 Hz and 32768 complex 

points with recycle delay of 1.7 s. 

NMR titration experiments were run on samples with a protein concentration of 

50 µM and usGNPs concentration in the range 0-5 µM, corresponding to pro-

tein/usGNPs molar ratios of: 10:1, 20:1, 25:1, 30:1, 40:1, 50:1, 60:1, and 80:1. 

The solutions were prepared in working buffer and 10% D2O. One-dimensional 

1H-NMR experiments were acquired with 16 transients over a spectral width of 

11363 Hz and 32768 complex points, with a recycle delay of 1.2 s. Typical two-

dimensional 1H-15N HSQC spectra were acquired with a data matrix consisting 

of 2048 (F2, 1H) x 256 (F1, 15N) complex points, 12 scans, 1.2 s recycle delay, 

and spectral widths of 9615 (F2) x 1776 (F1) Hz. 

Nuclear spin relaxation rate measurements were performed at 16.4 T magnetic 

field strength. Protein backbone 15N-spin T2 (=R2 
-1) spectra were recorded on 

200 µM [15N]Tau4RD in the absence or presence of usGNPs. Experiments were 

performed in gradient-selected sensitivity-enhanced mode and in interleaved 

fashion; matrix: 2048(1H) × 128(15N) complex data points for each relaxation 

delay; spectral widths: 13 (1H) and 33 ppm (15N). Water signal suppression was 

obtained with a flip-back pulse. The recycle delay was set to 3 s. T2 relaxation 

delays were 0.016 (duplicate), 0.032, 0.064, 0.128, 0.192, 0.224, 0.272 (dupli-

cate) s. The echo delay was 0.42 ms. Relaxation times T2 were determined by 

fitting peak intensities to a single exponential decay. 

Carr–Purcell Meiboom–Gill relaxation dispersion (CPMG-RD) experiments 

were performed using a constant- time relaxation-compensated pulse program 

(constant-time period, TCPMG= 100 ms; CPMG frequencies, (νCPMG 

= 50, 100, 200, 400, 600, 800, 1000(duplicate) Hz). Two-dimensional data sets 

were acquired in an interleaved manner (inter-scan delay = 3 s; 256 increments 

in the nitrogen dimension). The transverse relaxation rate,  

𝑅2
𝑜𝑏𝑠, for each frequency point was obtained from the signal intensity meas-

ured at the end of the TCPMG period according to: 

𝑅2
𝑜𝑏𝑠  =  − 

𝑙𝑛 (𝐼𝜈𝐶𝑃𝑀𝐺 𝐼0⁄ )

𝑇𝐶𝑃𝑀𝐺
                                                                                   Eq 1 
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where I0 is the signal intensity measured in a reference spectrum lacking the 

CPMG period, and IνCPMG is the residual intensity at the end of the CPMG pulse 

sequence for a particular spin-lock frequency. R2
obs uncertainties were estimated 

from duplicate measurements of one data point and were in most cases below 5%. 

The minimum error was set to 5% for all points. 

Relaxation dispersion curves were modelled with a simple two-state exchange 

process in RING-NMR.6 Fast- limit (kex ≫ δω) and slow-limit (kex ≪ δω) ex-

change models between the sites were considered, model selection was based 

on the Akaike information criterion. Dispersion curves were then fitted individ-

ually with the resulting fast-exchange model using GraphPad Prism 9 

(GraphPad Software Inc., La Jolla, CA, USA). The fitting parameters were kex, 

R2 
0, and δppm min; the latter is a field-independent variable representing the 

chemical shift change expected for equal populations of the exchanging states. 

The exchange contributions to relaxation rates were calculated from the ex-

pression: 

𝑅𝑒𝑥 =
(2𝜋𝐵0𝛿𝑝𝑝𝑚

𝑚𝑖𝑛 )
2

4𝐾𝑒𝑥
                                                                                        Eq. 2 

 

Far-UV Circular Dichroism (CD) spectroscopy 

CD measurements were carried out on a Jasco J-1500 spectropolarimeter equipped 

with a Peltier type temperature-controlled cell holder (Jasco, Easton, MD, USA). 

Far-UV spectra (190–260 nm) were recorded in cm cuvettes, at 25 °C, with a scan 

rate of 50 nm min-1, a bandwidth of 1 nm, and an integration time of 2s. Spectra 

were recorded on samples of Tau4RD in the absence or presence of usGNPs at vari-

ous molar ratios. Five spectra accumulations were averaged for each sample and 

the spectrum of the buffer was considered as a blank and subtracted. The protein 

concentration was 6 μM. 

Prior to running aggregation assays, solutions of Tau4RD were filtered through a 100 

kDa cut-off filter (Sartorius Stedim Biotech GmbH, Göttingen, Germany) to re-

move pre-existing large oligomers and fibrils. To monitor time-dependent spectral 

changes, samples were incubated for 48 h at 30 °C. Aggregation reactions were 
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prepared in 300 μL aqueous buffer (10 mM KPi, pH 7.4, protease inhibitors, in the 

absence or presence of 100 mM NaF) by mixing 50 μM Tau4RD, (0.4, 1.5, 5) μM 

usGNPs, and 50 μM heparin. 

Data plots were generated with GraphPad Prism 9 (GraphPad Software Inc., La 

Jolla, CA, USA). 

 

 

Thioflavin-T (ThT) aggregation assay 

Solutions of Tau4RD were preliminarily filtered through a 100 kDa cut-off filter. The 

aggregation was induced by incubating the soluble protein in the presence of hepa-

rin at various concentrations of usGNPs; protein:NP was (10:0, 10:0.02, 10:0.04, 

10:0.3, 10:1) μM in working buffer (in the absence or presence of 100 mM NaCl). 

Control reactions were carried out in the absence of usGNPs (protein:HEP was 

10:10 μM). 

The kinetics of aggregation was monitored by measuring the fluorescence of thio-

flavin-T (10 μM) added to each sample in a 96-well dark plate (100 μL final volume 

for each well). Fluorescence measurements were performed using a TECAN Infi-

nite M200 Pro microplate reader (Tecan Group AG, Männedorf, Switzerland) at 30 

°C for ca.72 h with cycles of 30 s of shaking (250 rpm, orbital) and 10 min of rest 

throughout the incubation. The fluorescence intensity was measured every 11 min 

(excitation, 450 nm; emission, 480 nm; bottom read). Error bars of fluorescence 

data correspond to standard deviations of at least four independent experiments. 

 

Transmission Electron Microscopy (TEM) 

For TEM measurements, samples were prepared as described for the ThT assay at 

the final volume of 100 μL and incubated at 30 °C for 48 h in static condition. 

Subsequently, 30 μL of aggregates samples (5 μM) in mQ H2O were adsorbed onto 

400 mesh holey film grids; after staining with 2% uranyl acetate (for 2 min), the 

sample was observed with a Tecnai G2 (FEI) transmission electron microscope op-

erating at 100 kV. Images were captured with a Veleta (Olympus Soft Imaging 

System, Münster, Germany) digital camera using FEI TIA acquisition software 

(Version 4.0). 
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Cellular viability and nanoparticle uptake assays 

APP-swe expressing cells (H4-swe cells) and Hek-293 cells were cultured in a hu-

midified atmosphere of 5% CO2, and passaged in complete growth medium: Dul-

becco’s modified Eagle’s medium (DMEM) High Glucose (Aurogene) containing 

10% fetal bovine serum (FBS) (Aurogene) supplemented with 2 mM glutamine 

(Aurogene), 100 U/ml penicillin and 100 U/ml streptomycin (Aurogene). Once 70–

80% confluence was reached, cells were collected using trypsin, washed, and 

counted. 

usGNPs were dialyzed against phosphate-buffered saline (PBS) prior to administra-

tion to cells. For the treatment, FBS was replaced with 2% B27 Supplement. Cell 

viability after usGNPs treatment was evaluated by the reduction of the tetrazolium 

salt MTT 1-(4,5-Dimethylthiazol-2-yl)-3,5-diphenylformazan, Thiazolyl blue 

formazan Sigma Aldrich), following the manufacturer’s protocol. Briefly, 10000 

H4-swe cells/well were seeded in their exponential growth phase in a flat-bottomed 

96-well plate and were incubated at 37 °C in a 5% CO2 incubator. After 24 h, cells 

were treated with different concentrations of usGNPs (0.5, 0.1, 0.05, and 0.01 µM). 

After 72 h of treatment, cells were incubated with 0.5 mg/ml MTT for 3 h at 37 °C 

and insoluble formazan crystals were dissolved in 200 μL DMSO. Reduced MTT 

was evaluated by measuring the absorbance at 560 nm. Experiments were per-

formed in triplicate on an Infinite M200 PRO fluorescence microplate reader 

(Tecan). 

For usGNPs uptake experiments, human H4-swe cells were seeded on coverslip 

glasses in a 24-multiwell microplate. Cells were treated for 48 h with 0.5 μM FITC-

usGNPs in complete medium (replacing 10% FBS with 2% B27 Supplement). After 

treatment, cells were washed with PBS and fixed with ice-cold 4% PFA in PBS for 

15 min at room temperature. After blocking with 2% bovine serum albumin and 

2% Fetal Goat Serum in PBS for 1 h at room temperature, cells were incubated with 

2 μg/ml of anti β-tubulin III primary antibody (Merck) diluted in the blocking buffer 

for 2 h at room temperature. After 3 PBS washes, cells were incubated with 0.5 

μg/ml anti-rabbit-Alexa Fluor 594 secondary antibody (Thermo Scientific) diluted 
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in the blocking buffer for 1 h at room temperature. After PBS washes, nuclei were 

stained with 1 μg/ml Hoechst diluted in PBS. 

For stress granules (SG) colocalization experiments, H4-swe cells (104 cells/well) 

were seeded on coverslip glasses in a 24-multiwell microplate. Cells were treated 

overnight with 0.5 μM FITC-usGNP as described above. The next day, coverslips 

were washed twice with complete DMEM medium and incubated 1 h at 37 °C in 

presence or absence of 0.5 mM sodium arsenite (AS). Cells were washed three 

times with PBS, fixed with ice-cold 4% PFA for 20 min and permeabilized with 

0.2% Triton X-100 in PBS. After blocking with 1% bovine serum albumin in PBS, 

cells were incubated for 2 h with CoraLite®594-conjugated G3BP1 monoclonal 

antibody (Proteintech) diluted in blocking solution. After 3  PBS washes, nuclei 

were stained with 1 μg/ml Hoechst diluted in PBS and coverslips were sealed with 

nail polish. Alternatively, live cells were first treated with 0.5 mM AS (1 h) and 

subsequently permeabilized with 0.01% Triton X-100 in HHBS [Hanks' Buffer 

with 20 mM Hepes] for 5 min. After 2 washes with HHBS, coverslips were incu-

bated with 0.5 μM FITC-usGNP diluted in the same buffer at 37 °C for 30 min. 

After 3 washes with HHBS, cells were fixed and immunostained as described 

above. 

Microscopy images were acquired using a Leica DM2500 fluorescence microscope 

or a confocal laser- scanning fluorescence microscope Leica TCS SP5 with a 63x 

HCX PL APO objective, and analyzed with LAS AF (Leica) and ImageJ software. 
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Table S1. Thermodynamic parameters for the binding of Tau4RD to usGNPs. Given uncer-

tainties are from data fitting. 
 

NaCl * Ka 

(M-1) 

G 

(kJmol-1) 

H 

(kJmol-1) 

-TS 

(kJmol-1) 

n 

0 mM I) (6.1 ± 0.9)  107 -44.5 ± 0.4 -268 ± 5 224 ± 5 5.8 ± 0.1 

 II) (2.7 ± 0.3)  106 -36.8 ± 0.3 74 ± 5 -110 ± 5 12.5 ± 0.1 

10 mM I) (1.3 ± 0.1)  108 -46.4 ± 0.2 -290 ± 6 244 ± 6 5.7 ± 0.1 

 II) (3.6 ± 0.1)  106 -37.5 ± 0.1 70 ± 3 -107 ± 3 8.5 ± 0.2 

50 mM I) (2.4 ± 0.5)  107 -42.3 ± 0.5 -231 ± 50 189 ± 50 5.5 ± 0.5 

 II) (1.2 ± 0.2)  106 -34.7 ± 0.4 69 ± 30 -104 ± 30 7.3 ± 0.2 

100 mM I) (8.1 ± 1.2)  106 -39.5 ± 0.4 -216 ± 20 177 ± 20 5.5 ± 0.8 

 II) (3.1 ± 0.5)  105 -31.4 ± 0.4 65 ± 10 -96 ± 10 6 ± 3 

* I) first binding event, II) second binding event 

 

 

Table S2. Thermodynamic parameters for the binding of α-syn to usGNPs. Given uncertain-

ties are from data fitting. 
 

NaCl * Ka 

(M-1) 

G 

(kJmol-1) 

H 

(kJmol-1) 

-TS 

(kJmol-1) 

n 

0 mM I) (1.5 ± 0.2)  107 -41.0 ± 0.3 -195 ± 10 154 ± 10 2.4 ± 0.1 

 II) (8.3 ± 0.4)  105 -34 ± 2 -48 ± 2 14 ± 4 12.7 ± 0.3 

10 mM I) (1.7 ± 0.4)  107 -41 ± 2 -173 ± 9 132 ± 11 2.4 ± 0.1 

 II) (7.0 ± 0.5)  105 -33 ± 2 -42 ± 2 9 ± 4 12.2 ± 0.4 

200 mM ** (6.6 ± 0.8)  105 -33.2 ± 0.3 -182 ± 20 149 ± 20 2.2 ± 0.2 

* I) first binding event, II) second binding event 

** one-site binding model 
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Figure S1. Molecules used in the study. A) Domain organization of Tau full-length and Tau4RD; the 

position of the hexapeptide motifs is indicated by red bars. B) Structure of dihydrolipoic acid 

(DHLA). 
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Figure S2. Characterization of synthesized ultrasmall gold nanoparticles. A) Colloidal solution of 

usGNPs visualized under daylight (left) and UV lamp (right). B) The absence of a surface plasmon 

resonance band in the visible light absorption spectrum is consistent with the ultrasmall size. C) Fluo-

rescence emission spectrum ( ex = 530 nm, max = 640 nm). D) Representative TEM images. E) 

Diameter distribution histogram derived from TEM micrographs; continuous line is the best-fit 

Gaussian curve. F) Hydrodynamic diameter distribution as determined from dynamic light scattering; 

continuous line is the best-fit Log-Gaussian curve. G) The 1H- NMR spectrum of DHLA-capped 

usGNPs displays broad, poorly resolved signals representing surface-bound DHLA; line broadening 

results from restricted mobility of the ligand compared to its free state (panel H) and frequency shifts 

originate from magnetic interactions near the metal surface.7 H) 1H-NMR spectrum of the unbound 

capping ligand. 
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Figure S3. Ionic strength-dependent thermal response for the interaction between Tau4RD and 

usGNPs. Isothermal titration calorimetry data obtained on titrating Tau4RD into usGNPs, in the pres-

ence of A) 0 mM,B) 10 mM, C) 50 mM, D) 100 mM, and E) 200 mM NaCl. All panels display inte-

grated enthalpy plots. Orange lines are best-fit curves based on a two-sets-of-sites binding model; 

data displayed as empty circles were excluded from fitting. The fitted parameters for A-D are reported 

in Table S1. For dataset E, no binding parameters are reported as the fitting was unstable 
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Figure S4. Isothermal titration calorimetry on -synuclein/usGNPs. ITC data obtained on titrating 

-synuclein (α-syn) into usGNPs, in the presence of A) 0 mM, B) 10 mM, and C) 200 mM NaCl. 

All panels display heat flow (left) and integrated enthalpy plots (right). Orange lines are best-fit 

curves based on (A,B) two-sets-of-sites or (C) one-set-of-sites binding models. The corresponding 

binding parameters are reported in Table S2. 

 

 

 

 

Figure S5. Secondary structure perturbations. A) Far-UV CD spectra measured on 6 M Tau4RD in 

the presence of usGNPs at the indicated concentrations; black continuous line refers to Tau4RD 

alone, dashed line refers to usGNPs alone. B) Concentration dependence of the position of the CD 

peak with largest ellipticity (ca. 200 nm); solid line corresponds to the best-fit hyperbolic curve 
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Figure S6. Protein-observed NMR spectra. HN-HSQC spectra of Tau4RD in the absence (top left) or 

presence of usGNPs at increasing concentration; the spectral region of side chain amide signals is ex-

cluded for better visualization. 
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Figure S7. Binding and aggregation experiments at high ionic strength. A) Residue-specific HSQC-

peak intensity versus residue number; peak intensities were measured on Tau4RD in the absence (I0) or 

presence (I) of usGNPs at a molar ratio P:usGNPs = 1:0.02; only isolated peaks were included in the 

analysis; the protein domain organization is shown on top. B) Aggregation kinetics monitored by ThT 

fluorescence; measurements were performed on Tau4RD in the absence (grey dots) or presence (light-

to-dark red dots) of usGNPs (P:usGNP molar ratios 1:0, 1:0.002, 1:0.004, 1:0.03, 1:0.1); solid lines 

correspond to the best-fit curves; vertical grey lines indicate transition midpoints. C) Far-UV CD 

spectra acquired on Tau4RD after 0 h (black) and 24 h (brown) incubation with heparin, in the absence 

(left) or presence (right) of usGNPs at the indicated molar ratio. Samples were prepared with 100 mM 

NaCl (NMR, ThT assay) or NaF (CD). D) Representative TEM images of Tau4RD samples after 48 h 

incubation in aggregating conditions and with 100 mM NaCl, in the absence (left panel) or presence 

(remaining panels) of usGNPs. 
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Figure S8. 15N-ΔR2 (CPMG field = 595 Hz) for 200 μM [15N]Tau4RD in the presence of 2 μM 

usGNPs, 10 mM NaCl, at a spectrometer frequency of 700 MHz Grey bars are errors derived 

from exponential fitting of experimental data. Protein domain organization is schematically de-

picted on the top. 

 

 
 

Figure S9. Representative TEM images of Tau4RD samples after 48 h incubation in aggregating 

conditions, in the absence (left panel) or presence (remaining panels) of usGNPs; scale bar for all im-

ages in the top (bottom) panels is 500 (100) nm. 
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Figure S10. Biocompatibility and internalization of usGNPs. A) Cell viability measured by MTT 

proliferation assay in H4swe (left) and HEK-293 (right) adherent cells treated for 72 h with dif-

ferent concentrations of usGNPs. The results are shown as mean ± S.D. of three independent ex-

periments. One-way ANOVA and Dunnett’s multiple comparisons test revealed no statistically 

relevant differences between the treated samples and the control. B) Representative confocal mi-

croscopy images of H4swe cells after 48 h of treatment with 0.5 μM usGNPs (single Z-plane and 

Z-stack), 4 μM free cysteamine-FITC, and control (not treated). β-tubulin (cytoskeleton) is 

stained in red; cell nuclei are stained with Hoechst 33342 (blue). Scale bars are 10 µm. 

 



 
81 

 

 

Figure S11. Representative fluorescence microscopy images of unpermeabilized H4-swe cells 

treated for 16 h with 0.5 μM FITC-usGNPs and subsequently incubated for 1 h in the absence (left) 

or in the presence (right) of 0.5 mM sodium arsenite (SA). Stress granule marker G3BP1 is stained in 

red and nuclei in blue (DAPI). Scale bars: 20 μm. 
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Figure S12. Representative fluorescence microscopy images of H4-swe cells, not treated (left) or 

treated with 0.5 mM SA (right), incubated for 30 min with 0.5 μM FITC-usGNPs after mem-

brane permeabilization with 0.01% Triton-X100. Stress granule marker G3BP1 is stained in red 

and nuclei in blue (DAPI). Colocalization of usGNPs with SGs is indicated by the yellow arrows. 

Scale bars: 20 μm. 
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ABSTRACT 

 

Espresso coffee is among the most consumed beverages in the world. Recent stud-

ies report a protective activity of the coffee beverage against neurodegenerative 

disorders such as Alzheimer′s disease. Alzheimer′s disease belongs to a group of 

disorders, called Tauopathies, which are characterized by the intraneuronal accu-

mulation of the microtubule-associated protein Tau in fibrillar aggregates. In this 

work, we characterized by NMR the molecular composition of the espresso coffee 

extract and identified its main components. We then demonstrated with in vitro and 

in cell experiments that the whole coffee extract, caffeine, and genistein have bio-

logical properties in preventing aggregation, condensation, and seeding activity of 

the repeat region of Tau. We also identified a set of coffee compounds capable of 

binding to preformed Tau fibrils. These results add insights into the neuroprotective 

potential of espresso coffee and suggest candidate molecular scaffolds for design-

ing therapies targeting monomeric or fibrillized forms of Tau. 

 

Graphical abstract 
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INTRODUCTION 

 

Espresso coffee is among the best known beverages worldwide, and drinking es-

presso has become a habit in many countries due to its pleasant taste. For many 

years, coffee consumption was associated with health risks; however, recent studies 

showed that when consumed in moderation, this soft drink could have beneficial 

effects on human health thanks to its biological properties.1,2 The analysis and re-

view of observational studies present in the literature suggest that consuming coffee 

could be advantageous against a number of chronic diseases, including some can-

cers (liver, colorectal, endometrial, and prostate),3 metabolic diseases (type-2 dia-

betes and metabolic syndrome), and neurological disorders (Parkinson′s disease, 

Alzheimer′s disease, and depression).1 In particular, numerous studies report that 

moderate and, sometimes, even high coffee consumption exerts a neuroprotective 

action against two of the most common neurodegenerative diseases, i.e., Parkin-

son′s and Alzheimer′s.4−6 Many coffee compounds display beneficial properties in 

alleviating disease symptoms, for instance by reducing cognitive and memory im-

pairment,2 as antioxidants,7 or by preventing amyloid formation and neurotoxicity.8 

The coffee beverage consists of more than a thousand compounds; the beverage as 

a whole and its components show a bioactive role, and therefore, coffee is consid-

ered a potential functional food. 

Tauopathies is the term used to define a set of neuro- degenerative disorders with 

symptoms of dementia and parkinsonism.9 Among the Tauopathies identified so 

far, Alzheimer′s disease is the most common, with a worldwide prevalence of 50 

million people, especially the elderly (age > 65 years). The primary feature of 

Tauopathies is the abnormal accumulation of the microtubule-associated protein 

Tau in the brain (neurons or glial cells or both). The mechanisms underlying the 

onset of these diseases are complex and currently unclear, but Tau aggregation and 

spreading are thought to play a crucial role. The microtubule-associated protein Tau 

(hereafter Tau) binds to microtubules and regulates their assembly and axon out-

growth and integrity. Tau is expressed in six isoforms in the adult human brain, the 

most abundant being 441 amino acids long (Figure 1);10 it is an intrinsically disor-

dered protein, highly soluble and with little tendency to aggregate. The repeat re-

gion is responsible for binding to microtubules and contains two hexapeptide 
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motives, at the beginning of the second (R2) and third (R3) repeats, which drive 

Tau aggregation (Figure 1). The dissociation of Tau from microtubules is consid-

ered the leading cause of its pathological accumulation; however, the molecular 

mechanisms involved in the early events of pathogenesis are still not completely 

clear.11 Due to the increase in the elderly population, the number of patients with 

Tauopathies expected in the future years is very high: this will represent a high 

socio- economic burden worldwide unless the means to prevent or treat these dis-

eases are found. It is worth emphasizing that these diseases are currently incurable, 

as there are no effective disease-modifying treatments. In this complex scenario, 

nutraceuticals offer an attractive means for prevention strategies or for designing 

food-based therapeutics to interfere with the progression of the disease and mitigate 

its symptoms. Green and roasted coffee extracts and their main compounds have 

been previously investigated for their ability to target Aβ oligomers, involved in the 

progression of Alzheimer′s disease, hindering their fibrillization and neurotoxicity.8 

 

 

Figure 1. Domain organization of full-length Tau, TauFL, and of the shorter construct comprising the 

four-repeat region, Tau4RD. Red bars indicate the position of hexapeptide motifs known as aggregation 

nuclei. 

 

In this work, we started with the NMR characterization of the molecular composi-

tion of the coffee extract to identify its main components. Next, we interrogated the 

biological properties of the whole coffee extract and of selected components, i.e., 

caffeine and genistein, and observed their ability to prevent aggregation, condensa-

tion, and the seeding activity of the Tau protein. Moreover, we identified molecules 

among coffee compounds, able to bind to preformed fibrils of Tau. Taken together, 
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these results add insights into the neuroprotective potential of espresso coffee and 

suggest candidate molecular scaffolds for designing therapies targeting monomeric 

or fibrillized forms of the Tau protein. 

 

MATERIALS AND METHODS 

 

Chemicals.  

Trigonelline (analytical standard) was purchased from Sigma-Aldrich (St Louis, 

MO); caffeine (99% purity), genistein (99% purity), and theobromine (99% purity) 

were purchased from Alfa Aesar by Thermo Fisher Scientific (Kandel, Germany). 

Stock solutions of all compounds were prepared in mQ H2O at a concentration of 1 

mg/mL and stored at −20 °C. All other reagents were purchased from Sigma-Al-

drich (St Louis, MO) unless otherwise indicated. 

 

Espresso Extraction.  

The medium roast ground coffee used in this study is a blend of Arabica coffee 

from South America and Robusta coffee from Africa and Southwest Asia (com-

mercial brand). The espresso coffee extract was obtained from 15 g of powder using 

a two-cups coffee machine (Gaggia espresso machine, Gaggia Milano, Italy) for a 

final volume of 80 mL of beverage. The extraction lasted for 30 s at 80 °C in mQ 

H2O. The final product was distributed in 15 mL Falcon tubes, freeze-dried, and 

stored at +4 °C. 

 

Recombinant Tau4RD Expression and Purification.  

All Tau4RD variants were expressed in BL21(DE3) cells grown in LB medium, at 

37 °C for 5 h with 0.5 mM IPTG. Protein purification was achieved by thermal 

treatment of the soluble bacterial extract (80 °C) followed by the SP-ion exchange 

chromatography step.12−14 

 

Thioflavin-T Aggregation Assay. 

Solutions of the 50 μM Tau4RD protein in 20 mM sodium phosphate buffer at pH 

7.4, 50 mM NaCl, 1 mM DTT, 0.02% NaN3, and protease inhibitors with EDTA 
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were incubated in the absence or presence of coffee extract or different compounds 

in 96-well dark plates at 37 °C for 40 h. Heparin and Thioflavin-T (ThT) were added 

to the sample solutions in a molar ratio of 1:1 with respect to the protein. Fluores-

cence measurements (λex.: 450 nm and λem: 482 nm) were performed with a Tecan 

Infinite M200 Pro Microplate Reader (Tecan Group AG, Männedorf, Switzerland) 

with cycles of 30 s of orbital shaking at 140 rpm and 10 min of rest before the 

fluorescence reading throughout the incubation, as described in previous work.15 

The fluorescence intensity and lag- phase duration of four replicates of each sample 

were analyzed with GraphPad Prism 8.2 software (GraphPad Software, San Diego, 

California, www.graphpad.com). Any pre-existing aggregate was removed by fil-

tering the protein stock solutions through a 100 MWCO cut-off filter (Sartorius 

Stedim Biotech GmbH, Göttingen, Germany), before the aggregation reaction. Er-

ror bars of ThT curves correspond to standard deviations of four independent ex-

periments.  

 

Sample Preparation for CD and TEM Analysis.  

Solutions of the 50 μM filtered Tau4RD protein in 20 mM sodium phosphate buffer 

at pH 7.4, 50 mM NaCl, 1 mM DTT, 0.02% NaN3, and protease inhibitors with 

EDTA were incubated in the absence or presence of coffee extract or different com-

pounds in static conditions at 37 °C for 48/72 h using heparin at a 1:1 molar ratio 

as the aggregation initiator.  

 

CD Analysis.  

Circular dichroism (CD) spectra were collected using a Jasco J-1500 spectropolar-

imeter equipped with a Peltier-type cell holder for temperature control (Jasco, 

Easton, MD). Solutions containing Tau4RD aggregates were diluted in 20 mM so-

dium phosphate buffer, pH 7.4, to a final concentration of 6 μM. Far-UV spectra 

(190−260 nm) were recorded at 25 °C with a scan rate of 50 nm min−1, a bandwidth 

of 1 nm, and an integration time of 2 s, in 0.1 cm cuvettes. Three spectra accumu-

lations were collected and averaged for each sample at different times (0 and 72 h). 

The spectrum of the buffer alone (with or without the compounds) was subtracted 

http://www.graphpad.com/
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from the spectrum of the corresponding sample. Data were analyzed with Spectra 

Manager and graphs were generated with GraphPad Prism 8.2 software. 

 

TEM Analysis.  

For transmission electron microscopy (TEM) measurements, 10 μL of Tau4RD ag-

gregates (obtained after 48 h incubation with or without coffee extract or different 

compounds) were washed and diluted in mQ H2O to a final concentration of 5 μM 

(monomer concentration). 30 μL of diluted aggregates were adsorbed onto a film 

grid (400 mesh) and stained for 2 min with 2% uranyl acetate. A Tecnai G2 (FEI) 

transmission electron microscope instrument operating at 100 kV was employed to 

analyze the samples. Images were acquired with a Veleta digital camera (Olympus 

Soft Imaging System, Münster, Germany) using FEI TIA software (version 4.0). 

Fibril characteristics were analyzed with ImageJ software (v2.0).  

 

NMR Spectroscopy.  

NMR experiments were acquired at 600 MHz on a Bruker Avance III spectrometer 

equipped with a triple resonance TCI cryoprobe or on a Bruker Avance NEO spec-

trometer equipped with a cryoprobe Prodigy TCI. All NMR spectra were processed 

with Topspin 4.1.1 software (Bruker, Karlsruhe, Germany) and analyzed using 

NMRFAM-SPARKY. One-dimensional 1H spectra were acquired at 25 °C on sam-

ples dissolved in deuterated buffer (20 mM sodium phosphate at pH 7.4, 50 mM 

NaCl). A total of 8 transients were acquired over a spectral width of 9615 Hz and 

32,768 complex points with a recycle delay of 4 s. Saturation transfer difference 

(STD) experiments were acquired at 600 MHz, with 8 scans at 25 °C. Tau4RD ag-

gregates (obtained after 48 h incubation) were extensively washed to eliminate any 

other species eventually present. Selective saturation of the protein at 0.4 ppm fre-

quency was carried out with a 2 s pulse train (40 Gaussian-shaped pulses of 50 ms 

separated by 1 ms intervals, field strength of 90 Hz) included in the relaxation delay, 

and a 25 ms spin-lock was used to reduce the broad background protein signal. The 

STD spectrum was obtained by subtracting the on-resonance spectrum from the off-

resonance spectrum. WaterLOGSY experiments were performed with a 180° inver-

sion pulse applied to the water signal at ∼4.7 ppm using a Gaussian-shaped 
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selective pulse of 7.5 ms. Each WaterLOGSY spectrum was acquired with 240 

scans and a mixing time of 1.5 s. In all experiments, water suppression was obtained 

using the excitation sculpting pulse scheme. Experiments with samples containing 

only the free compounds were acquired as a reference to verify the binding. 

 

Tau4RD Condensates in the Presence of Coffee, Caffeine, and Genistein.  

Tau4RD was mixed with a small amount (1.2% of the total protein) of Tau4RD labeled 

with fluorescein isothiocyanate (FITC) or with Alexa Fluor 488 (Thermo Fisher 

Scientific) to report its liquid−liquid phase separation, as previously reported.16 Liq-

uid−liquid phase separation of Tau4RD was induced using heparin, in the absence or 

presence of espresso coffee, caffeine, or genistein at different concentrations 

(35−280 μg/mL). Where indicated, coffee, caffeine, and genistein were added to 

already-formed droplets (after 5 min). In all samples, 35 μM protein in 20 mM so-

dium phosphate buffer, pH 6.0, 30 mM NaCl, and 5 mM DTT was mixed with 8.75 

μM heparin. For phase separation imaging, 7 μL of the solution was spotted onto a 

microscope slide, covered with a circular coverslip, and sealed with nail polish. 

Condensate images were acquired on a Leica TCS SP5 AOBS microscope to visu-

alize the formation of droplets over time. Image analysis was performed with FIJI 

ImageJ software (v2.0). 

 

Sample Preparation for Cellular Viability and Seeding- Based Aggregation Assays. 

Solutions containing the 100 μM Tau4RD protein (in 20 mM sodium phosphate 

buffer at pH 7.4, 50 mM NaCl, 1 mM DTT, and protease inhibitor with EDTA) 

were filtered and then incubated in the absence or presence of 50 or 400 μg/mL 

coffee extract in static conditions at 37 °C for 24 h. The protein and heparin were 

in a 4:1 molar ratio. After the incubation of Tau4RD in buffer or with coffee extracts, 

a centrifugation step was performed at 20,000g for 30 min to separate the fibrils as 

a pellet (Figure 7A). The sample obtained from Tau4RD incubated in the presence 

of 400 μg/mL coffee extract did not contain insoluble aggregates and therefore the 

first centrifugation did not produce pellets. The sample was further treated as de-

scribed below. The solution was separated by filtration through a 100 kDa MWCO 

filter to isolate the monomeric forms (Figure 7A red frame, filtrate) from the higher 
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molecular weight aggregates of Tau4RD (Figure 7A red frame, retentate). All sam-

ples were verified by sodium dodecyl sulfate−polyacrylamide gel electrophoresis 

(SDS−PAGE, Figure S12A).  

 

Seeding-Based Aggregation and Immunoblot Analysis. 

Nontumoral human embryonic kidney cell lines (HEK293) stably expressing hu-

man full-length Tau P301L fused with GFP17 were cultured in DMEM high glucose 

(Aurogene) supplemented with 10% FBS (fetal bovine serum, Aurogene), antibiot-

ics (100 U of penicillin/ mL, and 100 U of streptomycin/mL), and 1% L-glutamine 

(Aurogene) at 37 °C, 5% CO2 in a humidified incubator. Once 70−80% confluence 

was reached, the cells were collected using trypsin, counted, and seeded for the 

experiments. HEK293 cells were treated with 5 μM Tau4RD fibrils obtained in the 

absence or presence of 50 μg/mL coffee extract (pellet) or with the filtrate and the 

retentate obtained as described from Tau4RD aggregated in the presence of 400 

μg/mL coffee extract. Lipofectamine LTX at 0.5% was employed as a transfection 

agent. For immunoblot analysis, 100,000 cells/well were seeded in a 24-well plate. 

After treatment, the cells were first scraped into Triton lysis buffer (1% Triton X-

100 in 50 mM Tris, 150 mM NaCl, pH 7.6) containing protease and phosphatase 

inhibitors and incubated on ice for 15 min. Lysates were centrifuged at 20,000g for 

30 min at 4 °C. Supernatants were kept as the “Triton 1 fraction,” whereas the pel-

lets were washed once in Triton lysis buffer, separated again with centrifugation, 

resuspended in SDS lysis buffer (1% SDS in 50 mM Tris, pH 7.6) at a volume that 

is 1/3 of the Triton lysis buffer, and heated for 15 min at 80 °C. After centrifugation 

at 20,000g, supernatants were kept as the “SDS fraction”. Protein concentrations of 

Triton 1 fractions were determined with the BCA assay. According to protein con-

centration in the Triton 1 soluble fraction (considered as the protein standard), a 

proper amount of the SDS fraction was separated by SDS−PAGE and probed with 

the TAU-5 antibody, specific for the human TauFL. Immunoreactive proteins were 

detected using the ECL prime western blotting detection reagents (Ge Healthcare) 

according to the manufacturer′s instructions. 

 

 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
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Cell Viability Assay.  

H4-APPswe neuroglioma cells (stably expressing the APP Swedish mutation) were 

a generous gift from Prof. Mario Buffelli. The cell line was cultured in a humidified 

atmosphere of 5% CO2 and passaged in a complete growth medium: Dulbecco′s 

modified Eagle medium (DMEM) high glucose (Aurogene) containing 10% fetal 

bovine serum (FBS, Aurogene) supplemented with antibiotics (1% penicillin/strep-

tomycin) and 1% glutamine (Aurogene). Once 70−80% confluence was reached, 

the cells were collected using trypsin, washed, and counted. Cell viability after 

Tau4RD sample treatment was evaluated by the reduction of the tetrazolium salt 

MTT (1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan, thiazolyl blue forma-

zan), following the manufacturer′s protocol. Briefly, 1000 H4-APPswe cells/well 

were seeded in their exponential growth phase in a flat-bottom 96-well plate and 

were incubated at 37 °C in a 5% CO2 incubator. 

After 24 h, the cells were treated with Tau4RD samples (pellet or retentate at 5 μM) 

obtained as previously described. After 48 h of treatment, the cells were incubated 

with 0.5 mg/mL MTT for 3 h at 37 °C, and insoluble formazan crystals were dis-

solved in 200 μL of DMSO. The absorbance measurement at 560 nm was employed 

to evaluate the reduced MTT. Experiments were performed in triplicate on a Tecan 

Infinite M200 Pro Microplate Reader. 

 

Statistical Analysis. 

Statistical analysis was applied to cell viability data and TEM morphological data 

on fibrils. Any statistically significant difference between samples was determined 

using one- way ANOVA analysis of variance followed by Dunnett′s multiple com-

parison test to compare the means from sample groups against a control group. The 

significance threshold was set at P = 0.05. For the cell viability assay, measure-

ments were performed in triplicates. For TEM analysis, 10−20 measurements (from 

different images) for each parameter were analyzed. All sets of samples comply 

with normal distribution for the D′Agostino and Pearson test. Standard deviation 

(SD) was homogeneous according to Brown−Forsythe and Bartlett′s tests. 

For both analyses, P values were indicated as follows: * = 0.01− 0.05, ** = 

0.001−0.01, *** = 0.0001−0.001, and **** <0.0001.   
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RESULTS 

 

NMR Characterization of the Extract from Arabica and Robusta Coffee Beans.  

Coffee samples were prepared with espresso extraction and examined by NMR 

spectroscopy in order to identify the main compounds constituting the beverage. 

The one-dimensional (1D) 1H NMR spectrum of espresso brew (Figure 2A) exhib-

its a complex profile in which the proton resonances are considerably overlapped. 

The identification of the main metabolites was obtained from the analysis of one- 

(1H) and two-dimensional (1H−1H TOCSY, 1H−13C HSQC) spectra and by com-

parison with previously reported data.7,18,19 The assignment of compounds such as 

trigonelline, caffeine, lactate, and chlorogenic acids (CGAs) was obtained from the 

observation of typical patterns of signals. The profiling of the coffee extract re-

vealed the presence of compounds that are commonly found in brews from Arabica 

and Robusta coffee.7 

 

 

Figure 2. (A) 1H NMR profile of 5 mg/mL lyophilized espresso coffee extract. The downfield spectral 

region (5–10 ppm) is displayed with 4-fold higher intensity than the highfield region for better visual-

ization. The spectrum has been recorded at 600 MHz and 25 °C. Peak assignments are indicated. 

Caff: caffeine, Trigo: trigonelline, CGAs: chlorogenic acids, Lac: lactate, and Cho: choline. (B) Mo-

lecular structures of coffee-derived molecules analyzed in this study. 
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Coffee Extract and Single Compounds Influence the Aggregation Kinetics of 

Tau4RD.  

Following the identification of the main compounds contained in the coffee brew, 

we tested the impact of both the complex mixture and selected isolated compounds 

(Figure 2B) on protein Tau fibril formation. We chose to focus on some compounds 

found in coffee extracts: two alkaloids, caffeine and trigonelline, and an isoflavone 

compound, genistein.8,20,21 Additionally, we employed the compound theobromine, 

a methylxanthine analogue to caffeine lacking the methyl group at position 1. 

For aggregation experiments, we focused on a shorter construct of Tau, hereafter 

Tau4RD, spanning residues Q244- E372 (Figure 1). Tau4RD comprises the microtu-

bule-binding region and most of the residues involved in the assembly of patholog-

ical filaments,22 and it is widely used as a model system to test the aggregating 

properties of Tau.23,24 

To assess the aggregation kinetics of Tau4RD in the presence and absence of coffee 

extract, we performed a ThT fluorescence assay. The fluorescence of ThT increases 

upon binding to β-sheet-rich amyloid structures and its change over time allows us 

to monitor fibril formation. In the presence of a low amount of coffee extract (50 

μg/mL), the aggregation kinetics of Tau4RD followed a typical sigmoidal trend, com-

parable in shape to that observed for Tau4RD alone; however, it represents a signif-

icantly extended lag phase and a decreased rate of fibril growth (Figure 3A and 

Table 1). Interestingly, in the presence of 400 μg/mL coffee extract, there was al-

most no increase in ThT fluorescence and the typical sigmoidal shape was not dis-

cernable. These observations suggest an inhibitory effect of the coffee extract on 

Tau fibril formation in a concentration-dependent manner (Figure 3A). This finding 

differs slightly from results described in a previous report,25 in which an effect on 

TauFL fibrillization was observed only at a high concentration (200 μg/mL) of three 

different varieties of 100% Arabica instant coffee, while low concentrations (5 or 

40 μg/mL) produced no or negligible variation of aggregation rates. We conclude 

that the specific coffee beans and the composition of the extracts determine a unique 

activity. 
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Figure 3. Time course of Tau conformational transitions. (A–C) ThT fluorescence-based aggregation 

kinetics curves measured on 50 μM Tau4RD in the presence of coffee extract (A), caffeine (B), or 

genistein (C). Compound concentrations were 0 (black), 50 (orange), or 400 (red) μg/mL. Measure-

ments were carried out on four replicates and data are reported as mean ± s.d. Solid lines correspond 

to the best-fit curves determined using an empirical sigmoid function. (D–F) Far-UV CD spectra rec-

orded on 6 μM Tau4RD in the absence or presence of coffee compounds. Measurements were per-

formed immediately after sample preparation (continuous curves) and after 72 h (dotted curves) incu-

bation of a concentrated stock (50 μM protein and 50 or 400 μg/mL compounds) in static conditions 

at 37 °C. Molar concentrations of compounds were 0.26 mM (50 μg/mL) and 2 mM (400 μg/mL) caf-

feine and 0.18 mM (50 μg/mL) and 1.5 mM (400 μg/mL) genistein. 

Table 1. Kinetic Parameters for the Aggregation of Tau4RD, Determined on the Basis of ThT Fluorescence 

Assays a.  at0.5: midpoint of the transition; τ: elongation time constant; tlag = t0.5 – 2τ; nd: not determined. 

 

 concentration (μg/mL) t0.5 (h) τ (h) tlag (h) 

control  7.85 ± 0.02 1.03 ± 0.02 5.79 ± 0.06 

coffee 50 12.90 ± 0.06 2.09 ± 0.03 8.72 ± 0.12 

 400 nd nd nd 

caffeine 50 9.45 ± 0.03 1.17 ± 0.02 7.11 ± 0.07 

 400 nd nd nd 

genistein 50 8.43 ± 0.01 0.84 ± 0.01 6.75 ± 0.03 

 400 10.50 ± 0.02 1.50 ± 0.01 7.50 ± 0.04 

theobromine 50 9.10 ± 0.05 1.19 ± 0.04 6.72 ± 0.13 

 400 8.46 ± 0.02 1.16 ± 0.02 6.14 ± 0.06 

trigonelline 50 7.24 ± 0.02 1.00 ± 0.02 5.24 ± 0.06 

 400 6.73 ± 0.01 0.56 ± 0.01 5.61 ± 0.03 

https://pubs.acs.org/doi/full/10.1021/acs.jafc.3c01072#t1fn1
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Next, we tried to determine if any of the components of the coffee extract were 

responsible for the inhibitory activity toward fibril formation. To this aim, we ana-

lyzed the aggregation kinetics of Tau4RD in the presence of increasing amounts of 

selected isolated molecules (Figures 3B,C and S1A,B). At a concentration of 50 

μg/mL, the tested molecules showed moderate effects on fibril formation, with a 

consistently extended lag phase, except for trigonelline (Table 1). At a higher con-

centration (400 μg/mL), caffeine and genistein were found to strongly interfere with 

fibril formation. In particular, the ThT fluorescence response in the case of caffeine 

was very poor, similar to what was observed with the coffee extract (Figure 3A,B 

and Table 1). We also examined the effect of a mixture of the selected molecules at 

concentrations comparable to those estimated for the extract. The corresponding 

ThT fluorescence data indicate that the pool of compounds had some inhibitory 

effect on Tau4RD fibril formation, albeit not as strong as that of the coffee extract 

(Figure S1E). In order to exclude that the observed inhibitory effects were due to 

an interaction of the selected compounds with ThT (the fluorescence probe) or with 

heparin (the aggregation inducer), we acquired 1H NMR spectra of heparin or ThT 

in the absence and presence of different concentrations of each molecule (Figures 

S2−S5). The invariance of the signals of heparin or ThT, and of the compounds, 

indicated that no strong interactions occurred and that the effects observed during 

the fibrillization reactions originated from an interaction of the pure compounds 

with the protein substrate. The described experiments indicate that the ensemble of 

compounds constituting the coffee extract is more effective in inhibiting Tau4RD 

fibril formation than any single component. Nonetheless, among the selected mol-

ecules, caffeine and genistein were capable to mitigate the process of Tau4RD 

aggregation. 

 

Conformational Transitions of Tau4RD Analyzed by CD Spectroscopy.  

The maturation of amyloid fibers is triggered by the formation of aggregates char-

acterized by a β- sheet secondary structure. To assess the effects of the coffee ex-

tract and of bioactive compounds on the conformational transitions of Tau4RD dur-

ing aggregation, we acquired circular dichroism (CD) spectra and examined their 

overall shapes. Monomeric Tau4RD displays a far-UV CD spectrum typical of 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
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disordered polypeptides, characterized by a negative ellipticity peak centered at 

about 200 nm23 and the absence of strong signals at 220 nm (Figure 3D−F, black 

continuous line). This feature of the spectrum was maintained in all CD traces at 

the starting points of aggregation, independently of sample condition (Figure 

3D−F), thus showing the inability of the compounds to modify the structure of sol-

uble Tau4RD. Changes in the secondary structure of Tau4RD were monitored after 72 

h of incubation with heparin (Figure 3D−F, black dashed lines). The CD spectrum 

of the aggregated protein was characterized by a substantial change in shape and a 

shift of the curve minimum to longer wavelengths (∼215 nm), which is indicative 

of a structural reorganization consistent with the formation of β-sheet structures. 

The latter behavior was retained in samples of Tau4RD co-incubated with theobro-

mine and trigonelline (Figure S1C,D), indicating that these compounds were unable 

to prevent aggregation. By contrast, a different behavior was observed when Tau4RD 

was incubated with genistein or caffeine, dependent on the concentration of the 

compounds (Figure 3E,F). At low molecule concentrations (Figure 3E,F orange 

lines), the conformational transformation of Tau4RD was affected to a small extent. 

At a higher concentration of genistein, we still observed a shift of the peak mini-

mum but with smaller negative ellipticity. The impact of caffeine appeared even 

more pronounced: at 400 μg/mL concentration, the CD spectrum recorded after 72 

h of incubation was only slightly altered from its initial shape (Figure 3E red lines), 

implying the prevalence of a disordered structure as a result of the inhibitory effect 

of caffeine on aggregation. Finally, the effect of coffee extract was quite strong, 

regardless of the concentration. The CD spectra were characterized by a reduced 

peak minimum suggestive of scattering effects in the samples and retained the ini-

tial shape after 72 h of incubation (Figure 3D). The conformational transitions of 

Tau4RD after 72 h of incubation with 50 μg/mL coffee extract (Figure 3D) were not 

detected by CD, possibly due to the complex composition of the sample and the 

heterogeneous nature of polymorphic nonfibrillar and fibrillar aggregates, which 

would not correspond to a unique secondary structure signature. 

Overall, the results of CD experiments confirm that the compound mixture of coffee 

brew prevents the formation of ordered fibrillar structures. The conformational 

analysis agrees with the ThT analysis and indicates a variable impact on the 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
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aggregation properties of Tau4RD exerted by the coffee extract and by the single 

bioactive compounds.  

 

Morphological Analysis of Tau4RD Aggregates.  

As a next step, we performed a TEM analysis of Tau4RD aggregates obtained in the 

absence or presence of coffee extract or single compounds (Figures 4 and S6). The 

collected images clearly show that Tau4RD was able to form abundant mature fibrils 

after 48 h of incubation in the presence of heparin. Furthermore, TEM analysis con-

firmed the different abilities of the tested compounds to interfere with Tau4RD fibril 

formation. The presence of trigonelline and theobromine had a modest impact on 

Tau4RD fibril assembly, and long straight and twisted fibrils were observed at all 

tested concentrations (Figure S6); these data agree with aggregation kinetics results 

obtained by ThT fluorescence and with CD analysis. A different behavior was ob-

served when caffeine and genistein were present during the fibrillization process 

(Figure 4D−G). Both molecules displayed significant inhibitory activity toward 

Tau4RD fibrillization, with a stronger effect at a higher compound concentration. In 

the presence of 50 μg/mL compounds, long fibrils could still form but short fila-

ments were also visible. Upon increasing the amount of the compounds to 400 

μg/mL, almost all structures visible in TEM images were short filaments with a 

morphology comparable to that of Tau4RD alone (Figure S7). 

 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
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Figure 4. Transmission electron microscopy of Tau4RD aggregates. Representative TEM images of 

Tau4RD aggregates in the presence of different concentrations of coffee extract or single compounds. 

Samples contained Tau4RD in buffer (A) with 50 μg/mL (B) or 400 μg/mL (C) coffee extract, 50 

μg/mL (D) or 400 μg/mL (E) caffeine, 50 μg/mL (F) or 400 μg/mL (G) genistein. The protein was 50 

μM. Samples were incubated for 48 h at 37 °C in static conditions. Scale bars are 500 nm (red) and 

200 nm (light blue). 

The effect of coffee extract was remarkable: even in the presence of low quantities 

of the mixture, the formation of long fibrils was compromised and only few short 

fibrils were visible (Figure 4B,C). The coffee extract at high concentrations 

strongly interfered with fibril formation: the few observable fibrils showed a mod-

ified morphology, and a large amount of spheroidal oligomeric species, with a di-

ameter of about 20 nm, were observed in the images (Figures 4B,C and S7). The 

morphological analysis of all of the samples showed that the overall shape of fibrils 

of Tau4RD alone (Figure S7) was maintained also when the fibrils were formed in 

the presence of the selected molecules; the differences observed in some structural 

parameters are attributable to the different quality of images rather than to a real 

morphological difference. The results obtained using a coffee extract generally 

agree with previously reported data obtained on TauFL in the presence of instant 

coffee brews;2525 however, no influence of caffeine on fibril growth was found in 

the previous study. The discrepancy could be due to the different Tau constructs 

used in the two studies. It is worth noticing that another work26 provided evidence 

that full-length Tau can interact with caffeine. The docking study indicated that the 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
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R2 and R4 repeats of the MBD of Tau (Figure 1) are the most likely binding sites 

for caffeine, and localized surface plasmon resonance spectroscopy data revealed 

that the binding of caffeine molecules to Tau significantly reduced the formation of 

Tau−Tau complexes. These results could explain our finding that caffeine inhibits 

fibril formation, as the assembly of a Tau−Tau complex is a prerequisite for protein 

aggregation. Moreover, the presence of spheroidal aggregates in TEM images of 

Tau4RD obtained in the presence of 400 μg/mL coffee extract or caffeine is in agree-

ment with the decreased rate constants determined from ThT experiments. Alto-

gether, the collected pieces of evidence suggest that fibril elongation and possibly 

secondary nucleation processes are inhibited in particular by caffeine and bioactive 

compounds of coffee extracts.  

 

Condensation-Linked Aggregation of Tau4RD. 

Accumulating evidence indicates that Tau is able to form and participate in bio-

molecular condensates.24,27,28 Cellular bio- molecular condensates often contain 

proteins and RNA, they are thought to form through liquid−liquid phase separation 

(LLPS) and exhibit liquid-like properties.29 LLPS has been recognized as one of 

the key organizing principles by which eukaryotic cells control molecular localiza-

tion and biochemical reactions.30 However, condensates are metastable and may 

transition from liquid-like to gel or solid-like states.30 In particular, age-related 

changes and pathological insults may promote abnormal phase transitions.31 The 

observation that Tau undergoes LLPS has stimulated efforts to understand whether 

condensation may be linked to pathological aggregation.24,27,28 

Polyanionic cofactors, including RNA and heparin, stimulate condensation of Tau 

in vitro.32 Heparin is commonly used as an aggregation inducer, and it is increas-

ingly employed in model systems to investigate condensation-linked aggrega-

tion.16,33,34 Indeed, heparin-induced liquid condensates of Tau4RD proved unstable 

and were found to rapidly evolve into irregularly shaped assemblies.16,35 Here, we 

prepared the condensates in the absence or presence of coffee extracts or single 

bioactive compounds and observed the liquid droplets by fluorescence microscopy 

using Alexa488-Tau4RD as a reporter molecule (Figures 5 and S8−S10). Small 

spherical droplets formed immediately after mixing Tau4RD and heparin, then grew 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf


 
102 

 

over the following 5 min, and partly dissolved or lost their regular shape after 30 

min (Figure 5A). 

 

 

Figure 5. Influence of coffee compounds on Tau condensation. Representative fluorescence micros-

copy images displaying condensates of Tau4RD/heparin in simple buffer (A) or in the presence of 280 

μg/mL coffee extract (B), caffeine (1.4 mM) (C), and genistein (1 mM) (D). Images were acquired at 

0, 5, and 30 min after mixing components. Protein was 35 μM and heparin was 8.75 μM. The scale 

bar is 10 μm. (E–H) Distribution plots of droplet diameters corresponding to conditions of panels (A–

D) at 5 min; orange lines are best-fit log-normal curves. 

A similar evolution was observed in the presence of bioactive compounds; how-

ever, few differences emerged (Figure 5B− D): the size distribution of droplets in 

the presence of caffeine was similar to the control; by contrast, narrower distribu-

tions and smaller mean sizes were observed in the case of coffee extract and 

genistein. The endpoint (30 min) images displayed irregular assemblies for coffee 

and caffeine, while clustered spherical droplets appeared in the case of genistein. 

We further investigated if the bioactive compounds were able to perturb preformed 

condensates (Figures S8D,E, S9D,E, and S10D,E). We observed that condensates 

were minimally perturbed by the subsequent addition of compounds, with the 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
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exception of the case of 280 μg/mL genistein, which appeared to promote the coa-

lescence of initially formed droplets into larger condensates. 

In summary, the tested compounds did not dramatically impact the formation and 

evolution of Tau4RD/heparin condensates with two main exceptions: coffee extracts 

prevented the formation of larger droplets, and concentrated genistein disfavored 

the aggregation-linked dispersion and transformation of droplets. This finding sug-

gests that the coffee extract can influence the physicochemical properties of a con-

densate, modulating its stability and maturation, with important implications for 

disease-related condensation, an aspect that warrants further scrutiny. 

 

NMR-Based Assessment of the Binding of Coffee Extract and Caffeine to Tau4RD 

Fibrils.  

The identification of soluble molecules able to interact with preformed fibrils is 

attracting increasing attention, as it opens new options for the design of novel ther-

apeutics or specific probes for the diagnosis of a variety of neurodegenerative dis-

orders.36 We therefore investigated the ability of coffee extract and caffeine to 

recognize and bind preformed Tau fibrils by employing NMR spectroscopy, spe-

cifically a combination of STD37 and WaterLOGSY experiments.38 These experi-

ments are quite powerful for assessing the interaction between a small molecule 

and a high-molecular-weight species. The latter are, in this case, the preformed Tau 

fibrils dissolved in deuterated phosphate buffer. Both STD and WaterLOGSY are 

based on intermolecular nuclear Overhauser effects (NOEs) to the 1H nuclei of a 

ligand transiently bound to a large biomolecule.39 The STD spectra of the coffee 

extract were acquired in the presence and absence (control experiment) of the pro-

tein fibrils, setting the on-resonance frequency at 0.4 ppm, to achieve saturation of 

protein aliphatic resonances. The signals in the STD spectrum (obtained by sub-

tracting the on- resonance from the off-resonance spectrum) of the coffee extract 

contained several NMR signals (Figures 6A,E and S11A); however, the comparison 

with the control experiment acquired in the absence of fibrils revealed that only a 

subset of peaks experienced a signal build-up. Thus, a group of atoms of the mole-

cules present in the coffee extract received saturation transfer from the protein via 

NOE, proving their interaction with the aggregates.37 We considered the results 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
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obtained with STD experiments definitive only if confirmed by WaterLOGSY ex-

periments acquired in the same conditions (Figure 6C,E).39,40 In the case of Water-

LOGSY, the 1H nuclei of bulk water are excited, and the magnetization is trans-

ferred from transiently bound water 1H to protons of a small molecule bound to the 

protein.38 Also, in the WaterLOGSY spectrum, a group of peaks experienced a sig-

nal build-up with respect to the control experiment. The comparison of the signals 

in STD and WaterLOGSY experiments with the 1H NMR spectrum of the coffee 

extract (Figure 6E) clearly indicates that caffeine and chlorogenic acids were able 

to interact with fibrils. To further prove the ability of caffeine to interact with 

Tau4RD fibrils, the STD and WaterLOGSY experiments were repeated on the pure 

compound in the same conditions (Figures 6B,D,F and S11B). All of the NMR 

peaks of caffeine experienced a signal build-up in the two experiments, thus con-

firming the ability of this bioactive molecule to bind to preformed Tau4RD fibrils. 

 

 

 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
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Figure 6. Interaction of coffee compounds with Tau aggregates. Saturation transfer difference (A, B) 

and WaterLOGSY (C, D) NMR spectra acquired on a 5 mg/mL espresso coffee mixture (A, C) or 0.8 

mg/mL (4 mM) caffeine (B, D) in the absence (red) and presence (black) of Tau4RD filaments (80 μM 

monomer) in 20 mM deuterated phosphate buffer, pH 7.4 at 25 °C. The downfield regions in (A, C) 

are displayed with four-fold higher intensity compared to the highfield regions on the right. (E, F) 1H 

NMR spectrum of 5 mg/mL coffee (E) or 0.8 mg/mL caffeine (F) in 20 mM deuterated phosphate 

buffer, pH 7.4 (1), STD (2), and WaterLOGSY (3) spectra acquired on 5 mg/mL coffee (E) or 0.8 

mg/mL caffeine (F) in the presence of Tau4RD filaments. 

Taken together, the NMR data provide clear evidence that specific bioactive mole-

cules present in the coffee extract, i.e., caffeine and chlorogenic acids, can interact 

with preformed fibrils of Tau4RD. 

 

Coffee Extract Modulates Tau-Mediated Cytotoxicity and Intracellular Tau Accu-

mulation.  

The above reported data point to the ability of the coffee extract to interfere with 

Tau filament formation in vitro, redirecting the assembly of Tau into off-pathway 

amorphous oligomeric species. We therefore decided to test the toxicity of Tau4RD 

aggregates formed in the absence and presence of different amounts of coffee 
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extract. To this aim, neuroglioma-derived H4swe cells were treated for 48 h with 

three different samples obtained as depicted in Figure 7A. Fibrils were obtained by 

preincubating Tau4RD with heparin (4:1 ratio) and 50 μg/mL coffee extract and then 

sedimented by centrifugation (Figure 7A, orange frame, and S12A), showed de-

creased toxicity compared to fibrils obtained in simple buffer (Figure 7A, gray 

frame, and S12A), with cell viability increasing from 53 to 72% (100% refers to 

nontreated cells, Figure 7B). 

 

 

Figure 7. (A) Schematic depiction of sample preparation for cell viability and seeding-based aggrega-

tion assays in cellular models. A first centrifugation step was performed for the isolation of the fibrils 

(pellets in blue) from soluble Tau (aggregates in dark red and monomers as blue spheres) obtained 

after the fibrillization reaction of Tau4RD in buffer (gray frame), in the presence of 50 μg/mL coffee 

extract (orange frame) and in the presence of 400 μg/mL coffee extract (red frame). The latter sample 

did not contain any aggregate and therefore the first centrifugation did not produce pellets. The solu-

tion obtained after centrifugation of Tau4RD aggregated in the presence of 400 μg/mL coffee extract 

was further treated: a filtration step (through 100 kDa MWCO) was performed to separate monomers 

(filtrate) from soluble aggregates (retentate) used for seeding-based aggregation assays. The figure 

was created with BioRender.com. (B) Cell viability assay performed on H4-APPswe neuroglioma 

cells nontreated (NT) or treated for 48 h with pellets or retentate obtained as depicted in A (the color 

code is maintained). One-way statistical analysis ANOVA followed by Dunnett′s multiple compari-

son test was performed, ns = nonsignificant, p = *0.01–0.05, **0.001–0.01, ***0.0001–0.001. (C) 

Immunoblot analysis of the cellular insoluble fraction after treatment with samples of Tau4RD aggre-

gated in buffer and in the presence of 400 μg/mL coffee extract (prepared as depicted in A, red 

frame). HEK293 cells overexpressing TauFL/P310L-GFP were treated with the samples for 48 h and 

the Triton-insoluble fractions were blotted with the TAU-5 antibody. The last lane represents cells 

without the treatment (NT). 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
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We have shown that Tau4RD incubated in buffer containing 400 μg/mL coffee ex-

tract was unable to form fibrils but rather underwent structural transitions, giving 

rise to nonfibrillar aggregates/oligomeric species. Previous studies reported the 

ability of Tau oligomers to act as primary culprits of toxicity;41−43 therefore, we 

sought to investigate if the amorphous, aggregated species formed in the presence 

of large quantities of coffee extract could interfere with cell survival. A sample 

containing Tau4RD aggregated species formed in the presence of 400 μg/mL coffee 

extract was first sedimented using centrifugation and checked on SDS−PAGE (Fig-

ure S12A). The soluble supernatant was then separated into monomers and mixtures 

of oligomers by filtration through a 100 kDa MWCO filter (Figures 7A red frame, 

and S12A). Interestingly, the viability of the cells treated with the retentate that 

contained amorphous/oligomeric species showed a nonsignificant difference with 

respect to the viability of nontreated cells (Figure 7B), thus indicating that the pres-

ence of coffee extract not only interferes with Tau4RD fibril formation but also pro-

motes the formation of aggregated species with reduced or no toxicity. 

Previous studies demonstrated the ability of synthetic preformed Tau fibrils to act 

as a template in soluble Tau fibrillization, both in vitro and in cell culture models.17 

To test whether Tau4RD aggregates formed in the presence of coffee extract retained 

the seeding capacity, we employed HEK293 cells stably expressing TauFL/P301L-

GFP and used lipofect- amine to promote the cellular uptake of the selected sam-

ples. First, we treated the HEK293 TauFL/P301L-GFP cells with pellets isolated by 

centrifugation deriving from Tau4RD aggregated in the absence and presence of dif-

ferent amounts of coffee extract (sample preparation is depicted in Figure 7A). The 

immunoblot analysis of the Triton-insoluble fraction of cells after treatment with 

the tested samples showed that the seeded fibrillization propensity of Tau4RD was 

perturbed when the aggregates were obtained in the presence of coffee extract (Fig-

ure S12B). However, since the pellet of the sample obtained in the presence of 400 

μg/mL coffee extract did not contain a detectable protein fraction (Figure S12A), 

we decided to treat the cells with the two components isolated by filtration of the 

soluble supernatant: the retentate and the filtrate (Figure 7A red frame). The im-

munoblot analysis confirmed the inability of the aggregates obtained in the pres-

ence of a high amount of coffee to induce intracellular Tau fibrillization (Figure 

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.3c01072/suppl_file/jf3c01072_si_001.pdf
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7C). These data suggest that the molecules constituting the espresso coffee extract 

could have a bioactive role in the modulation of Tau-mediated cell toxicity and 

reduce the Tau-seeding activity in cultured cells. 

 

DISCUSSION 

Neurodegenerative diseases are often associated with the aggregation and deposi-

tion of incorrectly folded proteins. The predominant pathological feature of 

Tauopathies, including Alzheimer′s disease, is the intraneuronal deposition of the 

Tau protein, hence the development of novel forms of treatments and prevention 

targeting Tau protein is considered a promising strategy.44 Toward this direction, a 

possible approach is to test small compounds for their inhibitory activity against the 

aggregation of Tau. 

In recent years, the potential health benefits of the consumption of functional foods 

have been extensively investigated,45−48 and a large number of food components 

showed biological activity.49,50 In this work, we investigated the antiaggregation 

property of espresso coffee extract and some of its components toward the Tau pro-

tein. Taken together, ThT fluorescence, TEM analysis, and CD spectra indicate that 

the espresso extract has a strong antiaggregation effect in a dose-dependent manner. 

The length of Tau4RD fibrils decreased upon increasing coffee extract concentration 

and only small spheroidal oligomeric species were observed at a high coffee con-

centration. 

We also found that the coffee extract can modulate the stability and maturation of 

Tau condensates. Condensate formation has been suggested as a possible mecha-

nism initiating the aggregation of Tau;27 therefore, our results show a further inter-

esting property of the coffee extract in interfering with the early events, leading to 

the pathological accumulation of Tau. 

Coffee extracts contain a large variety of bioactive compounds exhibiting health-

beneficial effects.2 Using NMR- based analysis, we were able to identify the most 

abundant constituents of espresso coffee. Among these, we focused on caffeine and 

trigonelline, as well as on less abundant molecules, i.e., genistein and theobromine, 

to test their effects on Tau4RD aggregation. Among the tested compounds, only caf-

feine and genistein showed significant modulation of Tau4RD aggregation kinetics 
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in a dose-dependent manner, and only short protofilaments were observed after in-

cubation. Moreover, concentrated genistein modulates the transformation of drop-

lets, suggesting a possible concerted bioactive function toward Tau condensation 

and aggregation. It is interesting to point out that previous data showed an inhibitory 

activity of genistein against Aβ aggregation and toxicity.50 This dual inhibition 

function against Tau and Aβ aggregation makes genistein an attractive biomolecule 

for designing genistein- based therapies. 

It has been previously shown that caffeine, the well-known psychoactive alkaloid 

abundantly found in coffee extracts,2 does not prevent Aβ aggregation and neuro-

toxicity, therefore making this molecule less interesting as a bioactive compound.8 

By contrast, our large panel of experiments clearly shows that caffeine exhibits a 

significant inhibitory activity toward Tau4RD aggregation. Furthermore, ligand-

based NMR experiments showed that among all of the coffee components, caffeine 

has the additional property of binding preformed Tau4RD fibrils. All these findings 

are particularly interesting because caffeine could provide a structural template to 

treat Tauopathies targeting Tau fibrils or to design molecular probes with improved 

specificity and binding properties for the detection of pathological aggregates use-

ful for the clinical diagnosis of Tau-based diseases. 

The formation of amorphous spheroidal aggregates in the presence of coffee extract 

prompted us to study their toxicity on H4-APPswe cells, as Tau oligomers are con-

sidered to be the most toxic Tau species. Tau4RD aggregated in the presence of cof-

fee extract showed a significantly decreased cytotoxicity compared with untreated 

Tau4RD fibrils, in line with previously reported data on natural compounds such as 

limonoids and xanthohumol.51,52 Additional experiments also showed the reduced 

ability of the amorphous aggregates to induce intracellular Tau fibrillization, thus 

suggesting a neuroprotective effect of coffee extracts against Tau-induced toxicity 

in cultured cells. These results are in line with previous studies showing a reduced 

seeding propensity of Tau oligomers pretreated with a curcumin derivative.53 

The association of coffee intake with a decreased risk of neurodegenerative disor-

ders has been largely investigated.2,54 A moderate espresso coffee consumption of 

2/3 cups per day (40 mL/cup) provides about 250 mg of caffeine and 25 μg of 

genistein, in addition to numerous other bioactive com- pounds.7,20 Many of these 
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compounds, including caffeine and genistein, can cross the blood−brain barrier via 

different mechanisms55,56 and exert neuroprotective effects.6 

Here, we show that aggregation of the Tau protein is modulated by espresso coffee 

extract and some of its components, at both concentrations used in the experiments 

(i.e., 50 and 400 μg/mL). Intraneuronal Tau concentration has been estimated to be 

about 2 μM,57 25 times less than what we have used in our experiments. Based on 

the bioavailability of coffee components in the brain, and on the results of our study, 

we expect that moderate coffee consumption may provide a sufficient amount of 

bioactive molecules to act separately or synergistically as modulators of Tau protein 

aggregation and toxicity. 

In conclusion, we have presented a large body of evidence that espresso coffee, a 

widely consumed beverage, is a source of natural compounds showing beneficial 

properties in ameliorating Tau-related pathologies. Our findings could pave the way 

for further investigation into the design of bioactive compounds in the prevention 

and treatment of Tauopathies.  
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SUPPORTING INFORMATION 

 

Figures S1-S12 
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Figure S1. Time course of Tau conformational transitions. (A,B) ThT fluorescence-based aggrega-

tion kinetics curves measured on 50 µM Tau4RD in the presence of (A) theobromine, (B) trigonelline. 

Compound concentrations were 0 (black), 50 (orange) or 400 (red) g/mL. Molar concentrations of 

compounds were: 0.30 mM (50 g/mL) and 2.2 mM (400 g/mL) theobromine; 0.29 mM (50 

g/mL) and 2.3 mM (400 g/mL) trigonelline. (E) ThT fluorescence-based aggregation kinetics 

curves measured on 50 M Tau4RD in the presence of a mixture of compounds prepared as follows: 

10 g/mL (50 M) caffeine, 1 g/mL (3.7 M) genistein, 1 g/mL (5.5 M) theobromine, 5 

g/mL (36 M) trigonelline. Measurements were carried out on four replicates and data are reported 

as mean ± s.d.. Solid lines correspond to the best fit curves determined using an empirical sigmoid 

function. (C, D) Far-UV CD spectra recorded on 6 µM Tau4RD in the presence of (C) theobromine, 

(D) trigonelline. Measurements were performed immediately after sample preparation (continuous 

curves) and after 72 h (dotted curves) incubation of a concentrated stock (50 µM protein and 50 or 

400 g/mL compounds) in static conditions 
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Figure S2. Interaction of caffeine with heparin and with ThT evaluated by NMR. (A) The chemical 

structure of caffeine with protons indications. (B) 1H NMR spectra of 400 µg/mL (2 mM) caffeine, in 

the absence (black) and in the presence of 50 µM heparin (red) or 50 µM thioflavin-T (blue) (molar ra-

tios 40:1). Peaks assignments are shown. Spectra intensities have been adjusted for better visualiza-

tion. (C) 1H NMR titration experiments of 50 M ThT in the absence (green) or in the presence of 

caffeine at concentrations of 50 M (lavender), 100 M (purple), and 250 M (violet).(D) 1H NMR 

titration experiments of 50 M heparin in the absence (brown) or in the presence of caffeine at con-

centration of 50 M (lavender), 100 M (purple), and 250 M (violet). The spectrum of the caffeine 

alone is reported as a reference (black). All the spectra were acquired at 600 MHz and 25 °C 
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Figure S3. Interaction of genistein with heparin and with ThT evaluated by NMR. (A) The chemical 

structure of genistein with protons indications. (B) 1H NMR spectra of 400 µg/mL (1.5 mM) 

genistein, in the absence (black) and in the presence of 50 µM heparin (red) or 50 µM thioflavin-T 

(blue) (molar ratios 30:1). Peaks assignments are shown, * indicates impurities. Spectra intensities 

have been adjusted for better visualization. (C) 1H NMR titration experiments of 50 µM ThT in the 

absence (green) or in the presence of genistein at concentration of 50 µM (lavender), 100 µM (pur-

ple), and 250 µM (violet). (D) 1H NMR titration experiments of 50 µM heparin in the absence 

(brown) or in the presence of genistein at concentration of 50 µM (lavender), 100 µM (purple), and 

250 µM (violet). The spectrum of the genistein alone is reported as a reference (black). All the spectra 

were acquired at 600 MHz and 25 °C 
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Figure S4. Interaction of theobromine with heparin and with ThT evaluated by NMR. (A) The chemi-

cal structure of theobromine with protons indications. (B) 1H NMR spectra of 400 µg/mL (2.2 mM) 

theobromine, in the absence (black) and in the presence of 50 µM heparin (red) or 50 µM thioflavin-T 

(blue) (molar ratios 44:1). Peaks assignments are shown. Spectra intensities have been adjusted for 

better visualization. (C) 1H NMR titration experiments of 50 µM ThT in the absence (green) or in the 

presence of theobromine at concentration of 50 µM (lavender), 100 µM (purple), and 250 µM (vio-

let). (D) 1H NMR titration experiments of 50 µM heparin in the absence (brown) or in the presence of 

theobromine at concentration of 50 µM (lavender), 100 µM (purple), and 250 µM (violet). The spec-

trum of the theobromine alone is reported as a reference (black). All the spectra were acquired at 600 

MHz and 25 °C. 
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Figure S5. Interaction of trigonelline with heparin and with ThT evaluated by NMR. (A) The chemi-

cal structure of trigonelline with protons indications. (B) 1H NMR spectra of 400 µg/mL (2.3 mM) 

trigonelline, in the absence (black) and in the presence of 50 µM heparin (red) or 50 µM thioflavin-T 

(blue) (molar ratios 46:1). Peaks assignments are shown. Spectra intensities have been adjusted for 

better visualization. (C) 1H NMR titration experiments of 50 µM ThT in the absence (green) or in the 

presence of trigonelline at concentration of 50 µM (lavender), 100 µM (purple), and 250 µM (violet). 

(D) 1H NMR titration experiments of 50 µM heparin in the absence (brown) or in the presence of 

trigonelline at concentration of 50 µM (lavender), 100 µM (purple), and 250 µM (violet). The spec-

trum of the trigonelline alone is reported as a reference (black). All the spectra were acquired at 600 

MHz and 25 °C. 

 



 
123 

 

 

Figure S6. Aggregates morphology evaluated by TEM. TEM images of Tau4RD filaments formed in 

the presence of bioactive compounds. Samples contained 50 µM Tau4RD and 50 µg/mL (A) or 400 

µg/mL (B) theobromine, 50 µg/mL (C), or 400 µg/mL (D) trigonelline. Samples were incubated for 

48 h at 37 °C in static conditions. Scale bars are 500 nm (red) and 200 nm (light blue). 
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Figure S7. Quantitative analysis of aggregates morphology. Distributions of (A) narrow width, (B) 

large width, (C) crossover distance of aggregates obtained in the absence or in the presence of differ-

ent bioactive molecules. (D) Diameter of the spheroidal aggregates formed in the presence of high 

coffee-extract concentration. Data are presented as column scatter charts, mean ± s.d. of 10-20 values 

for each parameter are displayed. Distributions were compared to control data by one-way ANOVA 

followed by Dunnett’s multiple comparison test, P = * 0.01-0.05, ** 0.001-0.01, *** 0.0001-0.001, 

and **** < 0.0001. 
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Figure S8. Influence of coffee extract on Tau condensates. Representative fluorescence microscopy 

images displaying condensates of Tau4RD/heparin in simple buffer (A), in the presence of 35 µg/mL 

coffee extract (B), 280 µg/mL coffee extract (C), 35 µg/mL coffee extract added 5 min after mixing 

Tau and heparin (D), 280 µg/mL coffee extract added 5 min after mixing Tau and heparin (E). Images 

were acquired at 0, 5, 30 min after sample preparation. Protein was 35 µM and heparin 8.75 µM. 

Scale bar is 10 µm. 
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Figure S9. Influence of caffeine on Tau condensates. Representative fluorescence microscopy images 

displaying condensates of Tau4RD/heparin in simple buffer (A), in the presence of 35 µg/mL (0.18 

mM) caffeine (B), 280 µg/mL (1.4 mM) caffeine (C), 35 µg/mL caffeine added 5 min after mixing 

Tau and heparin (D), 280 µg/mL caffeine added 5 min after mixing Tau and heparin (E). Images were 

acquired at 0, 5, 30 min after sample preparation. Protein was 35 µM and heparin 8.75 µM. Scale bar is 

10 µm. 
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Figure S10. Influence of genistein on Tau condensates. Representative fluorescence microscopy im-

ages displaying condensates of Tau4RD/heparin in simple buffer (A), in the presence of 35 µg/mL 

(0.13 mM) genistein (B), 280 µg/mL (1 mM) genistein (C), 35 µg/mL genistein added 5 min after 

mixing Tau and heparin (D), 280 µg/mL genistein added 5 min after mixing Tau and heparin (E). Im-

ages were acquired at 0, 5, 30 min after sample preparation. Protein was 35 µM and heparin 8.75 µM. 

Scale bar is 10 µm. 
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Figure S11. Interaction of coffee compounds with Tau aggregates. Spectra derived by subtraction of 

STD spectra of 5 mg/mL coffee (A) or 0.8 mg/mL caffeine (B) in the presence of fibrils from STD 

spectra recorded in the absence of fibrils. 
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Figure S12. SDS-PAGE and immunoblot analysis of samples of in cell experiments. (A) SDS-PAGE 

analysis of samples of Tau4RD aggregated in the absence (grey) or in the presence of 50 g/mL (orange) or 

400 g/mL (red) of coffee extract, at different separation steps as depicted in Fig. 7A. (B) Immunob-

lot analysis of the cellular insoluble fraction after treatment with the pellets of Tau4RD aggregated in 

buffer and in the presence of 50 g/mL or 400 g/mL of coffee extracts. HEK293 cells overexpressing 

TauFL/P310L-GFP, were treated with the samples for 48 h and the Triton-insoluble fractions were 

blotted with TAU-5 antibody. Last lane represents cells without the treatment (NT). 
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ABSTRACT  

 

Liquid-liquid phase separation (LLPS) of biopolymers to form condensates is a 

widespread phenomenon in living cells. Agents that target or alter condensation can 

help uncover elusive physiological and pathological mechanisms. Owing to their 

unique material properties and modes of interaction with biomolecules, nanoparti-

cles represent attractive condensate- targeting agents. 

Our work focused on elucidating the interaction between ultrasmall gold nanopar-

ticles (usGNPs) and diverse types of condensates of Tau, a representative phase-

separating protein associated with neurodegenerative disorders. usGNPs attract 

considerable interest in the biomedical community due to unique features, including 

emergent optical properties and good cell penetration. We explored the interaction 

of usGNPs with reconstituted self-condensates of Tau, two-component Tau/ poly-

anion and three-component Tau/RNA/alpha-synuclein coacervates. The usGNPs 

were found to concentrate into condensed liquid droplets, consistent with the for-

mation of dynamic client (nanoparticle) - scaffold (Tau) interactions, and were ob-

servable thanks to their intrinsic luminescence. Furthermore, usGNPs were capable 

to promote LLPS of a protein domain which is unable to phase separate on its own. 

Our study demonstrates the ability of usGNPs to interact with and illuminate protein 

condensates. We anticipate that nano- particles will have broad applicability as na-

notracers to interrogate phase separation, and as nanoactuators controlling the for-

mation and dissolution of condensates.  

 

Graphical abstract 

Ultrasmall gold nanoparticles concentrate and distribute into biomolecular conden-

sates. The nanoparticles establish dynamic noncovalent interactions with the scaf-

fold protein and act as clients. They may also favor or disfavor condensate for-

mation. The nanoparticles could be used to explore biomolecular condensates in 

vitro and in cellular models of pathology. 
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INTRODUCTION 

 

Biomolecular condensation has emerged as an essential process for cellular com-

partmentalization, playing fundamental roles in cellular organization and physiol-

ogy.[1,2] Biomolecular condensates are dynamic supramolecular assemblies that 

concentrate proteins and polynucleotides, acting as macromolecular reservoirs, mo-

lecular sieves, or microreactors.[3] Cellular condensates, often also termed mem-

brane-less organelles (MLOs), are ubiquitous in eukaryotic cells and have been 

known for a long time, however their formation and functioning at the molecular 

level have begun to be understood only in recent times.[4,5] Many MLOs are now 

thought to form via liquid-liquid phase separation (LLPS), a thermodynamic pro-

cess by which a solution spontaneously demixes into coexisting liquid phases.[3] 

Upon LLPS, a biopolymer-rich phase segregates from its surroundings with the 

formation of a boundary defined by interfacial tension. Condensates generally oc-

cur as mesoscopic liquid-like droplets possessing a high level of internal dynamics, 

they allow exchange of macromolecules with the external environment, and quickly 

adapt to internal and external stimuli.[6] Condensation, or coacervation, is driven by 

weak multivalent interactions, such as heterotypic electrostatic interactions be-

tween oppositely charged polyelectrolytes (e. g., mixtures of proteins and nucleic 

acids), or homotypic interactions involving repetitive low-complexity sequences 

and multiple interacting sites.[1,7] Dysregulation of LLPS may lead to maturation of 

liquid condensates toward gel or solid-like material states, eventually associated 

with protein misfolding and aggregation which often occur in age-related condi-

tions.[6] In fact, aberrant forms of condensates are associated with many human dis-

eases, including cancer, neurodegeneration, and infectious diseases.[8] 

MLOs are often enriched in intrinsically disordered proteins (IDPs), which play an 

important role in driving phase separation.[9,10] IDPs are a group of proteins that do 

not fold into specific three-dimensional structures but exist instead as dynamic en-

sembles of interconverting conformers.[11] This structural plasticity allows IDPs to 

undergo promiscuous multi- valent homo- and heterotypic interactions. IDPs and 

proteins with intrinsically disordered regions (IDRs) comprise a large fraction of 

eukaryotic proteomes and possess a broad functional repertoire.[12–14] Beyond sup-

porting cellular functions, numerous IDPs are associated with human disorders, 
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including cancer, cardiovascular disease, neurodegenerative diseases, and diabe-

tes.[15] 

With the growing awareness that LLPS of IDPs plays an important role in cellular 

functioning and malfunctioning, there is also growing interest in using chemical 

tools to study and modulate phase separation behavior, ultimately aiming at probing 

condensate-driven cellular processes and mitigating aberrant phase transitions as-

sociated with disease.[16–19] Many phase-separating IDPs have been recognized as 

therapeutic targets and LLPS provides new opportunities for modulating their ac-

tivities.[20,21] The partitioning of small molecules to liquid condensates and their 

influence on phase separation are under scrutiny to better understand drug activity 

and discover new candidate drugs.[21,22] However, as both IDPs and biomolecular 

condensates are unconventional and challenging targets, alternative agents may 

prove better suited for interacting with and regulating IDPs in the condensed states. 

Nanoparticles (NP) have found widespread application in biomedicine, in areas 

ranging from imaging and diagnostics to therapeutics and regenerative medicine.[23] 

NPs exhibit different mechanisms of binding to biomolecules compared to small 

molecules. The tunable size and surface chemistry of most NP formulations allow 

some degree of control over their inter- actions with biological structures. Recent 

studies on model systems have contributed to elucidate the binding modes and driv-

ing forces that govern interactions between NPs and IDPs.[24–29] NPs have also been 

intensely investigated as artificial chaperones to redirect aberrant protein confor-

mational transi- tions and mitigate the formation of toxic aggregates of IDPs asso-

ciated with neurodegenerative disorders.[30,31] Finally, medium-sized (30–40 nm) or 

large (> 40 nm) NPs have been recently exploited for the detailed characterization 

of the material properties and molecular drivers of condensates,[32,33] and for the 

observation of their time-dependent transformation.[34] 

To explore the interaction between NPs and biomolecular condensates, we focused 

on ultrasmall gold NPs (usGNPs) and the IDP Tau as a representative system. Ul-

trasmall NPs attract considerable interest in the biomedical community due to 

unique physicochemical features and biological behavior. Such particles generally 

exhibit high biocompatibility and low toxicity, efficient renal clearance, improved 

tumor distribution, and good cell penetration.[35–38] Moreover, on exposure to 
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biological media, they do not undergo hard corona formation[39–42] and could remain 

available for interaction with specific targets. The controllable synthesis, the facile 

surface functionalization, and the optical properties, make usGNPs highly attractive 

for diverse applications.[43,44] 

Tau is an intracellular, neuron-specific protein, primarily involved in the assembly 

and stabilization of microtubules.[45] Under pathological conditions, Tau undergoes 

modifications that are thought to impair brain function and to cause neurodegener-

ation.[46] Intracellular aggregates of Tau are the defining feature of neurological 

disorders known as Tauopathies, such as Alzheimer’s disease (AD).[47] Tau is pre-

sent in MLOs, including the nucleolus and stress granules,[48,49] and was reported 

to undergo phase separation in vitro under a variety of conditions.[50–53] We have 

recently shown that a domain of Tau interacts with usGNPs and that usGNPs can 

partition into stress granules, a type of cytosolic MLO enriched for IDPs.[41] In the 

present study, we aimed to explore the association of NPs with in vitro reconstituted 

condensates of Tau to elucidate the conditions for their recruitment and their influ-

ence on Tau phase separation behavior. 
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RESULTS 

Characteristics of nanoparticles and proteins used in the study 

Ultrasmall gold nanoparticles (usGNPs) were prepared with dihydrolipoic acid 

(DHLA, Figure S1A) as capping agent, following a previously described proce-

dure.[54] The conjugation of DHLA to NPs imparts excellent stability against ligand 

exchange due to the strong Au—S bonds. Furthermore, the ligand carboxylates sta-

bilize the colloidal dispersion due to electro- static repulsion between the particles 

and confer high water solubility. In addition, carboxylates can act as reactive groups 

for facile functionalization. The prepared usGNPs were uniform in morphology and 

size (mean core diameter of ~ 1.9 nm), as determined by transmission electron mi-

croscopy (Figure S2A), and displayed negative zeta-potential in neutral solution 

(ζ=- 36 ± 6 mV). Consistent with their ultrasmall size, usGNPs exhibited no surface 

plasmon resonance band in the absorption spectrum and were fluorescent (Figure 

S2B). Tau protein has six isoforms in the adult human brain, the longest of which 

is 441 amino acids long (TauFL). This protein comprises an amino-terminal projec-

tion domain, a proline-rich region, a microtubule-binding four repeat domain 

(4RD), and a carboxy-terminal region (Figure S1B).[55] All four repeats are thought 

to interact with microtubules, assisted by abundant positive charges of basic amino 

acids dispersed over the sequence (Figure S1C).[56] Despite its inherent solubility, 

the repeat region is also involved in the formation of the core of insoluble filaments 

obtained in vitro and those isolated from brains of individuals with AD.[57,58] Tau4RD 

has been frequently used for in vitro aggregation studies due to its faster aggrega-

tion compared to TauFL, generally induced by the addition of polyanionic cofactors 

such as heparin or arachidonic acid.[55,59] The 4RD sequence encodes a strong pro-

pensity for LLPS, and Tau4RD was found to phase separate into protein/RNA coac-

ervates.[8] TauFL, but not Tau4RD, was shown to form liquid droplets in vitro, in near-

physiological conditions and in the absence of cofactors.[52] 

 

Ultrasmall gold nanoparticles partition into Tau4RD/polyU coacervates 

Tau4RD is a polyampholyte enriched in charged amino acid residues distributed 

along the chain, exhibiting an excess of positive over  negative  charges (f+/f— = 2, 

Figure S1C) with no regular charge or block-charge pattern. On mixing Tau4RD with 



 
137 

 

polyuridylic acid (polyU, Figure S1D) at a molar ratio corresponding to approxi-

mately overall net charge neutrality, the solution undergoes LLPS (detectable by 

increased sample turbidity) forming a complex coacervate (hereafter referred to as 

heterotypic coacervate).[59,60] We performed turbidity measurements to verify if the 

presence of usGNPs affected LLPS. 

LLPS samples contained 25 μM protein and variable concentrations of usGNPs. 

Interestingly, the turbidity of the sample increased progressively with increasing 

usGNP concentration up to 1 μM, while higher usGNPs concentrations resulted in 

a decrease in turbidity until almost complete disappearance for concentrations 

above ~ 2 μM (Figure 1A). Since other phenomena, besides LLPS, can give rise to 

changes in turbidity, we investigated the formation of liquid droplets using fluores-

cence microscopy and Alexa488-labelled Tau4RD as a reporter molecule.  

 

 

Figure 1. Interaction of usGNP with Tau4RD/polyU coacervates. A) Turbidity measured on a solution 

of Tau4RD/polyU in the presence of variable concentrations of usGNPs. Data are the mean s.d. from 

three independent measurements. B) Representative fluorescence microscopy images displaying con-

densates of Tau4RD/ polyU in the presence of variable concentrations of usGNPs. Green: Alexa488-

Tau4RD, red: usGNPs intrinsic emission. C) Fractional area of protein-rich phase measured from mi-

croscopy images. Data are the mean ± s.d. from five independent microscopic fields. LLPS samples 

contained 25 μM protein. 
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In the absence of NPs, fluorescence micrographs showed the formation of micron-

sized spherical droplets of concentrated protein (Figure 1B). Similar images were 

obtained for samples containing usGNPs at concentrations up to 1 μM, however no 

droplets were observed in the presence of a high usGNP concentration (2.5 μM). 

Quantitative analysis of droplet areas indicated that the total area fraction of the 

dense phase was highest and similar for usGNP concentrations in the range 0–0.5 

μM, and decreased on further increasing particle concentration (Figure 1C). Thus, 

low usGNPs concentrations were compatible with Tau4RD coacervation, while 

higher concentrations disfavored LLPS. 

The droplets obtained in the absence of NPs were found to expand over a period of 

1 h after preparation (Figure S3), likely due to Ostwald ripening and coalescence. 

In the presence of 0.5 μM usGNPs, droplets of smaller uniform size were stabilized 

(Figure S3), suggesting that in these conditions usGNPs decreased the condensate 

interfacial tension analogously to surfactant clients described elsewhere.[61] 

For usGNP concentrations between 0.2 and 1 μM, the droplets were also observed 

in images captured by the red channel of the microscope (Figure 1B), clearly indi-

cating that usGNPs concentrated and distributed uniformly into the dense liquid 

phase, being observable due to their intrinsic red fluorescence. We conclude that, 

in the intermediate concentration range, usGNPs can act as fluorescent reporters for 

Tau4RD coacervation. 

It is already established that electrostatic interactions are key drivers for the coac-

ervation of Tau4RD and polyU.[8,62] Consistently, the increase in ionic strength of the 

solution disfavored LLPS, as shown by the dependence of sample turbidity on salt 

concentration (Figure 2A). A similar dependence was observed for samples con-

taining 0.5 and 1 μM usGNPs. By contrast, in the presence of 2.5 μM usGNPs, the 

turbidity increased with salt concentration up to 50 mM, and then decreased at 

higher concentrations. The latter observation suggests that coacervation may take 

place at an intermediate ionic strength and, indeed, fluorescence microscopy images 

showed that droplets had formed in 50 mM salt, albeit very sparse (Figure 2B). 

Thus, high amounts of usGNPs may be compatible with LLPS under a narrow range 

of solution conditions. 
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Figure 2 Ionic strength-dependence of Tau4RD/polyU coacervates in the presence of usGNPs. A) Tur-

bidity measured on a solution of Tau4RD/polyU at increasing concentration of NaCl and at the indi-

cated concentration of usGNPs. Data were acquired at 0 min (dark red) and 30 min (light red) from 

sample preparation and represent the mean±s.d. from three independent measurements. B) Repre-

sentative fluorescence microscopy images displaying condensates of Tau4RD/polyU at increasing con-

centrations of NaCl and at the indicated concentration of usGNPs. Green fluorophore: Alexa488-

Tau4RD. Samples contained 25 μM protein. 

 

usGNPs interact with Tau4RD/heparin assemblies 

Heparin (Figure S1E) is a polyanionic sulfated glycosaminoglycan that is widely 

used as an inducer for aggregation studies of Tau in vitro. Under specific conditions, 

heparin promotes LLPS of Tau4RD and induces the formation of fibrillar structures 
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when added to Tau4RD condensates.[60,63] In fact, heparin-Tau interactions are of 

interest as they constitute an attractive model system to explore the link between 

condensation and aggregation. 

The mixing of Tau4RD and heparin resulted in a turbid solution (Figure 3A) and 

small droplets appeared (Figure 3B). The droplets proved quite unstable and larger 

irregular assemblies were observed after 30 and 60 min of incubation. Indeed, fol-

lowing rapid protein aggregation, free Tau monomers are depleted and spherical 

liquid droplets are destabilized.[60] Next, we repeated the experiment in the presence 

of variable concentrations of usGNPs. We found that the solution turbidity was es-

sentially unchanged in the presence of usGNPs in the 0.1-0.5 μM range, however it 

increased progressively with larger quantities of particles as observed immediately 

after sample preparation (Figure 3A). A low concentration of usGNPs did not pre-

vent LLPS (although possibly perturbing the volume fractions of the phases) nor 

apparently modify the trans- formation of the initially formed droplets into larger 

assemblies (Figure 3B). By contrast, larger quantities of usGNPs affected the for-

mation of coacervates, and larger assemblies were visible already at the start of the 

incubation. The latter then continued to expand over the observation period. The 

usGNPs were found to concentrate in the assemblies and were clearly detectable 

via their red fluorescence emission (Figure 3B). 
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Figure 3 Formation of Tau4RD/heparin coacervates in the presence of usGNPs. A) Turbidity measured 

on a solution of Tau4RD/heparin in the presence of a variable concentration of usGNPs. Data were ac-

quired at 0 min (dark red) and 30 min (light red) from sample preparation and represent the mean±s.d. 

from three independent measurements. B) Representative fluorescence microscopy images displaying 

condensates of Tau4RD/heparin in the presence of a variable concentration of usGNPs. Green: 

Alexa488-Tau4RD, red: usGNPs intrinsic emission. Samples contained 25 μM protein. 

 

Hence, usGNPs interacted with Tau4RD/heparin coacervates and illuminated their 

transformations, however they also appeared to perturb the condensed state to an 

extent that depended on particle concentration, with higher particle amounts pro-

moting larger assemblies, likely due to an increased number of available protein-

NP cross-links. 

 

Ultrasmall gold nanoparticles promote Tau4RD phase separation 

Despite a predicted high intrinsic propensity for phase separation, Tau4RD is re-

ported to self-assemble forming a simple coacervate (hereafter referred to as homo-

typic coacervate) only under non-physiological conditions such as high solution 

pH.[64] Indeed, the high number of positively charged amino acid residues (20 lysine 
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and 1 arginine) disfavors intermolecular interactions due to electrostatic repulsion. 

On the other hand, this region mediates the binding of Tau to microtubules, which 

are negatively charged, and microtubule surfaces have been proposed to facilitate 

the formation of Tau condensates.[65] In our study, we found that certain concentra-

tions of usGNPs promoted the condensation of Tau4RD (Figure 4), indicating that 

the negatively charged surfaces could engage interactions with multiple protein 

molecules, enabling the formation of extended protein/particle networks, perhaps 

involving the recently described multi-molecular assemblies as condensation nu-

clei.[41] Notably, the ability to induce condensation appeared to be a specific feature 

of usGNPs because no droplet formation was observed when using 3 nm DHLA-

capped NPs, which share the same surface chemistry as usGNPs, in conditions 

matching the total NP area (Figure S4). By contrast, these NPs promoted the for-

mation of sparse, irregularly shaped assemblies likely composed of NPs and pro-

tein. 

 

 

Figure 4. Representative fluorescence microscopy images displaying condensates of Tau4RD induced 

by the presence of 2.5 μM usGNPs. Green: Alexa488-Tau4RD, red: usGNPs intrinsic emission. 

 

Coacervates of TauFL recruit usGNPs 

Full-length Tau shares a highly hydrophilic character and a disordered confor-

mation with Tau4RD (apart from transient long- range interactions observed only in 

TauFL[66]). Residues 1–120 of the N-terminal domain bear an overall negative 

charge while residues 120–369, including the 4RD, are overall positively charged 

(Figure S1C). TauFL undergoes LLPS with lesser amount of polyU than Tau4RD.[8] 

Here, we observed that TauFL formed spherical liquid droplets in the presence of 
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polyU and of 0.1 μM usGNPs (Figure 5A). Similar to what was observed with co-

acervates of Tau4RD, usGNPs concentrated into coacervates of TauFL and were vis-

ible in the red channel due to their intrinsic luminescence. In the presence of a much 

higher concentration (2.5 μM) of usGNPs, phase separation did not take place, 

likely due to the competition between usGNPs and polyU for binding to TauFL. 

 

 

Figure 5. Recruitment of usGNPs into condensates of TauFL. A) Representative fluorescence micros-

copy images displaying condensates of TauFL/polyU in the absence or presence of usGNPs, captured 

at 0 min and 30 min from sample preparation. Green: Alexa488-Tau4RD, red: usGNPs intrinsic emis-

sion. B) Representative fluorescence microscopy images displaying self-condensates of TauFL in the 

absence or presence of usGNPs, captured at 0 min and 30 min from sample preparation. Green: 

Alexa488-Tau4RD, red: usGNPs intrinsic emission. Samples contained 25 μM protein. 

 

Differently from Tau4RD, TauFL can undergo phase separation in the absence of co-

factors,[8,52] presumably because its ampholytic nature allows to establish intermo-

lecular interactions between complementary chemical groups. The addition of 0.1 

μM usGNPs appeared to facilitate LLPS, as deduced from the larger volume frac-

tion of the dense phase, compared to the absence of particles (estimated from visual 
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analysis of the corresponding micrographs, Figure 5B). The usGNPs partitioned 

and distributed uniformly into phase separated droplets. The addition of 2.5 μM 

usGNPs once again impaired LLPS of TauFL. 

 

usGNPs concentrate into TauFL/polyU/αSyn coacervate droplets 

Recently, the interaction between the protein α-synuclein (αSyn) and Tau LLPS 

was investigated.[67] αSyn is another IDP associated with  neurodegenerative con-

ditions, which is believed to interact synergistically with Tau-based pathologies. 

αSyn has a low tendency for self-coacervation and RNA- mediated LLPS but is 

capable to partition into TauFL/RNA droplets, driven by electrostatic interactions 

between the negatively charged C-terminal domain of αSyn (Figure S1C) and the 

positively charged proline-rich P2 region of Tau.[67] The latter region is also in-

volved in RNA binding, however the interaction is dynamic and the binding to αSyn 

and RNA is not exclusive. 

We observed the partitioning of αSyn into TauFL/RNA droplets using Alexa488-la-

belled αSyn (Figure 6). The presence of 0.1 μM usGNPs apparently decreased the 

rate of phase separation, however droplets observed after 30 min were essentially 

indistinguishable from those obtained in the absence of particles, and clearly 

showed the recruitment of usGNPs (Figure 6). A higher concentration of usGNPs 

disfavored condensate formation. 

 

 

Figure 6. Representative fluorescence microscopy images displaying condensates of TauFL/polyU in-

corporating αSyn, in the absence or presence of usGNPs, captured at 0 min and 30 min from sample 

preparation. Green: Alexa488-αSyn, red: usGNPs intrinsic emission. Samples contained 25 μM TauFL 

and 5 μM αSyn 
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DISCUSSION 

Intrinsically disordered proteins are one of the main archetypes of phase-separating 

proteins found in cellular condensates.[2] The microtubule-binding protein Tau is an 

IDP that can assemble into liquid droplets by phase separation.[51] This process is 

thought to play a role both in normal neuronal function and in neurodegeneration, 

however the underlying molecular mechanisms are still far from being clarified. 

Our work focused on elucidating the interaction between diverse forms of Tau con-

densates and ultrasmall gold nanoparticles as candidate condensate-targeting 

agents. 

The condensation of chain-like biopolymers, such as IDPs, is often described by a 

mean-field Flory-Huggins theory, able to provide semi-quantitative agreement with 

experimental phase diagrams.[7] However, differently from synthetic polymers, the 

phase separation behavior of IDPs remains incompletely under- stood due to com-

plicating factors like nonuniform charge patterning and sequence specificity.[68,69] 

Although more advanced models have been under scrutiny,[70–72] a quantitative and 

general explanation of protein LLPS is still lagging behind. Here, we discuss parti-

cle interactions with coacervates in terms of the scaffold-client principle.[1] Scaf-

folds are (groups of) biomolecules that self-associate and drive LLPS, while clients 

are solutes that are unnecessary for condensate formation but are recruited into con-

densates on interacting with the scaffolds. Full-length Tau can act as a scaffold and 

phase separate on its own, likely driven by homotypic charge-charge, dipole-dipole, 

π-π, and cation-π intermolecular interactions involving chemically complementary 

regions. The protein can also form complex coacervates with polyanions like RNA, 

driven by electrostatic interactions involving concentrated regions of positive 

charges, such as the repeat domain. Both Tau and RNA act as scaffolds in such 

complex coacervates. The isolated RD has little propensity to phase separate on its 

own, due to the lack of complementary chemical groups between interacting mole-

cules, but readily forms condensates with polyU RNA via heterotypic scaffold-scaf-

fold interactions. Another disease associated IDP, αSyn, can concentrate into 

Tau/RNA coacervates by establishing electrostatic client (αSyn) - scaffold (Tau) 

interactions. These distinct condensates of Tau, i. e. self-condensates, Tau/RNA, 

Tau4RD/RNA(or heparin), and Tau/RNA/αSyn, provide chemically diverse model 
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systems for interrogating the interaction of NPs with phase separated proteins, and 

could be representative of more complex cellular assemblies. 

In order to target Tau and its repeat domain, we decorated usGNPs with DHLA, 

producing negatively charged particles. Indeed, we have previously shown that 

Tau4RD associates with DHLA-capped usGNPs forming stable multi-molecular as-

semblies.[41] Moreover, we observed that DHLA-capped usGNPs were recruited by 

stress granules, a type of cytosolic membrane-less organelle enriched for IDPs and 

proteins with disordered regions.[41] Here, we found that usGNPs concentrated and 

distributed uniformly into Tau4RD(or TauFL)/polyU condensates. At low particle 

concentration, LLPS behavior was retained and usGNPs can be considered to act 

as coacervate clients, whose distribution is governed by the relative standard free 

energy of the particles in the different phases: Kp ~≈ λe—ΔG°/RT (Kp is the partitioning 

coefficient and λ is a correction factor that accounts for differences in activity be-

tween both phases). ΔG° could result from multiple distinct contributions, such as 

ΔG°hphob, ΔG°charge, ΔG°Hbond, and ΔG°mesh.
[73] Given the extensive charged regions 

of Tau species and the presence of net charges on usGNPs, it is expected that the 

charge complexation term, ΔG°charge, accounts for a significant part of the client 

(NP) -scaffold (Tau) interactions. We note that the unfavorable contribution of 

mesh deformation, ΔG°mesh, predicted for large solutes,[74] should be minimal owing 

to the ultrasmall size of the used particles. For example, the characteristic mesh size 

of liquid condensates formed by the LAF-1 protein was deter- mined to be ~ 3-8 

nm,[75] thus solutes larger than this size are expected to distort a droplet mesh of 

that type. In the coacervate matrix, scaffold protein molecules likely dynamically 

switch their interaction between polyU and NPs. At high NP concentration, com-

petition possibly resulted in a reduced density of favorable scaffold-scaffold con-

nections in the condensed network[76] which, together with accumulation of excess 

negative charge, caused destabilization of the condensate. Hence, in these condi-

tions, usGNPs affected the phase behavior of the original host, thereby acting as 

regulators of coacervation rather than ‘inert’ clients. 

Although in principle similar to Tau/polyU condensation, heparin mediated LLPS 

exhibited different behavior. In this case, usGNPs appeared to accelerate the desta-

bilization of initially formed droplets into large irregular assemblies. Heparin, a 
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sulfated glycosaminoglycan with an estimated higher charge density compared to 

polyU, displays strong binding affinity (sub micromolar) to Tau and promotes its 

conformational transition and assembly into highly ordered supramolecular fila-

ments.[77] Protein aggregation is rapid at Tau/heparin ratios near charge neutraliza-

tion, a condition that overlaps with that for LLPS. It appears that the charge imbal-

ance introduced by the addition of usGNPs affected liquid phase separation but did 

not arrest the accumulation of Tau aggregates. Nonetheless, the observation of par-

ticle distribution into these assemblies indicated that scaffold-client interactions oc-

curred in these assemblies too. Monitoring the evolution of such system could prove 

useful for a better understanding of the molecular mechanisms of condensation-

linked protein aggregation. 

The experiments on TauFL/polyU condensates incorporating αSyn demonstrated 

that the recruitment of usGNPs can take place within more complex condensed net-

works. In this case, Tau would establish dynamic interactions with either the scaf-

fold polyU, the client αSyn, or the client usGNPs. Again, high concentrations of 

usGNPs destabilized liquid condensates and no phase separation was observed in 

that condition because of the prevalent scaffold-client(usGNPs) binding. Fur- ther 

studies on this multicomponent system could provide insight into the synergistic 

activity of αSyn and Tau in the context of neurodegeneration. 

We further observed the partitioning of usGNPs into the simple condensates of 

TauFL formed in the absence of poly- anionic cofactors. In that case, we noted an 

apparent stabilization of liquid droplets at low NP concentration, possibly due to 

the creation of new scaffold-client-scaffold bridges that in- creased the density of 

connections within the condensate. Strikingly, the usGNPs were even capable to 

promote LLPS of Tau4RD, which did not phase separate on its own, thereby acting 

as cofactors for its coacervation. It is noted that slightly larger NPs with the same 

surface functionalization as usGNPs failed to promote LLPS, indicating that NP 

size has an influence on the condensation process. In general, by fine tuning the 

concentration of usGNPs, it will be possible to shift the equilibrium between for-

mation and dissolution of condensates. 

We remark that the biomolecular composition of cellular condensates is more com-

plex than that considered in our simplified model systems. It is well established that 
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on exposure to biological media, typical NPs become covered by a layer of biolog-

ical macromolecules, generally referred to as the bio-molecular corona, which is 

known to influence the interaction of NPs with the biological system.[78] NPs in the 

ultrasmall scale do not appear to form stable coronas, and protein-usNP interactions 

are generally weak.[39] While it is possible that macromolecules encountered in the 

medium interact competitively with usGNPs and alter the extent and nature of the 

interactions between Tau and usGNPs, the multivalent binding capability and con-

formational plasticity of Tau represent an advantage for binding to usGNPs over 

most folded proteins.[41] 

 

CONCLUSION 

The present study indicates that usGNPs associate with Tau in condensates and can 

influence LLPS behavior. Hence, usGNPs are promising condensate-targeting 

agents that could be used to query protein LLPS by exploiting their intrinsic lumi-

nescence in combination with imaging technologies (nanotracers). The usGNPs 

could further modulate the formation, stability, and physicochemical properties of 

protein condensed states, allowing to control biological processes in cellular models 

of pathology (nanoactuators). NP-based targeting of IDPs in condensates is of ex-

traordinary interest for the development of new therapeutic approaches against re-

fractory diseases. The diverse surface functionalization possibilities and distinct 

core materials of NPs represent a vast chemical space available for designing tai-

lored nanoobjects applied to the study of bio- molecular condensates. 
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MATERIALS AND METHODS 

Reagents 

Tetrachloroauric acid trihydrate (HAuCl4), lipoic acid (LA), and sodium borohy-

dride (NaBH4) were purchased from Alfa Aesar (MA, USA). Heparin and all chem-

ical reagents were obtained from Sigma-Aldrich (St Louis, MO, USA). Millipore 

system was used for high-purity deionized water production, used in all prepara-

tions. 

Recombinant protein expression and purification 

Recombinant Tau4RD (region Q244-E372 of human full-length Tau, plus initial 

Met) was expressed and purified as described previously[79] with the mutations 

C291A and C322A to avoid unintended disulfide bond formation (hereafter referred 

to as Tau4RD for simplicity). The protein was expressed in BL21 (DE3) cells grown 

at 37 °C in LB medium under shaking for 5 h, with the addition of 0.5 mM IPTG. 

The soluble bacterial extract was subjected to thermal treatment (80– 100 °C), and 

protein purification was achieved by SP-ion exchange chromatography. Purified 

Tau4RD samples were then dialyzed in 10 mM phosphate buffer, pH 7.4. 

Recombinant TauFL (also known as Tau441) was expressed without tag from a 

pET3a vector and purified as described previously.[80] Briefly, the protein was ex-

pressed in Codon Plus E. coli cells grown in TB medium at 37 °C for 5 h, with 0.5 

mM IPTG. Cells were then resuspended in 20 mM MES buffer, 0.05 M NaCl, pH 

6.8, 1 Mm EGTA, complemented with 5 mM MgCl2, 1 mM PMSF protease inhib-

itors, and 20 μg/mL DNAse, sonicated and boiled for 20 min. After cooling, 1 mM 

TCEP was added. The clarified supernatant was then loaded on a SP-Sepharose 

column, and the protein eluted with a linear 0.05–0.5 M NaCl gradient in the same 

buffer. 

Recombinant human α-synuclein was expressed in E. coli BL21 (DE3) bacterial 

cells and purified as reported previously.[29] 

 

Fluorescent labeling of proteins 

Proteins were labeled with Alexa Fluor 488 (Thermo Fisher Scientific) by adding 

10 μL of the dye in DMSO (10 mg/ml) to 100 μL of the protein (10 mg/ml) in 0.1 

M sodium bicarbonate, pH 8.3, and incubating the mixture for 2 h under stirring at 
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room temperature. A desalting column was used to remove the excess of dye. The 

Alexa-conjugated protein was eluted in 20 mM sodium phosphate, pH 7.4. Labeling 

efficiency was estimated based on relative concentrations of the protein and the dye 

(the latter determined by absorbance at 488 nm). 

 

Visualization and analysis of protein condensates 

Liquid-liquid phase separation of the investigated proteins species was induced as 

reported.[60] Briefly, 25 μM protein was mixed with 62.5 μg/ml poly(U) RNA, 1 

mM DTT in 25 mM Hepes pH 7.4, or 6.25 μM heparin, 5 mM DTT, 30 mM NaCl 

in 20 mM sodium phosphate, pH 6.0. The reducing agent was used only for TauFL. 

Images were acquired on a Leica TCS SP5 AOBS microscope to visualize the for-

mation of droplets over time. Images analysis was performed to measure droplets 

size and distribution using FIJI Image H software (v2.0). The fluorescence images 

within a set of experiments were acquired using identical microscope setting to en-

sure consistency across samples and experimental runs. 

 

Turbidimetry 

LLPS was monitored by turbidity measurements (optical density at 600 nm) at 25 

°C using a TECAN INFINITE M200PRO PLEX microplate reader. Experiments 

were carried out in 25 mM Hepes, pH 7.4. All experiments were performed at room 

temperature. Three spectra accumulations were averaged for each sample and the 

spectrum of the buffer (also containing usGNPs, where appropriate) was considered 

as a blank and subtracted. 

 

Synthesis of nanoparticles 

DHLA-capped gold nanoparticles were synthesized following a previously reported 

protocol.[81,82] Briefly, an aqueous solution of lipoic acid was dissolved with NaOH 

(2 M), followed by addition of HAuCl4 solution (2 % by mass). NaBH4 was then 

slowly added drop by drop, under rapid stirring. The reaction was stopped after 

stirring overnight. The molar ratio for the three components 

(DHLA:HAuCl4:NaBH4) was varied to synthetize 2 nm and 3 nm size AuNPs (3 : 

1 : 2 and 1 : 2 : 10, respectively). Finally, the brownish solution was purified by 
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centrifugal filtration (Amicon Ultra 10 kDa cutoff – Merck, Millipore) and stored 

at 4 °C. 

The NP concentration was estimated from the absorbance at 450 nm using the ex-

tinction coefficient (4.25 × 105) M—1 cm—1, as reported by Haiss.[83] UV-vis ab-

sorption spectra were recorded with a NanoDrop™ 2000 Spectrophotometer (Ther-

mofisher), using 1 cm path-length quartz cuvettes. 

 

Dynamic Light Scattering (DLS) 

A Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) was employed to meas-

ure the hydro- dynamic diameter and ζ-potential at room temperature. For deter-

mining size distribution by DLS, measurements were recorded 

in triplicate on 20 μM usGNPs in working buffer and the average of the measure-

ments was plotted. For ζ-potential measurements, the voltage was set to 148 V and 

the ζ-potential values were derived from five replicates. 

 

Fluorescence Spectroscopy 

Fluorescence measurements were performed on a Jasco FP-8500 spectrofluorome-

ter (Jasco, Easton, MD, USA) using 1 cm path-length quartz cuvettes. 

Fluorescence emission spectra (range 550–750 nm) of 0.5 μM usGNPs were rec-

orded using an excitation wavelength of 530 nm (slit width 5 nm). All experiments 

were performed at room temperature. Three spectra accumulations were averaged 

for each sample. The spectrum of the buffer was recorded as a blank. 

 

Transmission Electron Microscopy (TEM) 

TEM measurements were performed using a Tecnai G2 (FEI) transmission electron 

microscope operating at 100 kV. Samples were prepared at a concentration of 0.5 

μM, dissolved in mQ H2O, then adsorbed onto holey film grids (400 mesh) and 

stained with uranyl acetate at 2 %. A Veleta digital camera (Olympus Soft Imaging 

System, Münster, Germany) and FEI TIA acquisition software were employed to 

capture images. 
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Figure S1. Molecular structures and information on molecules used in the study. 

Figure S2. Characterization of NPs. 

Figure S3. Time dependence of Tau4RD/polyU coacervates. Figure S4. Interaction 

of 3nm GNPs with Tau4RD 
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Figure S1. Molecules used in the study. A) Structure of dihydrolipoic acid (DHLA). B) Domain or-

ganization of TauFL and Tau4RD. N1 and N2 are N-terminal inserts, R1-R4 are pseudo-repeats. C) Dis-

tribution of charged residues along the polypeptide chains of the indicated proteins. Basic (acidic) res-

idues are coloured in red (blue). f+ is the fraction of positive charges and f- is the fraction of negative 

charges along the chain (pH 7). D) Structure of polyU repeating unit. E) Structure of heparin repeat-

ing unit. 

 

 

Figure S2. Characterization of NPs. Displayed data were obtained on usGNPs (A-C) and GNPs 

(D-F). A,D) Representative TEM images; scale bars are 20 nm. B) Visible light absorption spec-

trum (light red) and fluorescence emission spectrum (ex = 530 nm, max = 640 nm, red). E) Visi-

ble light absorption spectrum. C,F) Hydrodynamic diameter distribution plots as determined from 

dynamic light scattering; diameter distribution was essentially invariant in the 1-10 M range; 

continuous lines are the best-fit Log-Gaussian curves; the mean ± s.d. values are reported. 
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Figure S3. Time dependence of Tau4RD/polyU coacervates. Representative fluorescence micros-

copy images displaying condensates of Tau4RD/polyU in the absence (top) or presence (bottom) of 

usGNPs, captured at 10, 30, or 60 min from sample preparation. LLPS samples contained 25 M 

protein. Below the micrographs, size distribution plots of droplet diameters are displayed, as deter-

mined from n = 100-200 droplets. Log-normal best-fit curves are shown as black lines. Green: 

Alexa488-Tau4RD, red: usGNPs intrinsic emission. 
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Figure S4. Interaction of 3nm GNPs with Tau4RD. Representative fluorescence microscopy images 

showing the absence of condensates of Tau4RD in the presence of variable concentrations of 3 nm 

GNPs. Sparse irregularly shaped assemblies are visible for higher GNP concentrations. Samples 

contained 25 M protein. Green fluorophore: Alexa488-Tau4RD. 
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4 General conclusion 

Neurodegenerative diseases affect one in ten people over the age of 65, and 

these numbers are growing each year. In addition to the incidence of ND, from 

medical level, there are currently no effective curative drugs available to make re-

gress the disease, it is therefore necessary to gain better molecular mechanism that 

leads to the onset and progression of neurodegenerative diseases.  

In this doctoral project I focused my attention on different modulators of aggrega-

tion and condensation propensities of Tau protein. 

Ubiquitination is a post-translational modification essential in physiological condi-

tions for eukaryotic cells as it is responsible of the degradation of proteins. 97 

Besides being one of the most important PTM in normal conditions, it is also asso-

ciated with neurodegeneration, since several papers reported ubiquitinated Tau spe-

cies as part of the PHFs, as revealed from in vitro studies. 100,101,114 

In this thesis I exploited a new synthetic strategy to attach ubiquitin on Tau protein 

by a chemoselective sulfide coupling. We succeeded in the synthesis and we ob-

tained a pure product with a good yield. The structural characterization by circular 

dichroism showed that Tau353Ub retained the unfolded profile typical of Tau pro-

tein.  Afterwords, by following the aggregation propensity of the ubiquitinated Tau 

construct in comparison with Tau, a different behavior in the aggregation pathway 

was observed from both ThT assay and TEM images. In fact, it seems that 

Tau353Ub is able to form mature fibrils but less in number and with different mor-

phology if compared with Tau itself.  

Even for ADTau core the dehydroalanine reaction was successful, as demonstrated 

by MALDI-ToF mass spectra. Nevertheless, the reaction to obtain the ubiquitinated 

species should be further optimized to gain more interesting results. 

Nanomaterials are widely studied for potential application in life science. The chal-

lenge to design usGNPs that target biological molecules is to deeply characterize 

the interactions that occur between usGNPs and the substrate. Several papers well 

describe the interaction mechanism between GNPs and biomolecules, which leads 

to the formation of an inner sphere called ‘hard corona’ and an outer one named 
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‘soft corona’. However, the nature of the interactions of usGNPs with IDPs is still 

poorly investigated. 80,81 

In the present work, I optimized the synthesis of usGNPs in aqueous solution and 

measured their size through DLS experiment. usGNPs engage Tau protein forming 

stable multimolecular assemblies (Ka = ∼ 107 M–1), in contrast to what is reported 

in the literature about weak protein association to usGNPs. In addition, by NMR 

relaxation experiments it was possible to detect short-lived (τex = 1–10 ms) inter-

actions, likely corresponding to binding events on the exterior of usGNPs/Tau com-

plexes. The strong interaction between usGNPs and Tau protein is reflected in the 

aggregation assay, where a dramatically arrest in the fibrils formation, at a certain 

concentration of nanoparticles, is detected.  

These results, in combination with the non-cytotoxic activities in neuronal cells, 

could find application for aggregation studies both in vitro and in cellular models 

of neurodegeneration.  

The compartmentalization in living eukaryotic cells plays an import role for cell 

activities, like storage, RNA manipulation and controlling reactions. 115 

The findings of Tau condensation into liquid droplets in vivo and in vitro may arise 

questions about the initial steps of Tau aggregation into pathological amyloid fi-

brils. Here I investigated different conditions of LLPS formation in the presence 

and absence of usGNPs. The phase separation of Tau mediated by polyU, is retained 

in the presence of low particle concentration, and therefore usGNPs can be consid-

ered to act as coacervate clients. At high nanoparticle concentration, a possible 

competition between the two anionic molecules can occur, indeed the LLPS is abol-

ished.  

Although in principle similar to Tau/polyU condensation, heparin mediated LLPS 

exhibited different behavior because it promotes Tau conformational transition and 

assembly into highly ordered supramolecular filaments. In the presence of usGNPs, 

the net charge imbalance seems to perturb the LLPS formation, even at low nano-

particles concentration, but they are not able to arrest the fibrillization process. The 

same results achieved for the system Tau/polyU/usGNPs were obtained for other 

two systems, in particular in the case of α-synuclein/polyU and full-length 

Tau/polyU. In general, by fine tuning the concentration of usGNPs, it will be 
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possible in the future to shift the equilibrium between formation and dissolution of 

condensates. 

In the end, promising results raised from the aggregation studies in presence of cof-

fee extract and coffee components. Coffee is one of the most world-wide popular 

beverages and, thanks to its high content in polyphenols, which can cross the BBB,  

it is widely studied for its anti-oxidative and anti-aging properties.86,89 

Here I explored the modulation of Tau aggregation by an Italian espresso coffee 

blend and some derivatives compounds. The aggregation assay revealed that in 

presence of coffee, Tau retained its unfolded nature without forming fibrils, even if 

off-pathway round-shaped aggregates were observed. Looking at the single coffee 

components, caffeine and genistein drove Tau fibrillization towards short and frag-

mented fibrils with a mixed- α-helix conformation.  

The experiments performed using cellular models showed the ability of Tau aggre-

gates formed in the presence of coffee extract, to recover H4-cell viability and 

demonstrated their reduced ability to induce endogenous, intracellular Tau fibrilli-

zation in HEK-293 cells with respect to canonical Tau4RD fibrils. 

In summary, during my PhD project I investigated different strategies to shed light 

on Tau aggregation mechanism. All the results presented in this thesis converge to 

the idea that aberrant aggregation of amyloid protein Tau is driven by multiple fac-

tors and show how post-translational modification, bioactive molecules and nano-

materials can contribute to the design of new strategies to control odd proteins faith.  
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5 Experimental flow  

The expression of recombinant proteins is widely used in biochemical research to 

achieve a high amount of protein with easy experimental steps. Bacteria are the 

most common organisms used for protein expression. Among the large variety of 

bacteria hosts, E. coli is the simplest recombinant protein expression system due to 

its short time of replication. Indeed, there is ample knowledge about its genome and 

its manipulation to take up the DNA sequence of interest, achieved by transfor-

mation process. The presence of specific antibiotics (normally ampicillin, kanamy-

cin or chloramphenicol) can ensure the growth of only the positive colonies, with 

the exogenous inserted gene, while the rest are abated. Moreover, the cultures are 

not expensive since they are mainly composed of NaCl, tryptone and yeast extract. 

To get a good yield with high purity of the desired protein, a specific purification 

protocol must be optimized.  

SDS-Polyacrylamide Gel Electrophoresis  

The polyacrylamide gel electrophoresis is the most commonly used technique to 

separate protein mixtures with high resolution. Essentially, the electrophoresis sep-

arates proteins, or DNA, based on differences in mass, charge and folding. These 

three characteristics result in different behavior inside the gel matrix made by 

acrylamide polymer. To eliminate the charge and folding variables, sodium dodecyl 

sulphate (SDS), a surfactant, is used. SDS is capable of unfolding the proteins and 

imparting a negative charge to them. In this way the proteins loaded on the gel can 

migrate towards the anode with a different speed, depending on their mass. SDS-

PAGE provides preliminary information on the mass and purity of the proteins. For 

a more complete characterization we need to use other biophysical techniques.   

 

Matrix-Assisted Laser Desorption/Ionization spectroscopy 

MALDI is a soft ionization that involves a laser striking a matrix of molecules to 

vaporise the sample without fragmentation or decomposition. In this PhD thesis, I 

conducted several chemical and semisynthetic reactions to bind Tau and ubiquitin. 

The easiest method to assess the success of a reaction is to acquire a mass spectrum 
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and to compare the calculated mass values with the experimental ones. The only 

precaution is to dialyse the protein in an aqueous solution, as the presence of salt 

can generate adducts that can affect the mass values determined by mass spectrom-

etry analysis.  

 

Circular Dichroism spectroscopy 

The amino acid sequence of proteins is built up of chiral subunits, that give chirality 

to the entire structure. When a protein is irradiated by circularly-polarised light in 

the near-infrared (NIR) or far-ultraviolet (far-UV) wavelength ranges, the amide 

and carbonyl groups of the polypeptide backbones, undergo to n→π* and π→π* 

transitions, centred at 210 and 190 nm respectively . The differential absorption of 

left- and right-circularly polarised light by such chromophores, is strictly dependent 

on the protein secondary structure. Indeed, specific profiles are associated with  α-

helix, β-sheet, or random coil structures.  

Since Tau is an intrinsically disordered protein, its CD spectrum is represented by 

a random coil profile. However, when it interacts with other molecules, such as 

nanoparticles (NPs) or natural compounds, variation in the secondary structure can 

occur, making CD spectroscopy the best way to monitor these variations. The con-

centration typically used is around 6 µM to avoid the detector overflow. Moreover, 

a phosphate buffer at physiological pH, is used since the pH can affect the structure 

variations.  

 

Isothermal Titration Calorimetry assay 

ITC is a powerful technique for determining thermodynamic information of biolog-

ical processes. Several parameters can be extracted by ITC titration; the number of 

binding sites, directly related to the stoichiometry of the reaction, the affinity be-

tween the ligand and the substrate, described by the Gibbs free energy (or Ka) and 

the variation of enthalpy (ΔH) and entropy (ΔS).  

The ITC instrument operates according to the power compensation principle, 

whereby it calculates the power necessary to maintain the temperature of the system 

constant, with respect to a reference cell. Each injection of the syringe solution 

(containing the ligand L) leads to the formation of a complex with the substrate M, 
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through an endo or exothermic reaction. The fitting of the resulting titration curves 

provides all the thermodynamic information. In our case, it was possible to deter-

mine the strong affinity between Tau and usGNPs, under different ionic strength 

conditions.  

 

ThT assay 

Thioflavin-T (ThT) is a benzothiazole dye commonly used to monitor fibrillation 

kinetics of amyloidogenic proteins. When ThT is free in an aqueous environment, 

it exhibits weak fluorescence, while upon binding to β-sheet structures, a fluores-

cence enhancement is detectable with excitation and emission maxima at 440 and 

490 nm respectively. 

In vitro, fibrils formation of tau protein is typically triggered by the polyanion called 

heparin, which is normally used in a molar ratio of 1:1 or 1:4 with the protein, while 

the ThT should be used in a large excess compared to the protein concentration.  

Although the ThT assay is largely used for aggregation studies, in crowded envi-

ronments, it may be hindered from binding to β-sheet structures due to competitor 

molecules. For this reason the ThT fluorescence assay is complemented with anal-

ysis of images of the fibrils acquired using transmission electron microscopy 

(TEM).  

 

Transmission electron microscopy  

TEM is a technique that can lead to detailed images of samples, since it can achieve 

high resolution until 20 nm. TEM images are formed by the interaction of an elec-

tron beam with the matter. The biological media are usually stained by a negative 

staining like uranyl acetate that interacts with the electrons beam.  

In this PhD thesis, TEM was used to visualize the morphology of Tau fibrils, and 

morphological analysis were conducted by measuring the narrow width, large width 

and cross over length of fibrils. 

Additionally, TEM was used to confirm the usGNPs size. In this case, since the 

nanoparticles have a metal core, the staining is not mandatory. 
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Dynamic light scattering  

(Dynamic light scattering) DLS is used to measure the average size of molecules in 

solution. This technique is based on the light scattering mediated by the sample, 

after irradiation with a light source. The scattered light is then converted in size 

values using the Stoke-Einstein equation. In our case, the metal core of the nano-

particles make them excellent candidates for this measurement.  

In the case of usGNPs, DLS measurements present a limitation due to the size of 

the nanoparticles which is close to the detection limit of the instrument, therefore, 

many sample replicates must be averaged to get the correct information.  

 

Nuclear Magnetic Resonance 

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique used in 

biological studies to elucidate the structure, dynamics, and interactions at atomic 

level. 

The determination of protein three-dimensional structure is possible by labelling 

the proteins with 13C and 15N nuclei, given the low natural abundant of these iso-

topes. Once the 1H-15N HSQC spectrum with the assignment of the amino acid se-

quence is obtained, it is possible to investigate protein-protein, protein-ligand, and 

protein-nucleic acid interactions, by observing changes in NMR signals. The two 

variables usually detected are the intensity variation, strictly linked to alterations in 

relaxation time that influence the peak width, and chemical shift perturbation which 

reflects differences in chemical environment. Thus, it is possible to map binding 

interfaces and characterize the binding kinetics and thermodynamics. 

NMR can also probe protein dynamics, providing information about motions rang-

ing from picoseconds to milliseconds. This information is crucial for understanding 

protein function, as proteins are not static structures but rather undergo conforma-

tional changes essential for their biological activity.  

Concerning Tau-NP interaction a strong affinity was observed, therefore R2 meas-

urements and the analysis of the different relaxation times were employed to de-

scribe the nature and the amino acids involved in the interaction.  



 
169 

 

Moreover, ligand based experiments as the STD and Water-LOGSY, can be used 

to characterize interactions between small molecules and proteins. Both types of 

experiments are based on intermolecular NOEs to the transiently bound ligand 1H. 

In this thesis work these experiments were employed to identify molecules of a 

coffee extract able to interact with preformed fibrils.  

Overall, NMR spectroscopy is a versatile and indispensable tool in the study of 

biomolecules, providing valuable insights into the structure, dynamics, and interac-

tions of proteins. 
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