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Abstract 

In recent years, intrinsically disordered proteins (IDPs) have attracted the interest of researchers due to their 

prominent role in the onset and progression of several neurodegenerative diseases. IDPs are proteins lacking 

secondary and tertiary structure, which regulate fundamental mechanisms within the cell, however their 

disordered character is often associated with abnormal behavior and disease. 

-hsynuclein and Tau are two IDPs that became infamous due to their deposition in the form of insoluble 

aggregates in Lewy bodies (LBs) and in Neurofibrillary tangles (NFTs) in the brain of patients affected by 

tŀǊƪƛƴǎƻƴΩǎ ŀƴŘ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜǎΣ respectively. The latter are the most common among a larger group of 

devastating disorders in which irreversible aggregation of those proteins takes place. The aggregated, fibrillar 

state of the proteins is thought to form via a nucleation-growth mechanism, based on vitro investigations. In 

fact, monitoring the aggregation kinetics of aggregation-prone proteoforms can provide useful insights into 

the determinants of aberrant conformational transitions. 

The possibility to change the aggregation kinetics and redirect aggregation pathways is under intense scrutiny 

in the scientific community in a bid to identify disease-modifying agents, which are currently unavailable for 

any neurodegenerative disorder. 

 

In this work, we strived to explore the effects of diverse cofactors and chemical agents on the aggregation of 

-hsynuclein and Tau. Specifically, we focused on i) lipids, ii) coffee and coffee derivatives, and iii) 

nanoparticles (NPs). 

The human brain is enriched in lipids and particularly fatty acids (FAs). Dysregulated lipid homeostasis leads 

to neurological disorders like AD and PD. Abnormal levels of long-chain polyunsaturated fatty acids (LC-

PUFAs) correlate with enhanced protein aggregation in general and in particular with Tau protein 

aggregation. Indeed, there is the evidence of association between NFTs and lipids. For these reasons, we 

investigated the conformational changes of Tau4RD in the presence of arachidonic acid and cis-9-octadecenoic 

acid (chapter 4.1.1). 

The potentiality of natural compounds is having a great impact on drugs and treatments discovery; indeed, 

their availability and biocompatibility make them widely studied. Many studies about coffee and coffee 

derived phenolic compounds have proven their role in neuroprotection against oxidative-stress and neuro-

inflammation thanks to their ability to cross the Blood Brain Barrier. Some of these molecules, such as 

phenylindanes, clorogenic acid, and other flavonoids have the ability to inhibit Tau aggregation. Starting from 

these notions, we investigated the influence of an Italian espresso coffee mixture and of trigonelline, 

theobromine, genistein, and caffeine on Tau4RD aggregation (chapter 4.1.2). 

NPs gained a prominent role in medicine and biotechnology thanks to the wide range of possible applications, 

their emerging properties, and tunable surface chemistry. Most proteins will interact with the surface of NPs: 
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indeed, when NPs are immersed in a biological fluid, ŀ ƭŀȅŜǊ ƻŦ ǘƛƎƘǘƭȅ ōƻǳƴŘ ǇǊƻǘŜƛƴǎ ŎŀƭƭŜŘ άIŀǊŘ ŎƻǊƻƴŀέ 

and an outer layer of weakly associated proteins called ά{ƻŦǘ ŎƻǊƻƴŀέ are formed. Here, we used silica 

ƴŀƴƻǇŀǊǘƛŎƭŜǎ ό{btǎύ ǎȅƴǘƘŜǘƛȊŜŘ ǿƛǘƘ {ǘǀōŜǊ ƳŜǘƘƻŘƻƭƻƎȅ ǘƻ ǎǘǳŘȅ ʰ-synuclein and Ox- -hsynuclein 

aggregation modulation (chapter 4.1.3). 

 

Tau protein, like most IDPs, is subjected to several post-translational modifications (PTMs) such as 

phosphorylation, acetylation, ubiquitination, and others. Abnormal PTMs result in changes in protein 

conformation, localization, and function. Phosphorylation is widely studied because Tau is found to be 

hyperphosphorylated in NFTs. Ubiquitination is also gaining interest because an impairment in the Ubiquitin-

Proteasome system (UPS) contributes to the pathogenesis of AD and other neurodegenerative disorders. 

Ubiquitin (Ub) is linked to substrate proteins through a mechanism mediated by an enzymatic cascade. 

Moreover, ubiquitin can be attached to another ubiquitin moiety forming a poly-ubiquitin chain.  Depending 

on the type of modification, ubiquitinated proteins are degraded or regulated. Modification of substrate 

residues by ubiquitin can affect conformational behavior and interactions (chapters 4.2.1 and 4.2.2). 

Ubiquitination is a reversible process, and several deubiquitinating (DUB) enzymes act to remove ubiquitin 

molecules from a ubiquitinated substrate. This mechanism allows a further regulation of protein degradation 

and ubiquitin recycling. Among DUBs, otubain1 (OTUB1) specifically deubiquitinates tau protein and in this 

work, we aimed at clarifying the Tau-OTUB1 interaction (chapter 4.2.3). 

Tau destined for degradation is targeted to the proteasome by the shuttle protein Ubiquilin2 (UBQLN2). 

There is evidence of colocalization of UBQLN2 and Tau in human cells but the direct interaction between 

these two proteins remains unclear. Both UBQLN2 and Tau undergo liquid-liquid phase separation (LLPS) in 

vivo and in vitro. LLPS is a phenomenon caused by demixing of a protein solution in two phases: a dilute and 

a dense phase. The dense phase, in which the protein concentration is higher, appears in the form of liquid 

droplets observable with microscopy. It is observed that UBQLN2 condenses in membrane-less organelles 

called stress-granules (SGs) when the cell is subjected to stressful conditions. SGs usually contain RNA-binding 

proteins with intrinsically disordered regions (IDRs). Interestingly, it was shown that Tau undergoes LLPS in 

the presence of polyanionic RNA in vivo and without cofactors in vitro conditions too. Tau condensation might 

represent the initial step of its fibrillar aggregation, due to the high concentration characteristic of the 

condensed state. In this work, we started to investigate the Tau-UBQLN2 interaction and the ability of these 

two proteins to reciprocally influence their LLPS behavior (chapter 4.2.4).  
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1. Introduction 
 

1.1. Intrinsically disordered proteins (IDPs) 

Traditionally, the structure of a protein is thought to define its function, a concept known as structure-

function paradigm. Based on this knowledge, the function of a protein can be inferred from its sequence and 

structure1,2. 

Intrinsically disordered proteins (IDPs) are polypeptide chains that lack secondary and tertiary structures and 

were considered passive proteins without specific function. Nowadays, it is widely established that these 

proteins take part in several cellular processes as complex regulatory, recognition and signaling 

phenomena3,4. Their capacity to play a role in different events arises from the binding with several partners 

giving rise high-specificity/low-affinity interactions5 and the ability of disorder to order transition when bind 

their cellular partner6. IDPs and IDRs (intrinsically disordered regions) are prevalent in eukaryotic genome 

and despite well-structured ones, these proteins are rich in polar and charged amino acids, the so-called 

disorder promoting residues (proline, glycine, glutamine, lysine, aspartate, arginine, histidine and threonine), 

and depleted in order promoting residues such as aromatic and hydrophobic ones, this particular 

composition makes sure that no hydrophobic core (typical of folded globular proteins) is present and the 

amino acids are exposed in the polar cellular environment7,8. Short tandem repeats are present in IDPs and 

IDRs and they are mostly subjected to post translational modifications (PTMs)7, these regions are usually 

essential for the binding with interacting partners9,10.  

Proteins naturally undergo PTMs, although aberrant modifications affect their stability, function, and 

capability of binding with their partners and their cellular localization. These non-physiological events take 

more relevance when influence the behavior of regulation and signaling proteins, as are many IDPs11ς13.  

 

1.2. IDPs in neurodegenerative disorders 
 
Playing numbers of fundamental roles in different biological processes, IDPs are often involved in human 

pathologies. When these proteins are dysregulated, not properly expressed, or modified, they undertake 

unwanted or incorrect interactions with usual or new partners causing signalling pathways imbalances14 that 

are associated with neurodegeneration, amyloidosis, diabetes, cardiovascular diseases, genetic diseases and 

cancer15ς19. Among these pathologies, neurodegenerative diseases, one of the most common conditions 

affecting elderly population, are considered a threat for human life and a serious socio-economical issue and 

according with recent studies, more than 130 million people will be affected by 205020. 

wŜǎŜŀǊŎƘŜǊǎ ŎƻƴŎǳǊ ǘƘŀǘ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜΣ tŀǊƪƛƴǎƻƴΩs disease (the most represented) and others 

pathologies share the aggregation and deposition of misfolded proteins that cause specific initial symptoms 

but inevitably lead to neuronal cell loss in different brain areas21 due to the accumulation of fibrillary 
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aggregates and amyloidogenic plaques. Nowadays, advances in understanding the molecular events and the 

evolution of these pathologies have been made but the mechanisms that lead to progressive neuronal 

dysfunction and death are still not fully clarified22. 

Here a table of the most relevant neurodegenerative disorders and the proteins involved in their onset and 

course are reported (table 1).  

Disease Lesion Location Aggregated protein 

!ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ 

Amyloid plaques Extracellular Amyloid-ʲ ό!ʲύ 

Neurofibrillary tangles 
(NFTs) 

Intracytoplasmic 
(neurons) 

Tau 

Lewy bodies 
Intracytoplasmic 

(neurons) 
-hsynuclein 

Amyotrophic lateral 
sclerosis 

Hyaline inclusions 

Intracytoplasmic 
(neurons, 

oligodendroglia and 
astrocytes) 

Tau 

Dementia with Lewy 
bodies 

Lewy bodies 
Intracytoplasmic 

(neurons) 
-hsynuclein 

Huntington disease Neuronal inclusion Intranuclear (neurons) Huntingtin 

Multiple system atrophy Glia cytoplasmic 
Intracytoplasmic 
(oligodendroglia) 

-hsynuclein 

tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ Lewy bodies 
Intracytoplasmic 

(neurons) 
-hsynuclein 

tƛŎƪΩǎ ŘƛǎŜŀǎŜ Pick bodies 
Intracytoplasmic 

(neurons) 
Tau 

Prion disease Prion plaques Extracellular 
Protease-resistant prion 

protein (PrP) 

Table 1: Principal neurodegenerative diseases inclusions21 

 
The following sections describe PD and AD with their seeding IDPs albeit colocalization and interaction of 

different proteins in neuronal lesions occur. 

 

1.2.1. h -synuclein and tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ 

-hsynuclein is an abundant brain protein of 140 residues, lacking both cysteine and tryptophan residues, 

encoded by SNCA gene. Its molecular weight is 14.46 kDa and it is highly concentrated at presynaptic 

terminals and found in both soluble and membrane-associated fractions of the brain. Several possible 

functions have been suggested, including synaptic vesicle release and trafficking, fatty acid binding and 

physiological regulation of certain enzymes, transporters, and neurotransmitter vesicles, as well as roles in 

neuronal survival23. -hsynuclein was shown to physically interact with at least 50 ligands including > 30 

proteins24.  
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Figure 1. Schematic representation of h-synuclein domain composition25. 

 

!ǘ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜ ƭŜǾŜƭΣ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ʰ-synuclein can be divided into three regions: residues 1ς60, 

which contain four 11-amino acid imperfect repeats (coding for amphipathic helices) with a conserved motif 

(KTKEGV); residues 61ς95, which contain the highly amyloidogenic non-amyloid-beta component (NAC) 

region and two additional repeats; and the highly charged C-terminal region, residues 96ς140 (fig. 1). The 

first two regions comprise a lipid-binding domain, whereas the C-terminal tail is thought to be a protein-

protein interaction motif. The structure and solubility of this protein are practically unaffected by boiling, pH, 

salt, and chemical denaturants and was independent of protein concentration26. The abnormal expression, 

regulation, and modification of h-sȅƴǳŎƭŜƛƴ ŎŀǳǎŜ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ όt5ύ ƛƴ ƘǳƳŀƴΦ 

PD is the most common aging-related movement disorder and the second most common neurodegenerative 

disorder after AD, it is a slowly progressive pathology that affects the neurons in the substantia nigra, a small 

area of cells in the midbrain. Gradual degeneration of these cells causes a decrement in the dopamine 

content. This, in turn, can produce one or more of the classic signs of PD: resting tremor on one (or both) 

side(s) of the body, generalized slowness of movement or difficulty initiating movement 

(bradykinesia/akinesia), stiffness of limbs (rigidity) and gait or balance problems (postural instability). The 

substantia nigra consists of ~400,000 nerve cells, which begin to pigment after birth and are fully pigmented 

at age 18. The symptoms of PD become apparent after more than ~70% of the dopaminergic neurons die. 

The detailed mechanism and why the loss of the nerve cells is accelerated were not fully clarified but this 

acceleration seems to be determined by a combination of genetic susceptibility and environmental factors. 

Around 10 million people have the condition worldwide and the probability of sporadic PD development 

increases with aging with an onset of 65-70 years of average age, with only a small percentage of patients 

diagnosed before the age of 5027. Approximately 1% of the population at 65ς70 years of age is affected by 

PD, whereas the number of PD patients increases to 4ς5% in 85-year-olds28 and sporadic (or idiopathic) forms 

account for about 95% of PD patients. In addition to the sporadic form, there are multiple familial forms of 

the disease linked to mutations in several genes and these hereditary forms account for ~4% of PD patients, 

who develop early-onset disease before the age of 5029. Autosomal dominant early-onset PD is present in a 

small number of kindred as a result of three different missense mutations in the SNCA gene, corresponding 
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ǘƻ !олtΣ 9псYΣ ŀƴŘ !ро¢ ǎǳōǎǘƛǘǳǘƛƻƴǎ ƛƴ ǘƘŜ ʰ-synuclein protein sequence, or as a result of the hyper-

ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǿƛƭŘ ǘȅǇŜ ʰ-synuclein due to the gene duplication/triplication.  

 

Figure 2Φ ¢ƘŜ ƘŀƭƭƳŀǊƪǎ ŦƛƭŀƳŜƴǘƻǳǎ ƛƴŎƭǳǎƛƻƴ ƻŦ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜΦ !Ǌrow: Lewy bodies; arrowhead: Lewy neurites. Scale bar is 50 
µm30. 

 

The hallmarks filamentous inclusions are Lewy bodies (LBs) and Lewy neurites (LNs) containing aggregated 

-hsynuclein (fig. 2) which are mainly found in the substantia nigra but also in other brain regions, such as the 

dorsal motor nucleus of the vagus, the nucleus basalis of Meynert, and the locus coeruleus31. Structurally, 

typical LBs appear as intracytoplasmic inclusions, 5ςнр ˃Ƴ ƛƴ ŘƛŀƳŜǘŜǊ ǿƛǘƘ ŀ ŘŜƴǎŜ ŜƻǎƛƴƻǇƘƛƭƛŎ ŎƻǊŜ ŀƴŘ 

clearer surrounding halo. Ultra-structurally, they are composed of a dense core of filamentous and granular 

material surrounded by radially oriented filaments32. -hsynuclein is abnormally phosphorylated, 

ubiquitinated, and nitrated in pathology-related inclusions33. 

-hsynuclein is involved not only in pathogenesis of PD but is also commonly associated with a diverse group 

of neurodegenerative diseases, known as synucleinopathies which share common pathologic inclusions 

ŎƻƳǇƻǎŜŘ ƻŦ ŀƎƎǊŜƎŀǘŜŘ ʰ-synuclein34, dementia with LBs (DLB) is one of these. 

Finally, formation of h -synuclein prefibrillar oligomers, so called protofibrils, may induce neurotoxicity 35.  

 

1.2.2. Tau protein and !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ 
 
Tau belongs to the Microtubule-associated proteins (MAPs) family, a group of proteins that regulate the 

assembly/disassembly and the stability of microtubules which are the key components of the cytoskeleton 

in eukaryotic cells, a dense network involved in cellular division and intracellular trafficking; therefore, their 

maintenance is essential for the regular neuronal functions36,37. 

Tau is a neuronal protein, mainly expressed in the neuronal axons, encoded by the microtubule associated 

protein Tau (MAPT) gene38. Six Tau isoform are expressed in the brain due to an alternative splicing 

mechanism, full-length Tau (hereafter reported as Tau441 or Tau) is a 441 residues and about 46 kDa protein 

and comprises an N-terminal acidic portion, a proline rich region and a C-terminal basic tail39ς41 (fig.3). The 

Projection Domain (1-243 residues) comprises the N-terminal and the Proline-rich domain (PRD) and 

protrudes from the microtubule surface and interacts with other cytoskeletal components or avoids 

microtubules from the binding with destabilizing elements42. The C-terminal is known as microtubule binding 
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domain (MTBD) or region (MTBR) (244-369 residues) and comprises four - repeat domain R1-R4, highly 

conserved 18-residues segments that are imperfectly repeated and separated by flanking regions43,44, 

required to bind and stabilize microtubules. Two hexapeptides motifs are located in this region and play a 

crucial role in microtubule polymerization as well as in pathological conditions driving abnormal self-

assembly of Tau45. 

 

Figure 3. Schematic representation of Full-length Tau protein46. 

 

Tau mis-regulation and self-assembly give rise to AD which is the most common neurodegenerative disorder 

and is clinically defined by a progressive loss of cognitive functions, resulting in severe dementia47. More than 

95 % of AD cases are late onset with the greatest risk factor being the advanced age, other risk factors include 

the apolipoprotein e4 allele48, cardiovascular disease risk factors49, inflammation50 and traumatic brain injury. 

Memory, visual-spatial, sensorimotor, language, behavioral, and executive faculties are interested by the 

pathology course. The typical late-life onset phenotype, referred to as typical AD dementia, begins with a 

memory-encoding deficit, before slowly involving the other cognitive faculties51. However, it has become 

evident that changes in the brain may begin 20 or more years before cognitive symptoms appear and these 

involve loss of synaptic contacts and changes in neuronal morphology52 leading to a dramatic shrinkage of 

the brain of affected patients due to extensive cell loss. 

 

 

Figure 4. Amyloid plaques (pink) and neurofibrillary tangles (black) in AD patient brain53. 

 

From a histopathological point of view, AD is characterized by the presence of extracellular amyloid plaques 

ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ŀƎƎǊŜƎŀǘŜŘ ŀƳȅƭƻƛŘ ǇǊŜŎǳǊǎƻǊ ǇǊƻǘŜƛƴ ό!ttύ ǇŜǇǘƛŘŜ ŦǊŀƎƳŜƴǘ !ʲ ŀƴŘ ƛƴǘǊŀŎŜƭƭǳƭŀǊ 
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neurofibrillary tangles (NFTs) composed of hyper-phosphorylated Tau protein in paired helical or straight 

filaments (PHFs, SFs)54 (fig. 4).  

!ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŀƳȅƭƻƛŘ ŎŀǎŎŀŘŜ ƘȅǇƻǘƘŜǎƛǎΣ ƛƴŎǊŜŀǎŜŘ ǇǊƻŘǳŎǘƛƻƴ ŀƴŘ ŀƎƎǊŜƎŀǘƛƻƴ ƻŦ !ʲ ƭŜŀŘ ǘƻ ǘƘŜ 

accumulation of toxic species of this peptide, which further causes brain pathology and dementia; this 

hypothesis assumes ǘƘŀǘ ¢ŀǳ ǇŀǘƘƻƭƻƎȅ ƛƴ !5 ƛǎ ŀ ǊŜǎǳƭǘ ƻŦ !ʲ ŀƎƎǊŜƎŀǘƛƻƴΦ ¢ƘŜ ǇǊƛƴŎƛǇŀƭ ǊƻƭŜ ƻŦ !ʲ ƛƴ !5 ƛǎ 

particularly clear in the case of familial form of Alzheimer's disease (FAD) where autosomal dominant 

mutations in one of three genes: PS1 (presenilin 1), PS2 (presenilin 2), or APP are sufficient to cause 

symptoms of the disease55. Importantly, some changes in MAPT expression or alternative splicing have also 

been suggested to be associated with the risk for AD. However, currently there is no described mutation in 

MAPT involved in AD. It is unclear whether, or to what extent, Tau pathology in AD might be independent of 

!ʲ ŀƎƎǊŜƎŀǘƛƻƴ but it is accepted that AD pathology is inseparably linked to neuronal death mediated by Tau 

ƻƭƛƎƻƳŜǊƛȊŀǘƛƻƴκŀƎƎǊŜƎŀǘƛƻƴΦ /ƭŜŀǊƭȅΣ ¢ŀǳ ƛǎ ŜǎǎŜƴǘƛŀƭ ŦƻǊ ǘƻȄƛŎ ŜŦŦŜŎǘǎ ƻŦ !ʲ ǎƛƴŎŜ ¢ŀǳπŘŜǇƭŜǘŜŘ ƘƛǇǇƻŎŀƳǇŀƭ 

ƴŜǳǊƻƴǎ ŀǊŜ ƴƻǘ ǇǊƻƴŜ ǘƻ ƴŜǳǊƻŘŜƎŜƴŜǊŀǘƛƻƴ ǳǇƻƴ ǘǊŜŀǘƳŜƴǘ ǿƛǘƘ !ʲ ŀƳȅƭƻƛŘ ŀƎƎǊŜƎŀǘŜǎ56. There seems to 

ōŜ ŀƴ ƛƴǘŜǊǇƭŀȅ ōŜǘǿŜŜƴ ¢ŀǳ ŀƴŘ !ʲ ŀƎƎǊŜƎŀǘƛƻƴ ōƻǘƘ in vitro and in vivoΦ CƻǊ ŜȄŀƳǇƭŜΣ !ʲ ǇŀǘƘƻƭƻƎȅ Ƴŀȅ 

facilitate Tau pathology in a mouse model of AD by accelerating Tau fibrillization and leading to reduction of 

density of dendritic spines and cognitive impairment57. 

 

1.3. Post-translational modification of Tau 

Tau is subjected to a several post-translational modifications (PTMs): phosphorylation, acetylation, 

ubiquitination, glycation, nitration, oxidation, sumoylation, methylation, O-GlcNAcylation, and truncation 

which result in altered conformation, function, and localization of the protein in the neurons58. 

Hyperphosphorylation has been thought for a long time to be the determining step of tau aggregation; 

recently the hypothesis that a complex network between different PTMs drives Tau fibrillization gained 

relevance59. 

 

Phosphorylation 

Tau protein is found to be hyperphosphorylated in NFTs in AD patients, this PTM evolves in reduced affinity 

to microtubules, microtubule destabilization and Tau self-aggregation. 85 Tau residues suitable for 

phosphorylation exist (45 Ser residues, 35 Thr residues, and 5 Tyr residues) and they are largely detected in 

PRD60 (fig. 8).  
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Figure 8. Phosphorylation sites in human Tau58 

 

A regular phosphorylation contemplates 2-3 phosphates per molecule, hyperphosphorylation occurs when 

7-8 phosphates are attached at specific residues61,62 and it is a consequence of decreased activity of several 

Tau correlated phosphatase63. 

Moreover, phosphorylation in the MBDs positively regulates acetylation and auto-acetylation of Tau64 and 

negatively regulates Tau ubiquitination preventing the binding with ubiquitin ligase C-terminus of Hsc70 

interacting protein (CHIP) elevating the levels of free and pro-aggregating protein65.  

 

Acetylation 

Acetylation involved 44 Lys residues and occurs mainly in PRD and MBD of Tau (fig. 9), the neutralization of 

the positive charges of Lys is reflected in the detachment of Tau from microtubules in pathological 

conditions66. Remarkably, Tau can have an auto-acetyltransferase activity able to acetylate its Lys employing 

MTBD as catalytic site. 

 

Figure 9. Acetylation sites of human Tau protein58. 

 

Lys are interested by both acetylation and ubiquitination and acetylated Lys cannot be ubiquitinated leading 

to a dysfunction of UPS67. 

 

1.4. The ubiquitin code 

¦t{ ƛǎ ŀƴ άƛƴǘǊƛŎŀǘŜ ƻǊŎƘŜǎǘǊŀέ ŎƻƻǊŘƛƴŀǘŜŘ ŦƻǊ ǘƘŜ ƳŀƛƴǘŜƴŀƴŎŜ ƻŦ ǇǊƻǘŜƛƴǎ ŀƴŘ ŎŜƭƭ ƘƻƳŜƻǎǘŀǎƛǎ: when 

ubiquitin (76 aa) is covalently bound to a target protein it decides the fate of that protein. 

!ƴ ƛǎƻǇŜǇǘƛŘŜ ƭƛƴƪŀƎŜ ƛǎ ŦƻǊƳŜŘ ōŜǘǿŜŜƴ ǘƘŜ ŎŀǊōƻȄȅ ǘŜǊƳƛƴŀƭ ƎƭȅŎƛƴŜ ƻŦ ǳōƛǉǳƛǘƛƴ ŀƴŘ ǘƘŜ ʶ-amino group of 

lysine in the target protein or of another ubiquitin molecule forming a polyubiquitin chain. Polyubiquitination 

mediated by Lys-48 and Lys-29 of ubiquitin is translated to signal for proteasome degradation, while 
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polyubiquitination at Lys-63 activates DNA repair, transcription factor, and protein regulation mechanism68.  

Mono-ubiquitination, instead, is requested for other processes including endocytosis, histone regulation, and 

virus budding69. 

 

 

Figure 10. Representation of ubiquitination process and targeting for degradation. Ubiquitin is conjugated to a protein substrate with 
a series of enzymatic steps involving the enzymes: E1, E2, and E3 

 
What it leads to ubiquitination of a protein is a well synchronized mechanism with three main characters: an 

activating enzyme E1, a carrier enzyme E2, and a ubiquitin ligase E3. In human genome, few genes encode 

for E1, tens of genes encode for E2, and hundreds of genes encode for E3. E2 and E3 have high specificity for 

targeting a particular substrate and contribute to the selectivity of the UPS. E1 activates a molecule of 

ubiquitin in the presence of ATP forming a ubiquitin-E1 thiol ester, with another thiol ester linkage ubiquitin 

is transferred to E2 which further carries activated ubiquitin between E1 and E370. Subsequently, E3 binds 

the E2-Ub thiol ester and catalyzes the transfer of ubiquitin moiety from the active site cysteine of E2 to the 

substrate Lys71 (fig. 10). 

 

 

1.4.1. Ubiquitination of Tau 

Increment and dysregulation of Tau ubiquitination leads to UPS impairment72,73 that contributes to neuronal 

cell loss in the brain of AD patients. The decreased activity of proteasome results impeded from the 

impossibility to process filamentous forms of Tau, moreover, ubiquitin and various proteasome subunits are 

found to be colocalized with NFTs74, hence UPS is strictly connected to Tau aggregation and 

neurodegeneration in AD brain patients75,76. 

From MS and immunological studies different types of Tau ubiquitination mediated by different linkages 

were revealed: Lys48-, Lys6-, Lys11-, and Lys63-linked polyubiquitin chains77,78. Tau can be mono- or poly-

ubiquitinated and the principal Tau ubiquitination sites in MBDs are Lys254, Lys311 and Lys353 and they may 

first weaken microtubule affinity (fig. 11). Notably, Lys311 belongs to one of the Tau hexapeptide motifs 

(VQIVYK) located in R3 repeat, proposed to be the core nucleation site for the formation of amyloid fibrils. 
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Figure 11. Ubiquitination sites of human tau protein.58 

 

Enzyme-based reaction, exploiting recombinant E1 enzyme and a carboxy terminus of Hsp70-interacting 

protein (CHIP), an E3 ligase in a complex with UBcH5B (E2 enzyme) which are specific for Tau 

ubiquitination79,80, has been implemented in vitro in order to obtain several ubiquitinated proteins for further 

physical and conformational characterizations81 albeit the derived product is not site specifically 

ubiquitinated. Therefore, lately, a site-directed semi-synthetic chemical approaches was achieved82. 

 

1.4.2. OTUB1 

Ubiquitination is a reversible process, indeed, de-ubiquitinating enzymes (DUBs) can disassemble poly-Ub 

chains or cleave Ub (or poly-Ub) from conjugated proteins, as well as non-protein adducts. De-ubiquitination 

plays important roles in regulating Ub-dependent pathways including processing of Ub precursors, editing of 

poly-Ub chains, release of proteins from (poly)Ub conjugates, and recycling of Ub83ς85. Six classes of 

deubiquitinating enzymes have been identified, among them there is otubain1 (OTUB1).  OTUB1 is a 31.28 

kDa protein and in addition to a ubiquitin-binding at the Cys-91 active site, has a proximal ubiquitin-binding 

at Cys-23 and occupancy of the active site is needed to enable tight binding to the second site. Distinct binding 

sites for ubiquitin may allow to discriminate among different isopeptide linkages (e.g. 'Lys-48'-, 'Lys-63'-linked 

poly-ubiquitin) in poly-ubiquitin substrates and achieve linkage-specific de-ubiquitination. A work published 

in 2009 found that OTUB1 cleaves only K48 linkages, can disassemble K48-linked chains that are conjugated 

to substrate proteins, and can remove both proximal and distal ubiquitin molecules from an unattached poly-

Ub chain86,87. 

Focusing on Tau de-ubiquitination, OTUB1 was identified as a Tau-deubiquitinating enzyme, indeed was 

found to directly affect Lys48-linked Tau de-ubiquitination and impair Tau degradation and as a consequence 

it strongly increases AT8-positive Tau and oligomeric Tau forms and increased Tau-seeded and Tau 

aggregation in primary neurons88, moreover, OTUB1 overexpression demonstrated a significant increment in 

Tau aggregation. Furthermore, endogenous OTUB1 knock out using two siRNAs, significantly inhibited Tau 

aggregation, with the level of inhibition correlating with the level of knockdown efficiency and immuno-

cytological analysis with AT8 antibody against phosphorylated Tau (Ser202/Thr205) demonstrated that 

OTUB1 expression drastically increased phospho-Tau (p-Tau Ser202/Thr205) in primary neurons compared 

with green fluorescent protein (GFP) expression.  
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1.4.3. UBQLN2 and ALS 

Ubiquilin2 (UBQLN2) is 624 amino acids and 66 kDa protein and it is a member of the ubiquilins (UBQLNs) 

family. UBQLNs are considered shuttle proteins, indeed they interact with ubiquitinated proteins and present 

them to the 26S subunit of proteasome89.  

UBQLN2 has been recently identified as the UBQLN that regulate Tau toxicity90. UBQLN2 structure comprises 

a ubiquitin-like domain (UBL) on the N-terminus involved in the interaction with proteasome, a ubiquitin-

associated domain (UBA) on the C-terminus that binds ubiquitin and polyubiquitin chains on the tagged 

protein91, four stress-induced protein 1-like domains (STI-1) which take part in the interaction with heat-

shock proteins and a proline-rich (Pxx) domain composed by 12 tandem repeats belongs only to UBQLN2 and 

is implicated in protein-protein interaction92,93.  

 
 

 
Figure 12. Schematic representation of full-length UBQLN2. A) Characteristic domains, corresponding B) 3D structure and C) domains 
confidence score predicted by AlphaFold. AlphaFold produces a per-residue confidence score (pLDDT) between 0 and 100. Some 
regions with low pLDDT may be unstructured in isolation. Adapted image, AlphaFold code: AF-Q9UHD9-F1. 

 

¦.v[bн ƛǎ ŎƻƳǇƻǎŜŘ ōȅ ŀƴ ʰ-helix of 3.5 Turns, an additional 310-ƘŜƭƛȄ ŀƴŘ ŦƛǾŜ ʲ-strands and IDRs are 

present in the protein structure. Under physiological conditions it is a cytoplasmic protein mainly expressed 

in the brain, spleen, heart, liver and pancreas94 but when proteotoxic stress occurs it is able to translocate to 

the nucleus to fulfil several actions95,96. Moreover, under cellular stress, UBQLN2 has been found to be 

colocalized in stress granules (SGs) and to influence the molecular composition in the early formation of 

A 
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SGs97. The association with SGs correlates with its capability to form droplets in vivo (but also in vitro) through 

liquid-liquid phase separation (LLPS)98. Several mutations of UBQLN2 were identified, most of them are 

located in the Pxx region (P497H, P497S, P506T, P509S and P525S)99,100. These mutations unbalance the 

ubiquitin-mediated proteasome degradation and are linked to Amyotrophic lateral sclerosis (ALS) and fronto-

temporal dementia (FTD)93,101,102. The roles these mutation play in the pathology onset is clear but the 

molecular mechanism through which they cause the pathological state is no fully known103. 

ALS is a neurodegenerative disease which leads to death through a progressive paralysis of respiratory system 

in 1-3 years from onset of symptoms and in 10 % of cases is familial, while in 90 % of them is sporadic. 

Historically, ALS is linked to Superoxide dismutase 1 (SOD1) mutations104 but six new ALS involved genes have 

been recently found, UBQLN2 gene is one of them. ALS is occasionally linked to FTD but the isolated ALS is 

the most common form. It is known that UBQLN2 mutations are not the main cause of familial ALS but 

UBQLN2 overexpression, aggregation and neurotoxic effects have been found in patient with ALS without 

UBQLN2 mutations99 and this suggests the important role of UBQLN2 in neuronal degeneration93. 

 

1.5. Protein aggregation 

Most of progressive and neurodegenerative disorders have a common root that cause their onset: self-

assembly into oligomers and following aggregation of a main soluble protein (several proteins in some cases). 

Protein overexpression, abnormal PTMs, mutations and unusual interactions are the multiple causes of 

protein aggregation which leads to UPS unbalance and neurons death105. 

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: a) Lag 

phase, b) Exponential phase, and c) Stationary (or steady) phase (fig. 5). a) Lag phase: the formation of 

molecular aggregates involves the transition from a homogeneous solution phase to a new aggregated phase 

co-existing with a monomer solution phase. Such transitions can in principle occur either through spinodal 

decomposition, which involves the spontaneous coalescence of many monomers, or through nucleation and 

growth. The simultaneous coalescence of thousands or more molecules into an ordered aggregate is unlikely, 

and instead, self-assembled protein filaments typically emerge through nucleation-and-growth processes 

where the formation of nuclei is an obligatory step and bottle-neck in the overall reaction towards a new 

phase or a new structure with lower free energy. In classical nucleation theory, very small clusters of 

monomers have a high interfacial energy towards water and hence a high free energy per monomer; 

therefore, they have a high probability to dissociate into their component monomers. This phase is also called 

primary nucleation106, at a determined point monomers associate into small aggregates that can reach sizes 

at which they growth faster by monomer addition compared to the rate by which they dissociate. Primary 

nucleation may occur in solution (homogeneous nucleation) or on a surface (heterogeneous nucleation) such 
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as the wall of a reaction vessel, the surface of an assembly of another protein or some other substance such 

as a lipid vesicle or the airςwater interface107.  b) Exponential phase: with increasing size stabilization from 

monomerςmonomer interactions within the cluster becomes more significant, and the probability of a 

nucleus to grow through monomer addition rather than shrink through dissociation increases. Critical nuclei 

are commonly defined as the smallest aggregates in the process that are stable enough to go on to form the 

new phase with a higher probability than to dissolve. In energetic terms, critical nuclei are thus the species 

with highest Gibbs free energy along the aggregation pathway. This phase is also named secondary 

nucleation and usually, this takes the form of monomers forming a nucleus on the surface of an already 

existing aggregate.  c) Steady phase: after the exponential phase, there is an equilibrium between aggregated 

protein in fibrils or plaques and soluble monomers. 

Definitely, nucleation is an intrinsically slow event characterized by a high free energy barrier, whereas 

additional growth occurs at higher rate with a lower free energy barrier, which may in general follow 

complicated pathways that populate a cascade of intermolecular metastable species or pre-nucleation 

clusters108.  

 

Figure 5. Typical sigmoidal trend of IDPs aggregation kinetics. Lag phase, elongation phase and plateau (steady) phase are 
represented, as well as primary and secondary nucleation109. 

 

[ŀǘŜƭȅΣ ŀ ƴŜǿ ŦƻǊƳŀǘƛƻƴ ǇŀǘƘΣ ƪƴƻǿƴ ŀǎ άŎƻƴŘŜƴǎŀǘƛƻƴ ǇŀǘƘǿŀȅέ which suggests the liquid-liquid phase 

separation of neurodegeneration-linked protein in biomolecular condensates as the early main event in 

pathological aggregation, has been hypothesized110. With the disease progression, the liquid condensates 

become gel-like protein aggregates which are thought to be phase-separated bodies111,112. 

Oligomerization and aggregation are the main aspects that several neurodegenerative diseases share, great 

efforts have been made in the last years by researchers to understand the underlying molecular mechanisms 

and to modulate and prevent the conformational transition between monomeric protein and aggregates. 

Several natural and small molecules and nanoparticles have been and are being experimented with the final 

intent to find a disease modifying treatment which still does not exist for these pathologies. 
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In vitro, poly- and oligo-anions such as glycosaminoglycans (e.g. heparin and heparan) mimic the 

hyperphosphorylation modifications and lead to protein fibrillation113,114. 

 

1.5.1. Lipids and fatty acids  

Lipids are the key components of cellular membrane and are especially important for brain health and 

function. The human brain is enriched in lipids and in particular fatty acids (FAs), and their deregulated 

homeostasis leads to neurological disorders resulting in neurodegenerative disease such as AD and PD. The 

most represented FAs in the brain are phospholipids (50 %), glycolipids (40 %), and cholesterol (10 %)115, 

which are crucial for the cell membrane flexibility and functionality. FAs differ in saturated fatty acid (SFAs), 

monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) with SFAs that are considered 

the most health harmful because could cause atherosclerosis116. Among all FAs, long -chain polyunsaturated 

fatty acids (LC-PUFAs), including decosahexaenoic acid (DHA) and arachidonic acid (ARA), are abundant in 

the brain and deregulation of their levels correlates with enhanced protein aggregation117ς119. 

Indeed, some studies suggested that PUFAs stimulate pathological assembly of A ̡peptide and Tau protein 

stabilizing their hydrophobic domains or an assembly-competent form of the protein, shortening the typical 

aggregation kinetics lag phase120,121. Evidence of a positive association between neuritic plaques or NFT and 

the presence of FAs was proven by different authors as well as a negatively correlation with cognitive 

improvements122. In particular, it is probable that Tau forms co-aggregates with FAs indeed FAs were found 

colocalized with NFTs123 and lipid- -hsynuclein co-aggregates were discovered too124. 

Despite these findings, the mechanism of influence between Tau and lipids is not clearly understood. For 

these reasons, the conformational changes of Tau in the presence of ARA and cis-9-octadecenoic acid (oleic 

acid, OLA), was investigated in this work. 

 

1.5.2. Coffee and Natural molecules 

Increasingly, researchers are exploring plants and food looking for natural molecules or derivatives in order 

to modulate pathological aggregation of IDPs. Among all the molecules that nature provides, polyphenols are 

the most studied with several beneficial effects: anti-inflammatory, anti-oxidant, neuroprotective and anti-

aggregation activities125,126. For this reason, great efforts in the neurodegenerative disorders field are being 

made to find foods and beverage with high content of polyphenols, most of them have the capacity to cross 

the BBB due to their high hydrophobicity127. 

Being among the most popular beverage in the world and with increasing evidence of brain health promotion 

with a regular consumption, tea, dark chocolate (cocoa), and especially coffee are the most investigated. 

Brewed coffee is the most consumed beverage in the world and contains methylxanthines, their daily uptake 

correlates with a decrease in risk of stroke, suicide and depression128ς130.  Moreover, an inverse correlation 



 
23 

 

between methylxanthines consumption and the risk of developing AD and PD was found (with some reserves 

for PD in women)131ς135. The content of theophylline, theobromine and paraxanthine is lower in coffee (higher 

in tea and in cocoa) but these molecules are products of caffeine metabolism136ς138. Caffeine and 

paraxanthine have half-lives of 2.5-5 hours138ς140 and 3.1-4.1 hours, respectively; theophylline and 

theobromine of 6.2-7.2 hours.131  Caffeine is the most studied molecule and has a role in neuronal protection 

with proven benefits on neuron activity and cognitive performances like improving verbal memory141, and 

acts as an adjuvant of analgesic drugs142. Despite of its positive effects on brain welfare, caffeine has not 

ƎǊŜŀǘ ŜŦŦŜŎǘ ƻƴ !ʲ ǇŜǇǘƛŘŜ ŀƴŘ ¢ŀǳ ŦƛōǊƛƭƭƛȊŀǘƛƻƴ ŀǎ ǎƘƻǿƴ ōȅ ǘƘŜ ŎƻƳǇŀǊƛǎƻƴ ōŜǘǿŜŜƴ ŎƻŦŦŜŜ ŀƴŘ 

decaffeinated coffee143. Theobromine and theophylline are known for their positive effects as vasodilators, 

diuretics and myocardial stimulants144; rŜŎŜƴǘƭȅ ƛǘ Ƙŀǎ ōŜŜƴ ŦƻǳƴŘ ǘƘŀǘ !ʲпн levels in AD patients are inversely 

proportional with theobromine levels in cerebrospinal fluid (CSF)145.  Another coffee molecule is chlorogenic 

acids (CGAs) which has gain interest in the anti-ŀƳȅƭƻƛŘƻƎŜƴƛŎ ŦƛŜƭŘΣ ƛƴŘŜŜŘ ƛƴ ƛǘǎ ǇǊŜǎŜƴŎŜ !ʲ пн ǇŜǇǘƛŘŜ 

ŘƻŜǎƴΩǘ ŦƻǊƳ ŦƛōǊƛƭǎ ōǳǘ ǊƻǳƴŘ ǎǘǊǳŎǘǳǊŜǎ ƻŦ ŘƛŦŦŜǊŜƴǘ ǎƛȊŜ ƘƛƴŘŜǊƛƴƎ ǘƘŜ ŦƛōǊƛƭƭƛȊŀǘƛƻƴ ǇǊƻŎŜǎǎ ōȅ ōƛƴŘƛƴƎ !ʲ 

oligomers146. CǳǊǘƘŜǊƳƻǊŜΣ ŜŦŦŜŎǘǎ ŀƎŀƛƴǎǘ ʰ-synuclein induced cellular toxicity were registered147. 

Another class of newly investigated coffee derived components are phenylindanes, they are able to 

ŎƻƳǇƭŜǘŜƭȅ ƛƴƘƛōƛǘ !ʲ fibrillization in vitro, to partially decelerate Tau fibrillization143 and to inhibit !ʲ 

oligomerization, a property possessed also by quercetin. Interestingly, the roast grade of coffee can have a 

role to potentiate or decrease the modulation aggregation effect exerted by these molecules as in the case 

of Tau143. 

Relying on these promising perspectives, here the effects of an Italian espresso coffee mixture and of selected 

coffee-derived bioactive molecules towards mitigation of Tau aggregation are investigated. 

 

Figure 7. Studied coffee derivatives molecules. All the stock solutions were prepared dissolving the powder into experimental buffer. 

 

In addition to caffeine and theobromine, trigonelline and genistein were taken into consideration (fig. 7). 

Trigonelline consumption leads to neuroprotective, anti-oxidant and memory-improving 

effects148,149 and it is also involved in dendritic and axonal regeneration150. Genistein exerts antioxidant 

and anti-inflammatory activity151ς154, protection against hormone-related cancers155,156 and cardiovascular 

diseases157 ŀƴŘ ǊŜŘǳŎŜǎ !ʲ ƛƴŘǳŎŜŘ ƴŜǳǊƻǘƻȄƛŎƛǘȅ and Tau phosphorylation158.  
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1.5.3. Nanoparticles 

Nanoparticles (NPs) have acquired a prominent role in biomedicine and biotechnology, indeed, their 

applications range in many fields like diagnostic probes, drug and gene delivery systems, biosensors, and 

many others159ς161 thanks to the variety of materials they are made of, such as metals, lipids, organic 

polymers, and different combinations among them162. Moreover, their surface can be functionalized with a 

disparate choice of materials depending on the requested chemical and biological activity, on which depends 

the interactions with nucleic acids, lipids, and proteins. 

 

Protein-nanoparticle interaction 

When a naked NP is injected in a biological fluid, the resident proteins interact with the NP surface forming 

a άƘŀǊŘ ŎƻǊƻƴŀέ όI/ύ ŀƴŘ ŀ άǎƻŦǘ ŎƻǊƻƴŀέ ό{/ύ. The former one is a layer of proteins (or molecules) strongly 

attached to the NP surface, the latter one is an external shell made of dully bound proteins which are in a 

rapidly exchanging state, together they form ǘƘŜ άǇǊƻǘŜƛƴ ŎƻǊƻƴŀέ όt/ύ that is fundamental, depending on 

the NP type, for proteins interaction and for functionalization with specific recombinant proteins163and to 

clarify protein conformational changes upon surface interaction164 (fig. 6). 

 

Figure 6. A schematic representation of common protein-nanoparticle interaction. A άhard coronaέ and a άsoft coronaέ are formed 

when a naked NP is immersed in a biological fluid165. 
 

Though IDPs-NPs interaction is not widely investigated, it is known that IDPs undergo a disorder to order 

transition upon the binding with a surface miming what happens with molecular partners166,167 and this 

behavior can affect their aggregation propensity delaying, inhibiting, or accelerating amyloid fibrils and 

plaques formation. Indeed, when aggregation occurs in the presence of NPs, their surfaces are able to modify 

protein functions and redirect fibrils growth and structure. These effects are mediated by protein 

conformational changes upon protein-NP binding which are not fully explored168. 

The knowledge of how all these mechanisms occurs is prominent to understand proteins biological activity 

and the role that NPs could have in biotechnology and medicine. 
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Silica nanoparticles 

Silica NPs (SNPs) are used for industrial and biomedical purpose as coating materials169,170 or as additives in 

printer toners and cosmetics, but also as biomarkers, biosensor, DNA/RNA or drug delivery system, and 

cancer therapy171. This type of NP has a wide range of applications thanks to its low toxicity, biocompatibility, 

thermal stability, microbial attack resistance, strong surface energy, easy functionalization with different 

functional groups with different net charges, high loading capacity for drugs and therapeutic molecules and 

water solubility172. The kinetic behavior is important to determine target organs, absorption rate and amount 

and excretion time173.  

The colloidal, negatively charged silica NPs used in this work, were prepared by hydrolysis of 

tetraethylorthosilicate (TEOS), according to the Stöber methodology. 

 

1.6. Protein liquid-liquid phase separation 

Recently, the phenomenon of liquid-liquid phase separation (LLPS) has attracting interest due to its role in 

physiological and pathological mechanisms. It is widely known that cells act the compartmentalization to 

segregate different molecular machineries and to control the timing and localization of complex reactions 

essential for cellular functions and differentiation, cytoskeletal regulation, and metabolic control174,175.  

Compartmentalization is usually associated with membrane-rich organelles, but the new discovery of 

membrane-less compartments has changed its perception176,177. LLPS indeed, is the mechanism below these 

types of non-membrane bound compartments and is reached when a molecule originally 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 (fig. 13). 

 
 
Figure 13. Schematic phase diagram of LLPS. The black line separates the one-phase and two-phase regime. The phase separation 
depends on environmental conditions. The system does not undergo phase separation beyond the critical point178. 
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This event is guided by the minimization of the global free energy of the molecule solution reached thanks 

to the shift from molecule-water interactions to molecule-molecule and water-water interactions. Each 

molecule has its own saturation concentration (Csat) that is known as the threshold concentration for droplets 

formation or as solubilization limit178, when a molecule or a protein has a concentration (C) < Csat the protein 

is diffuse in solution, when C > Csat condensates are observable. If C further increases, the volume of the 

condense phase increases but not the concentration of the light phase (CL) which remains constant. The 

concentration of the dense phase is usually referred as CD and the Csat depends strongly on environmental 

conditions like salt type and concentration, co-solutes, pH, and temperature179ς181. 

A widely studied type of membrane-less organelles and liquid condensates are stress granules (SGs) which 

are cytoplasmic messenger ribonucleoprotein (mRNP) granules formed in impaired translation and stress 

conditions182. SGs can undergo a liquid to solid transition or can nucleate protein aggregation, indeed, LLPs-

linked proteins are found to be aggregated in several neurodegenerative diseases like ALS, AD, PD, and 

FTD183,184.  It has indeed been suggested that these phase separated proteinaceous bodies originated from 

liquid droplets, are able to progress toward fibrils and plaques formation111,112. 

Commonly, IDPs and IDR-containing proteins are subjected to LLPS because of the number, the pattern and 

the particular distribution of hydrophobic, charged, and polar residues in their amino acid sequences185. 

Interestingly, these proteins harbor domains for RNA interaction, confirming the prominent role of RNA in 

enhancing LLPS in vitro and in vivo. Moreover, protein overexpression, degradation and localization could 

modulate condensates formation, as well as PTMs and mutations111,186,187. 

The principal techniques to detect and study LLPS are bright-field and fluorescence microscopy, optical 

density measurements at 340/400 nm, and fluorescence recovery after photobleaching (FRAP). 

 

 

 

 

 

 

 

 

  



 
27 

 

2. Aim of the work 
 
With awareness that a deeper knowledge of molecular mechanisms underlying the neurodegeneration and 

its associated pathology is of extreme urgence, the focus of this Ph.D. thesis was to investigate the 

conformational changes and the aggregation kinetics modulation of Tau protein induced by ubiquitination, 

lipids, Italian espresso coffee, and coffee derived compounds (trigonelline, theobromine, caffeine and 

genistein). Moreover, the interactions between Tau and OTUB1 and between Tau and UBQLN2 and the 

influence of this interaction on LLPS ability of the two proteins were studied. The physical properties of an h -

synuclein άHard Coronaέ formed on SNPs surface was also explored to understand its behavior in simple and 

complex media and an examination of the effects of SNPs- -hsynuclein interaction on oxidized and non-

oxidized h -synuclein aggregation was performed.  

The ultimate purpose is to find new treatments for AD and PD which are an ever-increasing health and social 

problems all over the world. 

With these intentions, a multidisciplinary approach was taken into account and the different aspects were 

analyzed through NMR, fluorescence aggregation assay, CD spectroscopy, TEM microscopy, fluorescence 

microscopy, experiments in live cells, SDS-PAGE, and western blotting. 
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3. Materials and methods 

3.1 Reagents 

Caffeine, trigonelline and theobromine were purchased from Sigma Aldrich (St Louis, MO, USA); genistein 

was bought from Alfa Aesar by Thermo Fisher Scientific (Kandel, Germany). Stock solutions were prepared in 

mQ H2O at a concentration of 1 mg/mL and stored at -20 °C. 

Other reagents are specified in the publications for which they were used in Result and discussion section. 

 

3.2. Material for protein expression 

 

3.2.1. Plasmids and bacterial strain for protein expression 

-hsynuclein 

CƻǊ ʰ-synuclein expression, a pET-28a(+) 5369 bp plasmid (Novagen) was used (fig. 14). This plasmid 

contains a t7 polymerase promoter, a T7 transcription start, two His-tag coding sequence, a T7 

terminator, a lacI coding sequence, a pBR322 origin, a f1 origin. This plasmid expresses the gene for 

kanamycin resistance.  The gene of interest was inserted employing XhoI e NcoI restriction enzymes, thus 

the gene was expressed without His-tag. 

 

 
Figure 14. Schematic representation of plasmid pET-28a(+).  
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-hsynuclein sequence:  
 
    10         20         30         40         50         60  

MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH GVATVAEKTK  

 

        70         80         90        100        110        120  

EQVTNVGGAV VTGVTAVAQK TVEGAGSIAA ATGFVKKDQL GKNEEGAPQE GILEDMPVDP  

 

       130        140  

DNEAYEMPSE EGYQDYEPEA  

 

Tau4RD 

Tau4RD gene (spanning residues Q244-E372 plus initial Met, corresponding to R1-R4 repeats of Tau) (fig. 15) 

was cloned into a pET22b(+) vector via NdeI-BamHI sites with a stop codon to avoid insertion of a C-terminal 

histidine-tag (fig. 16). The plasmid pET22b(+) (purchased by Novagen) is a 5493bp expression vector with T7 

promoter. It is characterized by a pelB leader sequence for subcellular targeting and tag csd, ampicillin 

resistance and many restrictions enzyme sites.  

 

 
Figure 15. Schematic representation of repeat domain (R1-R4) of Tau. 

 
Figure 16. Schematic representation of vector pET-22b(+). 
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Tau4RD sequence:  
 
        10         20         30         40         50         60  

MQTAPVPMPD LKNVKSKIGS TENLKHQPGG GKVQIINKKL DLSNVQSKCG SKDNIKHVPG  

 

        70         80         90        100        110        120  

GGSVQIVYKP VDLSKVTSKC GSLGNIHHKP GGGQVEVKSE KLDFKDRVQS KIGSLDNITH  

 

       130  

VPGGGNKKIE  

 

Tau151-372 

The pTEV plasmid was utilized (fig. 18) for the expression of the Tau construct spanning residues 151-372 

containing the Proline-Rich Domain and R1-R4 repeat domain (fig. 17), inserted via NdeI-BamHI restriction 

enzymes. 

 

 

Figure 17. Schematic representation of Tau151-372 construct spanning proline-rich and repeat domain (R1-R4) of Tau. 
 
This 6887 bp long vector enables the expression of the recombinant protein with an N-terminal His6-Tag 

followed by a TEV-protease recognition site that allows the cleavage of the His6 tag after purification. The 

plasmid contains the AmpR gene and ChlR genes which guarantee resistance against ampicillin and 

chloramphenicol. 

 
 

Figure 18. Schematic representation of vector pTEV.  
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Tau151-372 sequence: 
 
  10         20         30         40         50         60  

IATPRGAAPP GQKGQANATR IPAKTPPAPK TPPSSGEPPK SGDRSGYSSP GSPGTPGSRS  

 

        70         80         90        100        110        120  

RTPSLPTPPT REPKKVAVVR TPPKSPSSAK SRLQTAPVPM PDLKNVKSKI GSTENLKHQP  

 

       130        140        150        160        170        180  

GGGKVQIINK KLDLSNVQSK CGSKDNIKHV PGGGSVQIVY KPVDLSKVTS KCGSLGNIHH  

 

       190        200        210        220  

KPGGGQVEVK SEKLDFKDRV QSKIGSLDNI THVPGGGNKK IE  

 

Tau441 

The pET-3a (Novagen) is a 4640 bp plasmid and was used for Tau441 purification (fig. 19). The pET-3a vectors 

carry an N-terminal T7·Tagϰ sequence and BamH I cloning site. These vectors are the precursors to many 

pET family vectors. The gene was inserted into the cloning vector via NdeI-BamHI sites.  

 
Figure 19. Schematic representation of vector pET-3a.  
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Sequence of Tau441: 

 
10         20         30         40         50         60  

MAEPRQEFEV MEDHAGTYGL GDRKDQGGYT MHQDQEGDTD AGLKESPLQT PTEDGSEEPG  

 

        70         80         90        100        110        120  

SETSDAKSTP TAEDVTAPLV DEGAPGKQAA AQPHTEIPEG TTAEEAGIGD TPSLEDEAAG  

 

       130        140        150        160        170        180  

HVTQARMVSK SKDGTGSDDK KAKGADGKTK IATPRGAAPP GQKGQANATR IPAKTPPAPK  

 

       190        200        210        220        230        240  

TPPSSGEPPK SGDRSGYSSP GSPGTPGSRS RTPSLPTPPT REPKKVAVVR TPPKSPSSAK  

 

       250        260        270        280        290        300  

SRLQTAPVPM PDLKNVKSKI GSTENLKHQP GGGKVQIINK KLDLSNVQSK CGSKDNIKHV  

 

       310        320        330        340        350        360  

PGGGSVQIVY KPVDLSKVTS KCGSLGNIHH KPGGGQVEVK SEKLDFKDRV QSKIGSLDNI  

 

       370        380        390        400        410        420  

THVPGGGNKK IETHKLTFRE NAKAKTDHGA EIVYKSPVVS GDTSPRHLSN VSSTGSIDMV  

 

       430        440  

DSPQLATLAD EVSASLAKQG L  

 

OTUB1 

For the OTUB1 expression, the plasmid pPROEX-HTa-hOtu1 was used (fig. 20). This 4751 bp plasmid is 

constructed using vector pProEX and cDNA. The cDNA coding for human OTUB1 was cloned into pProEX 

vector using NcoI όрΩύ ŀƴŘ BamHI όоΩύ ŀǎ restriction enzymes. The gene was inserted after a His6-tag followed 

by a TEV-protease recognition site. A OTUB1C91S mutant was created. 

 
Figure 20. Schematic representation of vector pPROEX HTa.  



 
33 

 

OTUB1 sequence: 
 

       10         20         30         40         50         60  

MAAEEPQQQK QEPLGSDSEG VNCLAYDEAI MAQQDRIQQE IAVQNPLVSE RLELSVLYKE  

 

        70         80         90        100        110        120  

YAEDDNIYQQ KIKDLHKKYS YIRKTRPDGN CFYRAFGFSH LEALLDDSKE LQRFKAVSAK  

 

       130        140        150        160        170        180  

SKEDLVSQGF TEFTIEDFHN TFMDLIEQVE KQTSVADLLA SFNDQSTSDY LVVYLRLLTS  

 

       190        200        210        220        230        240  

GYLQRESKFF EHFIEGGRTV KEFCQQEVEP MCKESDHIHI IALAQALSVS IQVEYMDRGE  

 

       250        260        270  

GGTTNPHIFP EGSEPKVYLL YRPGHYDILY K  
 

UBQLN2 

UBQLN2 was expressed and purified exploiting pET24b (Novagen) in the laboratory of Prof. C. Castaneda 

from Syracuse University, NY. 

 

Bacterial Strains 

E. coli BL21 (DE3) cells were used for -hsynuclein, Tau4RD, and OTUB1 expression. BL21 (DE3) strains are 

deficient in Lon protease and Ompt protease, therefore are generally preferred for recombinant protein 

expression.  

E. Coli Codon plus or Rosetta (DE3)pLysS strains were used for Tau151-372, Tau441, and UBQLN2 expression. 

Rosetta strains derived from BL21 and enhanced the expression of eukaryotic proteins containing rarely used 

codon in E. Coli.  Codon-Plus strain derived from BL21-Gold cells engineered to include extra copies of genes 

encoding for rare tRNAs in E. Coli. Codon plus and Rosetta strains require Chloramphenicol for their growth. 

All these strains contain the ˂ DE3 lysogen that carries the gene for T7 RNA polymerase under control of the 

lacUV5 promoter. Isopropyl ς  ̡ς D ς 1 ς thiogalactopyranoside (IPTG) is required to induce the expression 

of recombinant proteins. 

 

Ubiquitination Machinery 

All the enzymes and Ub employed in in vitro enzymatic ubiquitination reaction of Tau were expressed and 

purified: 

- Ub with an N-terminal histidine-tag gene was cloned into a pET15 plasmid and expressed in E. Coli Rosetta 

(DE3) cells; 

- Human E1 (UBE1) with an N-terminal histidine-tag was clone into a pET21(+) plasmid and expressed in E. 

Coli Rosetta (DE3) cells; 

- Human E2N (Ubc13) and CHIP genes were cloned into a pGEX4T1 plasmid and expressed in E. Coli BL21 

(DE3) cells. For purification a N-terminal GST-tag was employed. 
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3.2.2. 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. 

 

3.3. Bacterial growth and protein expression 

 

3.3.1. Glycerol stocks 

Transformed bacterial cells with plasmid coding for protein of interest were grown in 5 mL LB medium with 

antibiotic(s) at 37 °C for 6 h. 30 % of glycerol were added to the solution which is then frozen in liquid nitrogen 

and stock at -80 °C.  

 

3.3.2. Bacterial culture growth media 

Selective media were prepared in sterile water adding kanamycin, ampicillin, chloramphenicol, or ampicillin 

+ chloramphenicol. Recipes for bacterial growth media are reported in section 6.2. of appendix. 

 

3.3.3. Protein expression and lysis 

For proteins expression, 10-15 mL of a starter culture were added to 1 L of growth medium. 1 L culture was 

then incubated at 37 °C in shaking conditions till an O.D.600 value of 0.7-1.00 (0.4 for h -synuclein). 

Protein expression was induced adding 0.1 ς 0.5 mM IPTG incubating the culture at a temperature and a time 

specific for each protein (table 2). 

For 15N enriched OTUB1(C91S) and Tau441 the cells (at O.D.600 of 0.6) coming from 2 L of LB medium were 

collected and resuspended in 1 L of 15N enriched M9 medium. The expression was induced in M9 medium 

with 0.4 mM IPTG after a O.D.600 value of 1.00-1.2 was reached. 
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Protein Time Temperature 

(15bύ ʰ-synuclein 5 h 37 °C 
(15N) Tau4RD 5 h 37 °C 

His-Tau151-372 5 h 37 °C 
Tau441 5 h 37 °C 

15N-Tau441 O.N. 37 °C 
(15N) His-OTUB1(C91S) O.N. 20 °C 

UBQLN2 O.N. 37 °C 
(15N) His-Ub O.N. 20 °C 

His-E1 O.N. 20 °C 
GST-E2N O.N. 20 °C 
Gst-CHIP O.N. 20 °C 

 
Table 2. Incubation temperature and time to induce the expression of different proteins. 

 
Cells were then collected with a centrifugation step at 10000g for 15 min and the pellet was resuspended in 

25 mL of lysis buffer (table shown in section 6.3 of appendix). 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. 

In the case of h -synuclein, the cells were collected at 6000g for 5 min at R.T. and the lysis occurred 

resuspending the pellet in Osmotic shock buffer (section 6.3 of appendix).  

 

3.4. Protein purification 

-hsynuclein 

The lysate was boiled for 10 min and, once it was cooled, centrifuged at 14000g for 20 min at 4 °C. After 

several centrifugation and first precipitation step with Ammonium sulphate, all the contaminants and other 

bacterial proteins was removed from the supernatant. With a second treatment with Ammonium sulphate, 

-hSynuclein was precipitated and then resuspended in buffer solution.  The solution was then filtered, loaded 

onto an anionic exchange column (Resource Q, Amersham) pre-equilibrated with 20 mM Tris-HCl pH 8, and 

eluted with a linear gradient from 0 mM to 500 mM NaCl. 

 

Tau4RD and Tau441 

The lysate was boiled for 15-20 min and, once it was cooled, centrifuged at 10000g for 20 min at 4 °C. 

The soluble part was filtered and loaded onto an SP column pre-equilibrated with 20 mM Tris-HCl pH 7.6, 25 

mM NaCl (Tau4RD) or 20 mM MES pH 6.8, 50 mM NaCl, 1 mM EGTA, 1 mM MgCl2, 0.1 mM PMSF (Tau441). 

The protein elution was performed with linear gradient from 25-50 mM to 500 mM NaCl. 
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His-Tau151-372 

The lysate was boiled for 15-20 min and, once it was cooled, centrifuged at 10000g for 20 min at 4 °C. The 

soluble part was filtered, 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. 

 

His-OTUB1(C91S), His-Ub, and His-E1 

After the centrifugation step, the soluble fraction was filtered, 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. 

After the purification, His-OTUB1(C91S) was incubated with TEV protease to remove His-tag. 

 

GST-E2N and GST-CHIP 

After the centrifugation step, the soluble fraction was filtered, loaded onto a Glutathione Sepharose beads 

(Molecular Probes) pre-equilibrated with 20 mM Tris-HCl pH 7.6, 150 mM NaCl, and eluted with 25 mL of 50 

mM Tris-HCl pH 8, 10 mM glutathione. 

 

Prior to storage, all the proteins were concentrated and dialyzed in proper buffer depending on the 

subsequent use. 

 

3.4.1. SDS-PAGE 

Protein purity evaluation was performed exploiting SDS-PAGE. 9 µL sample of each purification step was 

added with reducing loading buffer and heated at 95 °C for 5 min, then the samples were loaded onto a 

discontinuous 15 % polyacrylamide gel and run at 200 V until the bromophenol blue, contained in the loading 

buffer, came out of the gels. 5 µL of molecular weight marker (GE Healthcare) loaded in one well allowed the 

recognition of the protein of interest, then the gels were stained with Coomassie brilliant blue and de-

stained. Absorbance at 280 nm, detected with Nanodrop spectrometer, allowed to calculate protein 

concentration thanks to Lambert-Beer equation:  

ὃὦί  ‐ ὰ ὅ 

In which ʁ  is the extinction coefficient proper of each protein, l is the optical path and C is protein 

concentration. 

 

3.5. Cofactors 

Lipids, coffee, coffee compounds, and silica nanoparticles were tested for tau aggregation modulation. 
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3.5.1. Lipids 

The conformational changes of Tau and -hSynuclein in the presence of ARA and OLA were investigated in 

Result and Discussion section 4.1.1., where experimental procedures are also described. 

 

3.5.2. Coffee extraction and preparation 

The espresso coffee extract was obtained from 15 g of ground roasted coffee (commercial brand), using a 

coffee machine (Gaggia espresso machine) for a final volume of 80 mL of beverage. The extraction lasted for 

30 s at 80 °C in mQ H2O and the final product was divided in 15 mL Falcon tube, freeze-dried, and stored at 4 

°C. 

 

3.5.1. SNPs synthesis and characterization 

50 nm SNPs were synthesized in the laboratory of collaborator Prof. Prosperi from University Milano - 

Bicocca. The SNPs synthesis and characterization are reported in Result and discussion section 4.1.3. 

 

3.6. Thioflavin-T aggregation assays 

To assess IDPs aggregation propensity, in the absence or presence of cofactors, several aggregation assays 

were set. IDPs aggregation occurs when -̡sheets are formed between monomers and ends when mature 

fibrils appear, with Thioflavin T (ThT) the monitoring of proteins fibrillization and aggregation is possible. ThT 

is a benzothiazole salt obtained by the methylation of dehydrothiotoluidine with methanol in the presence 

of hydrochloric acid and it is a fluorescent dye, upon binding of ThT to newly formed ̡-sheets, the 

measurement of the fluorescence enhancement allows protein aggregation kinetics monitoring.  

Specific experimental procedures are reported in publications in Result and discussion section 4.1.1., 4.1.3, 

4.2.1., here aggregation assay in the presence of coffee and derived coffee compounds are described. 

Solutions of 50 µM Tau4RD protein in 20 mM sodium phosphate (NaPi) buffer at pH 7.4, 50 mM NaCl, 1 mM 

DTT, 0.02% NaN3 and protease inhibitors with EDTA were incubated in the presence of coffee and different 

coffee components in 96-well dark plates at 37 °C for 40 hours, heparin was added to the sample solutions 

in order to induce the aggregation cascade and ThT was added to monitor the fluorescence emission, both 

of them were in a ratio 1:1 with the protein. Fluorescence measurements (Ex.: 450 nm and Em: 482 nm) were 

performed with a plate reader (TECAN INFINITE M200PRO PLEX) with cycles of 30 seconds of orbital shaking 

at 140 rpm and 10 minutes of rest before the fluorescence reading throughout the incubation. Fluorescence 

intensity and lag-phase duration of three replicates of each sample were analyzed with GraphPad Prism 7 

software. Any pre-existing aggregates were removed filtering the protein stock solution through a 100 kDa 

cut-off filter (Sartorius), before the aggregation reaction began. 
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3.7. Tau4RD fibrillization for NMR, CD, TEM 

Solutions of filtered 50-100 µM Tau4RD protein in appropriate buffer solutions (20 mM sodium phosphate 

buffer (NaPi) at pH 7.4, 50 mM NaCl, 1 mM DTT, 0.02% NaN3 and protease inhibitors with EDTA, for coffee 

experiments) were incubated in the absence or presence of cofactors in static conditions at 37 °C for 48/72 

hours. 

Protein and heparin were in a 1:1 ratio. Fibrils where then pelleted and washed with milliQ water to get rid 

of NaCl and buffer salts. Specification are shown in chapter 4.1.1 and 4.1.3 in Result and Discussion section. 

 

3.8. Ubiquitination and de-ubiquitination reactions 

To study the effects of ubiquitination on Tau aggregation propensity, Tau4RD was enzymatically and site 

specific semi-synthetically ubiquitinated in vitro. 

 

3.8.1. Enzymatic reaction 

Tau4RD was enzymatically ubiquitinated exploiting a well optimized gear comprises UBE1 (E1), UBE2N (E2) 

and CHIP (E3) recombinant enzymes. Tau coming from this reaction has different randomly mono-

ubiquitinated lysins. Experimental procedures are fully reported in Result and discussion section 4.2.1. 

 

3.8.2. Site-specific semi-synthetically reaction 

Disulfide coupling reaction was used to site-specifically mono- and di-ubiquitinate Tau in different positions. 

Specifications are described in Results and discussion section 4.2.1. and 4.2.2. 

 

3.8.3. De-ubiquitination reaction 

OTUB1 is a de-ubiquitination enzyme responsible for removal of Ub moieties from ubiquitinated Tau in vivo. 

To test the activity of recombinantly purified OTUB1 wt, an in vitro de-ubiquitination reaction was set. 

The reaction solution was assembled as follow: 0.112 mM Ub2-K48/Ub2-Yсо ƻǊ мл ˃a Iƛǎ-Ub-Tau4RD, 1 mM 

5¢¢ Ҍ сΦт ˃a h¢¦.м in 20 mM Tris-HCl buffer and then incubated for 2 h at 37 °C employing a dry 

thermoblock. ! ǊŜŀŎǘƛƻƴ ǎƻƭǳǘƛƻƴ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ƛƴŀŎǘƛǾŀǘŜŘ h¢¦.м/фм{ όсΦт ˃aύΣ obtained substituting the 

C91 with an S in its main catalytical sites, in the presence of substrates was also set. All the reaction products 

were analyzed with SDS-PAGE. 
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3.8.4. Pull-down assay 

GST-fused expressed R1, R2, R3, R4, R2R3, R3R4 and R1R4 peptides of Tau were adsorbed onto GSH 

Sepharose beads and incubated for 2 h with His-OTUB1. After several washes, the incubated reaction was 

loaded onto an SDS-PAGE gel and transferred to a cellulose membrane. Only the OTUB1 bound to GST-

peptide was detected by an anti His-tag antibody conjugated with HRP. 

 

3.9. Protein-ligand and protein-protein interaction investigation 

 

3.9.1. Nuclear magnetic resonance (NMR) spectroscopy 

NMR is one of the main techniques to study protein-ligand and protein-protein interactions, NMR was 

exploited in 4.1.1. and 4.1.3. chapters where specifications are shown. 

Here, the NMR use to study the interaction between Tau and coffee/coffee compounds, Tau and OTUB1, and 

Tau and UBQLN2 is explained. 

Regarding the project of Tau-coffee/coffee compound interaction, different types of NMR experiments were 

carried out. 1H-NMR profile of 5 mg/mL lyophilized Italian espresso coffee mixture with 1 mM DSS to study 

the blend composition and  1H-NMR spectra of 400 µg/mL genistein, caffeine, theobromine, and trigonelline 

in the presence of 50 µM heparin or ThT to see the possible interaction between these elements were 

acquired with 32 scans over a spectral width of 9615 Hz and 32768 complex point, with a recycle delay of 4 

s. Then, a 1H-1H-TOCSY spectra of 200 µg/mL Italian espresso coffee mixture and of 400 µg/mL genistein were 

registered with a data matrix consisting of 2048 (F2, 1H) and 512 (F1, 1H) complex point, 4 scans and a 

relaxation delay of 4 s for a spectral width of 10204 (F2, F1) Hz. Moreover, Saturation transfer difference 

(STD) and Water-ligand observed via gradient spectroscopy (Water-LOGSY) of Tau4RD pre-aggregated fibrils 

in the presence of coffee, genistein and caffeine were acquired to investigate the interaction between them.  

The pulse sequence stddiffesgp.3 were used to acquire STD NMR spectra with a train of Gaussian-shaped 

pulses of 50 ms each to selectively saturate the protein with a 2 s saturation time, 8 scans were recorded. 

The on- and off-resonance spectra were acquired in an interleaved mode with the same number of scans. 

The final STD NMR spectrum was obtained by subtracting the on-resonance spectrum from the off-resonance 

spectrum.  The pulse sequence ephogsygpno.2 were used to acquire Water-LOGSY spectra with a mixing time 

d8 of 1.5 sm, 240 scans, and a spectral width of 7143 Hz. All the spectra were acquired in 20 mM NaPi (sodium 

phosphate) buffer at pH 7.4, 50 mM NaCl, 1 mM DTT at 298 K. 

To study the interaction between Tau and OTUB1, different titration experiments were performed. Several 

1H-15N-HSQC NMR spectra of 15N-Tau4RD, 15N-Tau441, 15N-His-Ub-Tau4RD and His-Ub-15N-Tau4RD in the 

presence of increasing concentration of OTUB1 wt or OTUB1C91S were acquired with a data matrix consisting 

of 2048 (F2, 1H) and 256 (F1, 15N) complex points, 16 scans and a relaxation delay of 1 s for a spectral width 
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of 7211 (F2) and 1398 (F1) Hz, labelled proteins concentrations were 50-100 µM. These experiments were 

acquired in 50 mM KPi pH 6.8, 50 mM NaCl, 1 mM DTT, 7 % D2O at 283 K. The locking solvent, D2O, was 

added typically at 7% in all samples, a quantity that allows good locking stability in a cryoprobe while avoiding 

excessive hydrogen-deuterium exchange. 

Experiments were performed on a Bruker Avance III spectrometer operating at 600.13 MHz Larmor 

frequency, equipped with a triple resonance TCI and a cryoprobe.  

Furthermore, to investigate the interaction between Tau and UBQLN2, 1H-15N-TROSY  spectra with three 

points of titration of 15N-Tau4RD with increasing concentration of UBQLN2 were acquired with a data matrix 

consisting of 4806 (F2, 1H) and 256 (F1, 15N) complex points, 8 scans and a relaxation delay of 1 s for a spectral 

width of 12019 (F2) and 2433 (F1) Hz, labelled protein was 50 µM. 

Spectra were acquired in 20 mM NaPi, pH 6.8, 1 mM TCEP, 0.02 % NaN3, 5% D2O at 283 K or 298 K on a Bruker 

Avance III HD 800 MHz spectrometer equipped with a cryoprobe.  

 

All the sample solutions were loaded in standard 5mm and Shigemi glass tubes. All NMR spectra were 

processed with Topspin 4.1.1 software and analyzed by NMRFAM-SPARKY. 

 

3.9.2. Isothermal titration calorimetry (ITC) 

ITC is a powerful technique to study protein-ligand and protein-protein interactions. Tau4RD and its 

ubiquitinated forms were titrated with polyU RNA and heparin to assess their binding affinity in phase 

separation conditions as deeply reported in Results and discussion section 4.2.2. 

 

3.9.3. Circular dichroism (CD) spectroscopy 

CD spectroscopy was employed to investigate conformational changes of Tau4RD ƻǊ ʰ-synuclein induced by 

FAs as fully described in Results and discussion section 4.1.1. 

Moreover, CD spectra of Tau4RD in the presence or absence of coffee and coffee derived compounds were 

acquired: Tau4RD aggregating solutions were diluted in 260 µL of 20 mM NaPi, pH 7.4 to a final concentration 

of 6 µM. Far-UV spectra (190ς260 nm) were recorded at 25 °C at a scan rate of 50 nm min-1, with a bandwidth 

of 1 nm, and an integration time of 2 s, in 0.1 cm cuvettes. Three spectra accumulations were averaged for 

each sample at different times (0 h and 72 h), and the spectrum of the simple buffer (with or without a single 

molecule) was considered as a blank and subtracted.  CD measurements were carried out with a Jasco J-1500 

spectropolarimeter equipped with a Peltier type thermostatized cell holder (Jasco, Easton, MD, USA). Data 

were analyzed with Spectra Manager and graphs were generated with GraphPad Prism 7 software. 
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3.10. Transmission electron microscopy (TEM) 

TEM is a powerful microscopic technique which allows morphological visualization and investigation of 

aggregated Tau morphology in the presence of different cofactors (FAs, coffee, coffee compounds) or PTMs 

such as ubiquitination. 

For TEM measurements Tau4RD aggregates were washed and diluted in milliQ H2O to a final concentration of 

5 µM. 30 µL of diluted aggregates (48 h old) were adsorbed onto 400 mesh holey film grid; after staining with 

2 % uranyl acetate (for 2 min), the sample was observed with a Tecnai G2 (FEI) transmission electron 

microscope operating 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). Fibrils characteristics were 

analyzed with the ImageJ software. 

Different Tau4RD fibrils parameters were obtained analyzing TEM images:  

- Narrow width which is the fibril diameter in the point in which the fibril is twisted; 

- Large width which is the largest diameter between two narrow width points; 

- Crossover distance which passes between two narrow width points. 

Mean values of almost 10 measurements for each parameter for each sample were acquired analyzing 

different images. One way ANOVA analysis of variance was performed to find significant differences. 

5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǿŀǎ ŀǇǇƭƛŜŘ ǘƻ ŎƻƳǇŀǊŜ ǘƘŜ ƳŜŀƴs. All sets of samples complied with normal 

ŘƛǎǘǊƛōǳǘƛƻƴ ŦƻǊ 5Ω!Ǝƻǎǘƛƴƻ ŀƴŘ tŜŀǊǎƻƴ ǘŜǎǘΦ SD were homogeneous for Brown-CƻǊǎȅǘƘŜ ŀƴŘ .ŀǊǘƭŜǘǘΩǎ ǘŜǎǘǎ, 

a P-ǾŀƭǳŜ Җ лΦлр ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ǎƛƎƴƛŦƛŎŀƴǘ. 

 

3.11. Mammalian cells assay 

Two different types of experiments in live cells were conducted to study the effects of coffee on Tau4RD fibrils 

propensity to seed endogenous Tau441 aggregation and the effects on cell viability. 

 

3.11.1. Tau4RD aggregation for in cell experiments 

Solution of filtered 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 incubated in the absence or presence of 50 µg/mL or 400 µg/mL 

of coffee in static conditions at 37 °C for 24 hours. Protein and heparin were in a 4:1 ratio. After the 

incubation, the solutions containing fibrils were centrifuged at 20000g for 45 min and the pellets collected. 

The pellets contained only formed fibrils, was used to treat the cells. The supernatant solution of Tau4RD with 

400 µg/mL of coffee, after centrifugation, were filtered with a 100 kDa cut-off filter to separate the 

monomeric form from the higher molecular weight amorphous aggregates (shown also with TEM 

microscopy) of Tau4RD. 
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3.11.2. Tau4RD fibrils cell transduction and immunoblot 

To study the effects of coffee on Tau4RD capacity of inducing cell endogenous Tau441 aggregation, Hek-293 

cells stably expressing human full-length Tau P301L(Guo et al., 2016) fused with GFP were cultured in a 

humidified atmosphere of 5 % CO2 in complete growth medium: DMEM High Glucose supplemented with 

10% FBS (fetal bovine serum) (Aurogene), antibiotics (100 U of penicillin/ml, and 100 U of streptomycin/ml) 

and 1 % L-glutamine (Aurogene). Once 70ς80 % confluence was reached, cells were collected using trypsin, 

counted, and seeded for the experiments. Human full-length Tau441 expressing cells were treated with 5 µM 

Tau4RD fibrils aggregated (pellet) in the absence or presence of different concentration of coffee extract and 

with the eluate and the retentate of 100 kDa filtered Tau4RD + 400 µg/mL coffee solution supernatant for 48 

hours, using 0.5 % Lipofectamine LTX.  

For immunoblot analysis, 100000 cells/well were seeded in 24 well plate. After treatment 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 21380g for 30 min 

ŀǘ п ϲ/Φ {ǳǇŜǊƴŀǘŀƴǘǎ ǿŜǊŜ ƪŜǇǘ ŀǎ ά¢Ǌƛǘƻƴ м ŦǊŀŎǘƛƻƴΣέ ǿƘŜǊŜŀǎ ǇŜƭƭŜǘǎ ǿŜǊŜ ǿŀǎƘŜŘ ƻƴŎŜ ƛƴ ¢Ǌƛǘƻƴ ƭȅǎƛǎ ōǳŦŦŜǊ 

(again with centrifugation), and finally the pellets were resuspended in SDS lysis buffer (1% SDS in 50 mM 

¢ǊƛǎΣ ǇI тΦсύ ŀǘ ŀ ǾƻƭǳƳŜ ǘƘŀǘ ƛǎ мѷо ƻŦ ǘƘŜ ¢Ǌƛǘƻƴ ƭȅǎƛǎ ōǳŦŦŜǊ ŀƴŘ ōƻƛƭŜŘ ŦƻǊ мр ƳƛƴǳǘŜǎ ŀǘ улϲ/Φ !ŦǘŜǊ 

ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ ŀǘ нмоулȄƎ ǎǳǇŜǊƴŀǘŀƴǘǎ ǿŜǊŜ ƪŜǇǘ ŀǎ ά{5{ ŦǊŀŎǘƛƻƴέΦ  Protein concentrations of Triton 1 

fractions were determined with the BCA assay (Sigma Aldrich). According to Triton 1 quantification, a 

properly amount of SDS fractions were separated by sodium SDS-PAGE and probed with Tau-5 antibody, 

specific for the human Tau441. Immuno-reactive proteins were detected using an enhanced 

chŜƳƛƭǳƳƛƴŜǎŎŜƴŎŜ ǊŜŀƎŜƴǘ όDŜ IŜŀƭǘƘŎŀǊŜύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

 

3.11.3. Cellular viability assay 

APP-swe expressing cells (H4-swe cells) were a generous gift from Prof. Mario Buffelli. The cell line was 

cultured in a humidified atmosphere of 5 ҈ /hн ŀƴŘ ǇŀǎǎŀƎŜŘ ƛƴ ŎƻƳǇƭŜǘŜ ƎǊƻǿǘƘ ƳŜŘƛǳƳΥ 5ǳƭōŜŎŎƻΩǎ 

ƳƻŘƛŦƛŜŘ 9ŀƎƭŜΩǎ ƳŜŘƛǳƳ ό5a9aύ IƛƎƘ DƭǳŎƻǎŜ ό!ǳǊƻƎŜƴŜύ ŎƻƴǘŀƛƴƛƴƎ мл % fetal bovine serum (FBS) 

(Aurogene) supplemented with antibiotics (1% penicillin/streptomycin) and 1 % glutamine (Aurogene). Once 

70ς80 % confluence was reached, cells were collected using trypsin, washed, and counted. Cell viability after 

Tau4RD fibrils treatment was evaluated by the reduction of the tetrazolium salt MTT 1-(4,5-Dimethylthiazol-

2-yl)-3,5-ŘƛǇƘŜƴȅƭŦƻǊƳŀȊŀƴΣ ¢ƘƛŀȊƻƭȅƭ ōƭǳŜ ŦƻǊƳŀȊŀƴ {ƛƎƳŀ !ƭŘǊƛŎƘύΣ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ 

Briefly, 1000 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 5 µM Tau4RD 

fibrils aggregated (pellet) in the absence or presence of different concentration of coffee and with the eluate 

and the retentate of 100 kDa filtered Tau4RD + 400 µg/mL supernatant. After 48 h of treatment, cells were 



 
43 

 

ƛƴŎǳōŀǘŜŘ ǿƛǘƘ лΦр ƳƎκƳƭ a¢¢ ŦƻǊ о Ƙ ŀǘ от ϲ/ ŀƴŘ ƛƴǎƻƭǳōƭŜ ŦƻǊƳŀȊŀƴ ŎǊȅǎǘŀƭǎ ǿŜǊŜ ŘƛǎǎƻƭǾŜŘ ƛƴ нлл ˃ƭ 

DMSO. Reduced MTT was evaluated by measuring the absorbance at 560 nm and subtracting the background 

at 670 nm on. Experiments were performed in triplicate on an Infinite M200 PRO fluorescence microplate 

reader (Tecan). One way ANOVA analysis of variance was performed to find significant differences. A P-value 

Җ лΦлр ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ǎƛƎƴƛŦƛŎŀƴǘΦ 

 

3.12. Fluorescence microscopy 

The influence of ubiquitination on Tau4RD ability to phase separate in liquid droplets in the presence of 

cofactors was investigated with fluorescence microscopy the experimental processes are deeply illustrated 

in in Results and discussion section 4.2.2. 

Here, the experimental procedures to study the influence of coffee, caffeine and genistein on Tau4RD phase 

separation are addressed. Tau4RD was mixed with a percentage (1.2 % of total protein) of Tau4RD labelled with 

fluorescein isothiocyanate, FITC (Sigma) or with Alexa Fluor 488 (Thermofisher Scientific) to report its liquid-

liquid phase separation. Tau4RD condensates were induced using heparin, in the presence of different 

concentrations (35/280 µg/mL) of Italian espresso coffee, caffeine and genistein. In some cases, coffee, 

caffeine and genistein were added to already formed droplets (after 5 minutes). 35 µM protein was mixed 

with 6.25 µM heparin, 5 mM DTT, 30 mM NaCl in 20 mM NaPi, pH 6.0. 7 µL of solution were spotted onto a 

microscope slide, covered with a circular coverslip, and sealed. 

Condensates images were acquired on a Leica TCS SP5 AOBS microscope over time. Image analysis was 

performed with FIJI Image J software. 

Moreover, the interaction between Tau4RD, Tau151-372 or Tau441 with UBQLN2 was studied through 

fluorescence microscopy. The sample mix solutions were assembled in ice as follow: 

50 uL of buffer (+ 400 mM NaCl) were added to a 50 uL mix in which Tau (different constructs) and UBQLN2, 

in the same buffer, had the double concentration in respect to the final concentration requested. Only 

UBQLN2, only Tau, and UBQLN2 + Tau (in different ratio) mixes were tested.  Labeled proteins with mCherry 

(UBQLN2, magenta in the images) and alexa-488 (Tau, in green in the images) dyes were added as 1/50 of 

the final unlabeled protein concentration.  50 uL of proteins sample mix were spot onto a cavity slide and 

covered with BSA-coated coverslip (square in shape) and observed with inverted Nanoimager microscopy 

(Oni) over time at a magnification 100X with oil. Samples deposited on the slides were incubate at least 10 

min at 30 °C before the first acquisition with the coverslip facing down. Buffer composition of the sample 

mixes was: 20 mM NaPi, pH 6.8, 1 mM TCEP, 0.02 % NaN3. Images scale bars are 5 µm in length. 
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4. Results and discussion 

 

4.1 Modulation of proteins aggregation by cofactors 

 

4.1.1. Unsaturated fatty acid-induced conformational transitions and aggregation of the repeat 

domain of Tau 
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Abstract 

Background: The intrinsically disordered, amyloidogenic protein Tau associates with diverse classes of 

molecules, including proteins, nucleic acids, and lipids. Mounting evidence suggests that fatty acid molecules 

could play a role in the dysfunction of this protein, however, their interaction with Tau remains poorly 

characterized. Methods: In a bid to elucidate the association of Tau with unsaturated fatty acids at the sub-

molecular level, we carried out a variety of solution NMR experiments in combination with circular dichroism 

and fluorescence measurements. Our study shows that Tau4RD, the highly basic four-repeat domain of Tau, 

associates strongly with arachidonic and oleic acid assemblies in a high lipid/protein ratio, perturbing their 

supramolecular states and itself undergoing time-dependent structural adaptation. The structural signatures 

of Tau4RD/fatty acid aggregates appear similar for arachidonic acid and oleic acid, however, they are distinct 

from those of another prototypical intrinsically disordered protein, -hsynuclein, when bound to these lipids, 

revealing protein-specific conformational adaptations. Both fatty acid molecules are found to invariably 

promote the self-aggregation of Tau4RD and of h -synuclein. Conclusions: This study describes the reciprocal 

influence that Tau4RD and fatty acids exert on their conformational states, contributing to our understanding 

of fundamental aspects of Tau/lipid co-assembly. 

 

Introduction 

Tau is an axonal cytosolic protein initially reported to promote the assembly of tubulin and to stabilize the 

microtubule network, thereby supporting neuronal cell function [1,2]. It is now becoming evident that the 

physiological role of Tau extends beyond its ability to modulate microtubule dynamics [3,4]. Indeed, the 
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identification of numerous binding partners, including signaling molecules, cytoskeletal elements, and lipids, 

suggests its involvement in diverse activities [3]. The difficulty to precisely define the function of Tau is 

probably linked to the absence of a unique molecular structure as a consequence of its intrinsically 

disordered nature [5], its multiple post-translational modifications [6], and the occurrence of six isoforms [7]. 

The longest human Tau isoform (441 amino acids) is subdivided into two major domains (scheme 1) [8]. The 

assembly domain in the carboxy-terminal part comprises the repeat domains and flanking regions; it is 

referred to as the microtubule binding domain. The projection domain is the amino-terminal section that 

projects away from microtubules. The amino acid sequence contains a low proportion of hydrophobic amino 

acids, consistent with the unfolded character of the protein. The four repeat domains exhibit a highly basic 

character due to an elevated number of lysine residues, which promote the association of Tau with 

microtubules. Two hexapeptide motifs PHF6* = 275VQIINK280 (in repeat R2) and PHF6 = 306VQIVYK311 (in 

R3) are predominantly hydrophobic and have propensity to form a ̡ structure [9]. 

 

 

Scheme 1. Illustration of Tau domain organization and the molecular structures of fatty acids. 

 

In its unbound state in solution, Tau is best described as a dynamic ensemble of rapidly interconverting 

conformers [10]. The dynamic structure of Tau is influenced by the presence of chemical modifications and 

the protein undergoes conformational rearrangement upon interaction with binding partners [11ς14]. 

However, the most prominent conformational transition of Tau is the formation of supramolecular structures 

in a self-assembly process that eventually leads to the accumulation of insoluble deposits, containing 

hyperphosphorylated Tau, known as neurofibrillary tangles (NFTs) [15,16]. NFTs, constituted by paired helical 

filaments (PHF) and straight filaments (SF), are pathological hallmarks of a range of neurodegenerative 

ŘƛǎƻǊŘŜǊǎΣ ƛƴŎƭǳŘƛƴƎ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ ό!5ύΣ ŎƻƭƭŜŎǘƛǾŜƭȅ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘŀǳƻǇŀǘƘƛŜǎ ώмтϐΦ ¢ƘŜ ǇŀǘƘƻƭƻƎƛŎŀƭ 

aggregation of Tau appears to be nucleated by the hexapeptide motifs and the repeat domains are part of 

the core of Tau filaments extracted from human tissues [18,19]. Remarkably, unmodified Tau has very little 

tendency to aggregate in solution. It is possible that a network of transient long-range contacts contributes 

to the prevention of protein self-assembly [10,20]. 
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Indeed, truncated forms of Tau that lack these intramolecular interactions are more prone to aggregation 

[21] and the four-repeat domain, Tau4RD (scheme 1), is widely used as model polypeptide in aggregation 

studies. Point mutations that strengthen ̡-propensity and specific chemical modifications were reported to 

accelerate the fibrillization of Tau in vitro, however, the inducers of Tau aggregation in neurons and the 

structure of the aggregation-competent intermediate(s) remain currently unknown [22]. 

Anionic cofactors such as proteins, nucleic acids, and lipids were proposed to play a major role in shifting 

conformational equilibria towards either aggregation-resistant or pro-aggregating structures [22]. 

In vitro, sulfated glycosaminoglycans promote Tau aggregation through a charge compensation mechanism 

[23]. Similar effects are elicited by nucleic acids [24] and acidic lipids [25]. 

Lipids are abundant in the cellular environment and accessible to cytosolic Tau, and interactions between 

ƭƛǇƛŘ ƳŜƳōǊŀƴŜǎ ŀƴŘ ¢ŀǳ ƘŀǾŜ ōŜŜƴ ǇǊƻǇƻǎŜŘ ǘƻ Ǉƭŀȅ ŀ ǊƻƭŜ ƛƴ ǘƘŜ ǇǊƻǘŜƛƴΩǎ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ŦǳƴŎǘƛƻƴ ώнсΣнтϐΣ 

however, their influence on the conformational dynamics of Tau remains poorly characterized. Beyond 

plausible interactions under normal conditions, lipid-promoted Tau aggregation is of great interest due to its 

role in the process of neurodegeneration. It is known that the levels of free cytosolic fatty acids (FAs) can be 

increased in pathology [28]. Elevated concentrations of saturated FAs, which are able to cross the bloodς

ōǊŀƛƴ ōŀǊǊƛŜǊΣ ŎƻƴǎǘƛǘǳǘŜ ŀ ǎƛƎƴƛŦƛŎŀƴǘ Ǌƛǎƪ ŦŀŎǘƻǊ ŦƻǊ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ ώнфϐΦ .Ǌŀƛƴ ƴŜǳǊƻƴǎ ŀǊŜ ǇŀǊǘƛŎǳƭŀǊƭȅ 

rich in polyunsaturated FAs, such as arachidonic (ARA) and docosahexaenoic (DHA) acids, which are liberated 

into the cytosol by the action of phospholipases [30]. 

Tau could participate in the formation of co-aggregates with lipids, in analogy with the formation of such 

assemblies by h-synuclein, another disordered amyloidogenic polypeptide, implicated in neurodegeneration 

[31,32]. This hypothesis is supported by the observation of Tau filaments associated with lipid membranes 

ώооϐ ŀƴŘ ōȅ ǘƘŜ ŘƛǎŎƻǾŜǊȅ ƻŦ C!ǎ ƛƴ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ bC¢ǎ ώопϐ. 

The importance of lipidςprotein co-assembly in the onset and progress of amyloid diseases has been pointed 

out recently [35]. The association of intrinsically disordered polypeptides with free lipids, micelles, and 

vesicles is predicted to dramatically affect the structures and physicochemical properties of these 

biomolecules and to modulate their interactions with other molecular partners and cells [36,37]. 

Thorough investigations of lipidςprotein co-assembly are necessary to deepen our understanding of both the 

healthy and aberrant action of amyloid proteins, providing the basis for the development of therapeutic 

strategies against devastating neurodegenerative diseases [38]. 

In our work, we aimed at elucidating the association of Tau with unsaturated FAs at the sub-molecular level. 

We focused on the interaction of Tau4RD with arachidonic acid (ARA, all-cis-5,8,11,14-eicosatetraenoic acid), 

representing an abundant polyunsaturated FA in the brain, and oleic acid (OLA, cis-9-octadecenoic acid), a 

representative long-chain mono-unsaturated FA (scheme 1). We applied a variety of solution NMR 

techniques, in combination with circular dichroism (CD) spectroscopy, to get insight into protein 
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conformational transitions and dynamic supramolecular interactions. CD measurements were also 

performed on h -synuclein in the presence of FAs to be able to point out protein-specific behavior. FA-induced 

protein aggregation was monitored by thioflavin-T (ThT) fluorescence and transmission electron microscopy 

(TEM). We discuss our findings in light of current knowledge on Tau/lipid interactions. 

 

Materials and Methods 

 

Reagents 

Heparin (H3393), dithiothreitol, thioflavin-T (T3516), sodium oleate (O7501), sodium arachidonate 

(SML1395), 11-(Dansylamino) undecanoic acid (DAUDA, 39235), and protease inhibitors, were purchased 

from Sigma Aldrich (St Louis, MO, USA). 

 

Recombinant protein expression and purification 

Recombinant Tau4RD, corresponding to the 244ς372 sequence of human Tau-441, was expressed and purified 

as described previously [60]. 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 (80ς100 °C) and SP-ion exchange chromatography. 

To label Tau4RD with 15N, or 15N and 13C stable isotopes, the Escherichia coli culture was grown in M9 minimal 

medium supplemented with 15NH4Cl (1 g/L), or 15NH4Cl (1 g/L) and 13C glucose (4 g/L). 

Purified Tau4RD products were dialyzed in the final buffer with the addition of 2 mM DTT. 

Recombinant human hS was produced in E. coli BL21 (DE3) cells and purified as reported [61,62]. 

 

Fatty acid samples preparation 

Sodium oleate, OLA, was dissolved in 500 µL of mQ H2O to a final concentration of 100 mM. 

Subsequently, the solution was aliquoted and stored at room temperature until needed. 

Sodium arachidonate, ARA, was prepared by adding H2O (fluxed with nitrogen) directly to the vial obtained 

from the manufacturer to a concentration of 15 mM [63]. The solution was aliquoted in Wheaton glass serum 

bottles (Z113948) in 200ς500 µL and clamped under nitrogen in a glovebox. 

Aliquots were stored at -20 °C until needed. 

 

NMR spectroscopy 

NMR experiments were acquired on a Bruker Avance III spectrometer (Bruker, Karlsruhe, Germany), 

operating at 600.13 MHz 1H Larmor frequency, equipped with a triple resonance TCI cryogenic probe. NMR 

data were processed with Topspin 4.0.6 (Bruker) and analyzed with the software NMRFAM-SPARKY [64]. All 
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protein samples were centrifuged at 10,000x g for 10 min to remove any insoluble particles prior to NMR 

measurement and the protein concentration was assessed by measuring absorbance at 280 nm. The typical 

Tau4RD concentration was 25ς100 µM. The FA concentration was 75ς300 µM. 

The samples were prepared in 10 mM potassium phosphate buffer at pH 6.8, also containing 1 mM DTT, 

protease inhibitors with EDTA, 0.02 % NaN3 (Sigma), and 8 % 2H2O. 

One-dimensional 1H-NMR experiments were acquired at 37 °C, with a standard pulse sequence incorporating 

the excitation sculpting water suppression scheme. A total of 16ς64 transients were acquired over a spectral 

width of 9615 Hz, using a recycle delay of 4 s. The spectra were processed by applying an exponential window 

function prior to the Fourier transformation. Protein samples were aliquots taken from a concentrated 

solution (100 µM protein solution mixed with 300 µM FA) and diluted to a final concentration of 25 µM 

protein and 75 µM FA. 

1H-15N heteronuclear single quantum coherence (HSQC) spectra were acquired at 25 °C and were conducted 

by acquiring 256 complex points in the t1 dimension and 2048 in the t2 dimension. 

A total number of 8ς16 transients were acquired for each spectrum with an interscan delay of 1.2 s. 

Standard sequence schemes with pulsed field gradients were used to achieve suppression of the solvent 

signal and the cancellation of spectral artifacts. Protein samples were prepared as for 1D experiments. 

Pulsed field gradient NMR diffusion experiments were performed at 37 °C, using the standard Bruker 

ledbpgp2s1dwsse pulse sequence, which implements the stimulated echo and longitudinal eddy current 

delay schemes, as well as bipolar gradient pulses for diffusion. Water signal suppression was achieved by pre-

saturation and Watergate. The gradient was set to values in the range of 5ς95% of the maximum gradient 

strength. The experiment was conducted with diffusion and gradient times of 200 ms and 4 ms. Data were 

analysed by integrating resonances of the amide envelope region. Samples were prepared by incubating 100 

µM protein solution with 300 µM FA under magnetic stirring at 37 °C. At various time intervals, aliquots were 

taken and subsequently diluted for NMR measurements. 

15N-spin transverse relaxation rate (15N-R2) measurements were carried out at 25 °C, in gradient-selected 

sensitivity enhanced mode and in an interleaved fashion acquiring 2048 (1H) x 256 (15N) complex data points 

for each relaxation delay over spectral widths of 12 (1H) and 26 (15N) ppm. Water signal suppression was 

obtained with optimized flip-back pulses. The recycle delay was set to 1.5 s and T2 (=R2
-1) relaxation delays 

were 0.01696 s (x2), 0.1696 s, 0.2035 s (x2), and 0.2374 s (x3). Protein samples were prepared with 100 µM 

[15N]Tau4RD mixed with 60 µM ARA. 

Sequence-specific assignments of NH resonances were obtained by visual transfer from published 

assignments (BMRB Entry 19,253 and in part from entry 17945) using a set of HSQC spectra recorded in 

progressively different buffer conditions and temperature to best match the distribution of peaks in the 
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references [49,65]. Signals of Cys322 and nearby residues were not assigned because in the reference 

construct the cysteine was mutated. 

Constant time (CT) 1H-13C HSQC spectra and CON spectra were acquired at 37 °C on samples containing 100 

µM [15N,13C]Tau4RD mixed with 50 µM FA. For CT-HSQC, acquisition parameters were optimized for the 

observation of the aliphatic resonances and spectra were recorded in a matrix of 2048 x 676 complex points 

on spectral windows of 16 ppm and 70 ppm in the 1H and 13C frequency dimensions, respectively, with the 

carbon carrier placed at 40 ppm, the recycle delay was set to 2 s, and the constant time evolution period was 

53.2 ms. Carbon-detect CON spectra were recorded with IPAP virtual decoupling [66], 896 x 256 complex 

data points, 40 ppm (13C) x 48 ppm (15N) spectral windows, 64 scans, and a recycle delay of 2.5 s. 

One-dimensional 13C-NMR experiments were performed at 37 °C to examine the carboxyl signals of 

[13C1]OLA, as described in previous work [67ς69]. Samples contained 80 µM [13C1]OLA in the absence or 

presence of 20 µM Tau. Experiments were acquired with inverse-gated decoupling using a 30° flip angle for 

the carbon pulse. A pulse interval of 1.5 s, spectral width of 60 ppm centred at 170 ppm, and 16,384 time 

domain points were used for 4096 spectral accumulations. A line-broadening factor of 10 Hz was used in data 

processing. 

 

Fluorescence spectroscopy 

DAUDA fluorescence measurements were performed using a Jasco FP8200 spectrofluorometer (Jasco, 

Easton, MD, USA) with a 1 cm path-length quartz cuvette, as described previously [70]. 

The excitation wavelength was 335 nm (slit width 1 nm) and emission spectra were collected in the range of 

350ς650 nm. Samples contained 100 µM Tau4RD, 300 µM of lipid (OLA or ARA), and 1 µM DAUDA in 10 mM 

potassium phosphate buffer, 2 mM DTT, protease inhibitors with EDTA, and pH 6.8. All experiments were 

performed at room temperature. 

 

Far-UV circular dichroism (CD) spectroscopy 

CD measurements were carried out with a Jasco J-1500 spectropolarimeter equipped with a Peltier type 

thermostatized cell holder (Jasco, Easton, MD, USA). Far-UV spectra (190ς260 nm) were recorded at 25 °C at 

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. CD spectra 

were recorded on samples of Tau4RD and h S, in the absence or presence of inducers or lipids. 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. 

To monitor time-dependent spectral changes, samples were incubated in 1.5 mL glass vials at 37 °C under 

magnetic stirring at 250 rpm. Aggregation reactions were prepared in 700 µL aqueous buffer (10 mM KPi, pH 
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6.8, 0.5 mM DTT, protease inhibitors with EDTA, 0.02% NaN3) and were composed of 20ς100 µM Tau4RD or 

Sh, and 300ς500 µM of lipid or 25 µM heparin. 

Data plots were generated using the software GraphPad Prism 7 (GraphPad Software Inc., La Jolla, CA, USA). 

 

Thioflavin-T aggregation assay 

Tau4RD solutions were filtered through a 100 kDa cut-off filter (Sartorius Stedim Biotech GmbH, Göttingen, 

Germany) before starting the aggregation assay to remove pre-existing large oligomers and fibrils. The 

aggregation was induced by incubating the soluble protein in the presence of FAs at various concentrations 

(protein:FA was 10 µM:30 µM, 10 µM:300 µM, 100 µM:300 µM) in 10 mM potassium phosphate, pH 6.8, 1 

mM DTT. Control reactions were carried out in the presence of heparin (protein:HEP was 10 µM:2.5 µM and 

100 µM:25 µM). 

The kinetics of aggregation was monitored by measuring the fluorescence of the thioflavin-T (20 µM) added 

to each sample in a 96-well dark plate (100 µL final volume for each well). Fluorescence measurements were 

performed using a microplate reader (TECAN Infinite M200 Pro, Tecan Group AG, Männedorf, Switzerland) 

at 30 °C for ~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 for 24 h at 30 °C under intermittent shaking. Subsequently, 30 µL of Tau4RD aggregates (1 µM) 

in mQ H2O were adsorbed onto 400 mesh holey film grid; after staining with 2% uranyl acetate (for 2 min), 

the sample was observed with a Tecnai G2 (FEI) transmission electron microscope operating 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). 

 

Turbidimetry 

Turbidity measurements were performed in a plate reader (TECAN Infinite M200 Pro, Tecan Group 

AG, Männedorf, Switzerland) by recording absorbance at 350 nm in a 96-well dark plate (100 µL final volume 

for each well) at 30 °C. Tau4RD or h S (10 µM) were mixed with FA (300 µM) in the polymerization buffer. Error 

bars in the displayed data correspond to the standard deviations of at least four independent experiments. 
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Results 

 

Aggregation State of Oleic and Arachidonic Acids in an Aqueous Solution 

The dissolution of OLA and ARA in aqueous buffer solution results in the formation of supramolecular 

assemblies (e.g., micelles) in equilibrium with the monomeric species [39,40]. In the typical conditions of our 

experiments, the presence of such assemblies was apparent from 1H-NMR translational diffusion 

measurements. At a concentration of 75 µM, OLA was largely in aggregate form, as inferred from the lack of 

signal attenuation after a 200 ms diffusion period in pulsed field gradient NMR experiments (fig. S1A). At the 

same concentration, two distinct sets of signals were observed for ARA, one corresponding to fast diffusing 

molecules, another one to slowly diffusing large assemblies (fig. S1B). At higher concentrations, the slowly 

diffusing species were prevalent for both OLA and ARA (fig. S1C,D). 

 

Association of Tau4RD with fatty acids 

A preliminary investigation of the interaction between FAs and Tau4RD was performed by acquiring simple 1D 

1H-NMR spectra on protein/FA mixtures. All of the samples investigated in this work contained excess sodium 

dithionite to mimic the reducing environment of a neuronal cell body. The addition of a three-fold molar 

excess of FA to Tau4RD produced minor perturbations of the protein 1H-NMR profile: virtually no chemical 

shift changes were observed and intensities were only slightly reduced (fig. 1) to an extent that was 

dependent on the ionic strength (fig. 1B and fig. S2). On the contrary, the signals of the FAs became 

undetectable and they did not add to the protein signals (Figure 1). Based on translational diffusion 

measurements, the observable protein 1H-NMR signals could be attributed to Tau4RD molecules, which were 

freely diffusing in solution and were not part of larger aggregates (fig. 2B,D). Thus, a small portion of protein 

molecules appeared to interact with the bulk of FAs, determining a major change in lipid aggregation state 

and/or dynamics. It is noteworthy that the addition of Tau4RD to a solution of ARA determined a reduction in 

sample turbidity measured at 350 nm (fig. S3A,C), likely due to a decreased size of assemblies present in the 

mixture compared to lipid-only solution. The effect was similar, although less pronounced with OLA (fig. 

S3A,C). For comparison purposes, we investigated the interaction of FAs with another intrinsically disordered 

amyloidogenic protein, h-synuclein (hS), which is known to associate with cellular lipids [38,41,42]. Indeed, 

the turbidity of FA solutions was significantly decreased in the presence of h S (fig. S3B,D), as observed 

previously [31], indicating that both intrinsically disordered proteins (IDPs) tend to disperse lipid aggregates 

to an extent that depends on the chemistry of the polypeptide chains. 

To further examine the changes in the chemical environment experienced by the FAs, we recorded 1D 13C-

NMR spectra of 13C1-enriched OLA, which allowed us to observe the FA without overlap from protein signals. 

The single sharp peak observed for [13C1]OLA alone in solution (fig. 3A) indicates that the carboxylates of OLA 
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molecules experience a unique, homogeneous environment and exhibit fast rotational dynamics. After the 

addition of Tau4RD, the signal was considerably attenuated and broadened, suggesting that the protein 

perturbed the original aggregated state of OLA, determining changes in mobility and/or establishing 

heterogeneous non-covalent interactions. 

To gain independent evidence of the Tau-mediated reorganization of FA assemblies, we performed 

fluorescence measurements in the presence of the environment-sensitive fluorescent fatty acid analogue 

DAUDA. In a solution of OLA (without protein), the DAUDA fluorescence emission peak exhibited a substantial 

increase in intensity and a blue-shift of the maximum emission wavelength (m˂ax = 532 nm) from its position 

in the absence of FA (˂max = 552 nm) (fig. 3B). In the case of ARA, the change in intensity was smaller and the 

shift of the peak was larger (˂max = 517 nm) (fig. 3C), suggesting a different supramolecular organization of 

the FA aggregates (in the absence of protein) or a different mode of interaction with the fluorescent probe. 

In a solution of Tau4RD, the DAUDA fluorescence peak exhibited a modest increase in intensity and no change 

in wavelength compared to DAUDA alone. 

A second, unassigned peak appeared at shorter wavelengths. Interestingly, the fluorescence spectra of the 

Tau4RD/OLA and Tau4RD/ARA samples were remarkably similar both in intensity and maximum emission 

wavelength (˂max = 504 and 505 nm for ARA and OLA, respectively). Thus, fluorescence spectra indicate that 

Tau4RD perturbs the FA supramolecular organization and mediates the formation of aggregates with similar 

properties for both FAs. 

 
Figure 1. 1H-NMR profiles of Tau4RD and fatty acids. High-field portion of 1H-NMR spectra of 25 µM Tau4RD (black), 75 µM fatty acid 
(FA, blue), and 25 µM Tau4RD mixed with 75 µM FA (red). (A) Data obtained with FA = oleic acid (OLA). (B) Data obtained with FA = 
arachidonic acid (ARA). Measurements were performed at 37 °C. 
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Figure 2. 1H-NMR measurements of Tau4RD monomer depletion and translational diffusion. High-field region of 1H-NMR spectra (A) 
and translational diffusion experiments (B) recorded on Tau4RD in the presence of OLA. High-field region of 1H-NMR spectra (C) and 
translational diffusion experiments (D) recorded on Tau4RD in the presence of ARA. Samples contained 25 µM Tau4RD and 75 µM fatty 
acid. Spectra in (A,C) were collected on samples that were incubated for 0 h (gray), 24 h (dark gray), and 48 h (black). In (B,D), the 
normalized intensity of a selected signal is shown as a function of the square of the fraction of gradient used; errors in peak intensities 
were smaller than the size of the symbols, as estimated from duplicate experiments; samples were incubated for 0 h (empty 
circles/diamonds), 24 h (gray filled circles/diamonds), and 48 h (black filled circles/diamonds); asterisks denote data collected on 
Tau4RD in the absence of fatty acid; lines are fitted exponential curves. Protein samples were aliquots taken from 100 µM protein 
solutions incubated with 300 µM fatty acid under magnetic stirring. Samples were kept at 37 °C during both incubation and 
measurement. 
 

 
Figure 3. Perturbations of the chemical environment of fatty acids in the presence of Tau. (A) 1D 13C spectrum measured on 80 µM 
[13C1]OLA in the absence (top) and presence (bottom) of 20 µM Tau4RD. The intensity of the bottom spectrum is increased four-fold 
compared to the top spectrum for better visualization. Measurements were performed at 37 °C. (B) DAUDA fluorescence spectra 
recorded on samples containing 300 µM OLA in the absence (gray solid line) or presence of 100 µM Tau4RD (black solid line). (C) 
DAUDA fluorescence spectra recorded on samples containing 300 µM ARA in the absence (gray solid line) or presence of 100 µM 
Tau4RD (black solid line). Spectra of control samples containing buffer (dotted line) or Tau4RD (dashed line) without FA are displayed 
in both (B,C). DAUDA was 1 µM in all samples. 
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Site-resolved investigation of fatty acid-induced perturbations of Tau4RD 

One-dimensional 1H-NMR profiles provided readily accessible information on Tau4RD/FA interactions, albeit 

at low resolution. To analyze the interactions in greater detail, we acquired a number of two-dimensional 

(2D) heteronuclear correlation spectra. The HN-HSQC spectrum of 15N-enriched Tau4RD displays fairly well-

resolved resonances from individual amino acid residues due to the significant dispersion of chemical shifts 

in the 15N frequency dimension and the narrow line shapes. After the addition of an excess of either OLA or 

ARA, the protein peak pattern appeared unmodified, with no signals exhibiting chemical shift changes nor 

residue-specific intensity variations (fig. 4A,B). It should be noted that the HN-HSQC spectra were acquired 

at 25 °C, a condition in which the sensitivity of the experiment was acceptable. At higher temperatures, the 

HN resonances were strongly attenuated due to fast amide proton exchange with the solvent, a major 

limitation of disordered polypeptides [43]. 

 
 

 
Figure 4. Fatty acid-induced NMR signal perturbations monitored at single residue/atomic resolution. (A, B) Overlaid, selected regions 
of HN-HSQC spectra recorded on [15N]Tau4RD in the absence (black) or presence of OLA (A, red) or ARA (B, red); measurements were 
performed at 25 °C; protein concentration was 25 µM and fatty acid concentration was 75 µM. (C) Overlaid, selected regions of HC-
HSQC spectra recorded on [15N,13C]Tau4RD in the absence (black) or presence of ARA (red); the measurement temperature was 37 °C; 
protein concentration was 100 µM and fatty acid concentration was 50 µM. (D) Overlaid, selected regions of CON spectra recorded 
at 37 °C on samples as in panel C. 

 

To explore whether an increase in temperature could facilitate the observation of FAs binding to specific 

protein sites, we performed alternative experiments based on non-exchangeable atoms. 

Both HC-HSQC and CON spectra were recorded at 37 °C on 15N,13C-enriched Tau4RD (fig. 4C,D). 

The former experiment is very sensitive and displays signals from every H-C atom pair, although certain 

regions appear quite crowded. The latter is less sensitive but exhibits excellent single-residue resolution [44]. 
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Careful comparison of the corresponding spectra acquired in the absence and presence of ARA revealed that 

no atom pair of the observable protein state was perturbed by the presence of FAs. 

In principle, the formation of transient, small protein/FA complexes may escape direct detection by all of the 

above NMR methods, however, additional experiments may reveal the presence of low-populated states and 

dynamic association equilibria [45]. For this reason, we carried out 15N-spin transverse relaxation rate, 15N-

R2, measurements, which are sensitive to local motional properties [46]. 15N-R2 values were relatively 

homogeneous throughout the polypeptide sequence (fig. 5), consistent with the disordered nature of Tau4RD, 

and appeared essentially unperturbed after the addition of ARA, definitively supporting the conclusion that 

the observable protein state was not perturbed by FA molecules. 

Two-dimensional 13C spectra and 15N-spin transverse relaxation data were collected with excess protein, at 

variance with most other experiments in this work, in order to ensure adequate signal/noise by mitigating 

the signal attenuation caused by the presence of excess FA. Both types of experiments aimed at detecting 

intermolecular interactions and exchange based on the perturbations of the free-state signals, as opposed 

to other experiments performed to directly observe conformational transitions and aggregation. 

 

 
Figure 5. 15N transverse relaxation rates. 15N-spin transverse relaxation rate values measured on 100 µM [15N]Tau4RD in the absence 
(gray dots) and presence of 60 µM ARA (black triangles). 
Measurements were performed at 25 °C and a magnetic field of 14.1 T. Error bars are fitting errors. Dotted vertical lines indicate the 
position of separation between distinct repeats. Gray horizontal bars indicate the position of the hexapeptide motifs. The amino acid 
residue numbering is based on full-length human Tau. 

 

 Time-dependent Tau4RD monomer depletion and translational diffusion 

Tau4RD is known to undergo self-association in the presence of aggregation inducers. To monitor the progress 

of protein aggregation, 1H-NMR spectra were recorded on Tau4RD/FA samples immediately after mixing and 

after 24 h or 48 h of incubation under reducing conditions. We note that no major FA oxidation products 

were detected by the NMR analysis of FA samples incubated for one or two days. In the presence of OLA, the 

spectrum intensity decreased by 67 % after 24 h and 78 % after 48h (fig. 2A), indicating that the population 

of free protein was reduced due to formation of protein-containing aggregates. Unexpectedly, the 

translational diffusion of the species observed in the spectrum did not decrease, but instead was slightly 

faster (~10 %) compared to that measured on the freshly prepared mixture (fig. 2B). This result can likely be 

attributed to the structural compaction induced by the formation of intramolecular disulfide bridges [47] 
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upon the progressive decrease of DTT reducing activity. In the case of ARA, the protein spectrum displayed 

reduced intensity after 24 h (30 % reduction) and after 48 h (60 %) (fig. 2C). Again, it was remarkable to 

observe that the protein diffusion coefficient became larger (~20 % at 48 h) after prolonged incubation with 

the FA (fig. 2D). Thus, the timescale of monomer-aggregate exchange was larger than the pulse separation 

delay (200 ms) of translational diffusion measurements. 

 

FA-induced protein secondary structure perturbations 

We used circular dichroism (CD) spectroscopy to gain insight into changes in the secondary structure of 

Tau4RD, induced by the presence of FAs. The far-UV CD spectrum of Tau4RD is characteristic of a largely 

disordered protein, featuring a deep minimum centered at 198 nm and the absence of strong negative signals 

above 205 nm (fig. 6E, fig. 7A). On the addition of a three-fold molar excess of OLA, the protein spectrum 

remained unperturbed (fig. 6A), however, after incubation for 24 h, significant changes were observed. The 

line shape was characterized by two minima, at 201 and 218 nm, and positive ellipticity below 195 nm, which 

can be attributed to a mixture of protein molecules in disordered states and in partially ordered 

conformations, however, with no uniquely defined secondary structure elements. In the presence of a larger 

excess of OLA, the strong negative peak at 198 nm became significantly attenuated (fig. 6C), suggesting the 

progressive depletion of free disordered protein molecules. 
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Figure 6. Far-UV circular dichroism spectroscopy. (A) Tau4RD in the presence of OLA immediately after mixing (solid line) and after 24 
h of incubation (dashed) at 37 °C under magnetic stirring, at a molar ratio Tau4RD:OLA = 1:3. (B) Tau4RD in the presence of ARA 
immediately after mixing (solid line) and after 24 h (dashed) or 72 h (dotted) of incubation at 37 °C under magnetic stirring, Tau4RD:ARA 
= 1:3. (C) Tau4RD in the presence of OLA immediately after mixing, Tau4RD:OLA = 1:3 (light gray), 1:10 (gray), 1:25 (black). (D) Same as 
B, with Tau4RD:ARA = 1:25. (E) Tau4RD (solid) and Tau4RD mixed with heparin (HEP), after 24 h incubation (dashed), Tau4RD:HEP = 4:1. 
(F) Tau4RD (solid) and Tau4RD immediately after mixing with SDS, Tau4RD:SDS = 1:25 (black), 1:100 (gray). []̒MRW is the mean residue 
molar ellipticity. 
 
 



 
58 

 

 
Figure 7. Far-UV circular dichroism spectroscopy. (A) Tau4RD freshly prepared (solid line) and after 24 h (dashed) or 72 h of incubation 
(dotted) at 37 °C under magnetic stirring. (B) Sh freshly prepared (solid line) and after 24 h (dashed) or 72 h of incubation (dotted) at 
37 °C under magnetic stirring. (C) Sh in the presence of OLA immediately after mixing (solid line) and after 24 h (dashed) or 72 h 
(dotted) of incubation at 37 °C under magnetic stirring, Sh:OLA = 1:3. (D) hS in the presence of ARA immediately after mixing (solid 
line) and after 24 h (dashed) or 72 h (dotted) of incubation at 37 °C under magnetic stirring, Sh:ARA = 1:3. (E) Same as C, Sh:OLA = 
1:25. (F) Same as D, Sh:ARA = 1:25. [̒]MRW is the mean residue molar ellipticity. 

 

In analogy with OLA, the addition of ARA did not immediately perturb the CD spectrum of Tau4RD, but changes 

were observed after a longer incubation. The spectrum recorded after 24 h of incubation exhibited two 

minima, centered at about 200 and 221 nm (fig. 6B), which became less pronounced after 72 h. In the 

presence of a 25-fold excess of ARA, the negative ellipticity peak of the disordered state was essentially 

canceled and no other major peak appeared during the course of the incubation (fig. 6D). Thus, under these 

conditions, the protein partitioned, to a greater extent, into aggregates. 

To better understand the structural perturbations induced by FAs, experiments were also performed with 

the anionic aggregation-inducer heparin and the amphiphilic detergent SDS. The transition of Tau4RD from 

the disordered state to a ̡-sheet structure after incubation with heparin for 24 h was clearly evident from 

the CD spectrum (fig. 6E), in agreement with previous studies [48]. 
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By contrast, the addition of SDS produced the quantitative conversion to an -hhelical structure (fig. 6F), as 

reported previously [49]. The spectrum line shapes of Tau4RD in the presence of FAs were clearly distinct from 

those observed in these two limiting cases of mostly  ̡or  hsecondary structure conformations, supporting 

the view of mixed-nature secondary structure content and partly disordered states. 

For comparison purposes, we also performed measurements with Sh. The latter can easily form amyloid 

fibrils in vitro without the addition of inducers, and the corresponding CD spectrum, recorded after 72 h of 

incubation, was consistent with the presence of a -̡sheet structure (fig. 7B). 

After the addition of a three-fold molar excess of OLA or ARA, the characteristic strong negative peak, 

centered at 201 nm, remained unperturbed, indicating that partitioning into FA assemblies did not make a 

significant contribution to the spectral line shape (fig. 7C,D). However, after 24 h, the peak was considerably 

reduced and negative ellipticity increased at wavelengths close to 217 nm. The latter band became 

progressively stronger with increasing incubation time, while the peak of the disordered state disappeared 

(fig. 7C,D). Interestingly, upon the exposure of Sh to a 25-fold molar excess of FA, the protein turned 

immediately into an h-helical state (fig. 7E,F) but transitioned rapidly to a -̡sheet after 24 h, in agreement 

with the results of Klenerman and coworkers for the ARA-induced structural rearrangement of h S [50]. Taken 

together, the data indicate that OLA and ARA had the same effects on the conformational properties of hS. 

 

 FA-induced fibril formation 

After having ascertained that both OLA and ARA promote the progressive depletion of free soluble Tau4RD 

molecules, its association to lipid aggregates and the transition towards conformations with mixed-type 

secondary structures, we set out to explore the formation of fibrils. We used the thioflavin-T (ThT) 

fluorescence assay to follow protein polymerization over time. The ThT fluorescence intensity of samples 

containing 10 µM protein and 30 µM FAs did not increase significantly during the incubation period (fig. 8A), 

as opposed to the rapid increase observed when the protein was incubated with heparin. When the same 

concentration of protein was presented with a large excess of FAs, the fluorescence rapidly increased, 

reaching a maximum, after ca. 12 h of incubation, of similar intensity (in the case of ARA) to that observed 

with heparin (fig. 8B). The fluorescence decreased during the following incubation period until it reached a 

constant value after about 30 h. The observed trend suggested the formation of ThT-positive protein 

polymers. The ThT fluorescence curves measured on more concentrated Tau4RD samples displayed a rapid 

increase during the first few hours of incubation, followed by a slower but constant increment during the 

following hours (fig. 8C). Although the fluorescence change was significant, the maximum observed intensity 

remained much lower than that measured upon incubation with heparin, suggesting that ThT-positive 

polymers were produced in smaller quantities or that the ThT affinity was reduced in the presence of FAs. 
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Figure 8. Thioflavin T (ThT) fluorescence assays. ThT fluorescence intensity was monitored over time on samples containing: (A) 10 
µM Tau4RD and 30 µM fatty acid (FA); (B) 10 µM Tau4RD and 300 µM FA; (C) 100 µM Tau4RD and 300 µM FA. Protein and FAs were 
dissolved in phosphate buffer, pH 6.8, also containing excess dithiothreitol (DTT). Samples were incubated at 30 °C under intermittent 
agitation. Control measurements were performed on protein (C) and FAs (B). Aggregation kinetic curves for Tau4RD in the presence 
of heparin (HEP) are displayed for comparison (grey circles). The displayed data are the mean ± SD of measurements performed in 
quadruplicate (no error bars are shown for control samples). 

 

We used TEM to verify the presence of protein fibrillar aggregates produced during incubation with FAs. The 

micrographs obtained on samples of 10 µM protein/30 µM FA displayed the presence of amorphous 

assemblies (fig. 9A,B, fig. S5 and S6), similar to those found in the absence 

of protein (fig. S4). The images of samples obtained from 10 µM protein/300 µM FA mixtures revealed the 

presence of a few poorly resolved filamentous structures, covered by lipid aggregates (fig. 9C,D, fig. S5 and 

S6). Well-resolved filaments were instead observed for samples prepared from 100 µM protein/300 µM FA 

(fig. 9E,F, fig. S5 and S6), consistent with the larger increase in ThT fluorescence observed during incubation. 

Tau4RD did not form fibrils in the absence of inducers (AFM data, not shown). The slightly bent, unbranched, 

and untwisted single filaments obtained with ARA were thinner (7 ± 0.8 nm width, n = 16) than those obtained 

with OLA (16 ± 3 nm, n = 25). 
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Figure 9. TEM analysis of protein/FA aggregates. TEM micrographs were taken on Tau4RD/FA samples incubated for 24 h at 30 °C 
under intermittent shaking. Samples contained: (A,B) 10 µM protein and 30 µM FA; (C,D) 10 µM protein and 300 µM FA; (E,F) 100 
µM protein and 300 µM FA. Scale bars are 100 nm. 

 

Discussion 

The interaction between Tau and lipids has been proposed to play an important role in the function and 

dysfunction of this protein [25,36,49,51], however, much of the reciprocal influence between these 

molecules remains poorly understood, particularly as far as FAs are concerned. In a bid to elucidate the 

association of Tau with unsaturated FAs at the sub-molecular level, we carried out a variety of solution NMR 

experiments in combination with CD and fluorescence measurements. 

Solutions of both ARA and OLA in the concentrations used for NMR experiments (75ς500 µM) contained a 

major fraction of self-assembled lipid molecules, as determined from translational diffusion measurements, 

while unassociated ARA molecules were also detected at the lowest concentration. 

After mixing Tau4RD with the FAs, the NMR signals of the latter vanished and the 1H-NMR profile was almost 

coincident with the spectrum of the protein (fig. 1).  

Thus, in the presence of Tau4RD, the lipid assembly transitioned to a new state characterized by slower 

molecular rotational diffusion and/or increased supramolecular heterogeneity, both situations consistent 

with signal broadening and attenuation. This conclusion was further supported by the observation of a 
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dramatic attenuation and broadening of the 13C-NMR signal of [13C1]OLA in the presence of Tau4RD, compared 

to the corresponding signal in a protein-free solution (fig. 3A). 

Interestingly, the fluorescence emission band of the fluorescent FA-analogue DAUDA exhibited a stronger 

intensity and lower maximum emission wavelength in Tau4RD/FA mixtures than in FA-only solutions (fig. 3B,C). 

The fluorescence data indicated that the fluorophore was exposed to a more hydrophobic environment in 

the co-aggregates than in the lipid assemblies, suggesting that the protein-induced reorganization of the lipid 

aggregates allowed the FA-analogue to better approach the hydrophobic hydrocarbon chains. The similarity 

of the fluorescence spectra measured on the protein/ARA and protein/OLA systems suggests that the two 

types of co-aggregates shared the same supramolecular organization, which was therefore independent from 

the degree of unsaturation of the FAs. 

Previous studies [52] indicated that full-length Tau reduced the critical micellar concentration of a number 

of FAs and detergents, and our turbidity measurements revealed an apparent reduction in the size of lipid 

assemblies in the presence of Tau4RD. An analogous behavior was observed with another prototypical 

ŀƳȅƭƻƛŘƻƎŜƴƛŎ ǇǊƻǘŜƛƴΣ ʰ{Φ IƻǿŜǾŜǊΣ ǘƘŜ ǾƛŜǿ ƻŦ ŀ ǇǊƻǘŜƛƴ-induced depression of the critical micellar 

concentration might be too simplistic: the physical states of long-chain FAs are rather complex and 

heterogeneous mixtures of distinct aggregate species, including oil droplets and lamellar phases, may coexist 

at neutral pH [39]. It is therefore not straightforward to predict what kind of reorganization occurs in the 

presence of Tau4RD. Previous studies with model lipid vesicles and structured membranes established that a 

three-repeat domain of Tau adsorbed to lipid bilayers without deep penetration into the membrane [53], 

however, both Tau4RD and full-length Tau induced morphological changes in phospholipid vesicles [36] or 

disruptions to membrane lipid packing and structural integrity [54]. Therefore, it appears that a 

polyelectrolyte, such as Tau4RD, can strongly perturb both phospholipids, as well as FA supramolecular 

organization, presumably through a combination of ion-pairing attractive forces and nonpolar interactions 

ƛƴǾƻƭǾƛƴƎ ǘƘŜ ǇǊƻǘŜƛƴΩǎ ƘȅŘǊƻǇƘƻōƛŎ ƳƻǘƛŦǎΦ 

The presence of Tau4RD in protein-lipid co-aggregates was initially inferred from the protein-induced 

perturbations to FAs and from a small general reduction of the intensity of protein NMR signals. Using a 

variety of heteronuclear correlation spectra, we were able to monitor distinct atom pairs (HN, CH, NCO) of 

Tau4RD after the addition of FAs (fig. 4). None of these reporter groups was found to experience chemical shift 

perturbations nor changes in relaxation properties or translational diffusion (fig. 2, 4 and 5), indicating that 

the observable signals belonged to free protein molecules. The absence of detectable changes in any of the 

NMR observables indicates that the lipid-bound state was too sparsely populated or that the free and bound 

states were separated by a high energy barrier at temperatures of 25 °C or 37 °C, i.e., the dissociation kinetics 

were very slow on the experimental timescale. The negligible changes in the far-UV CD spectra of Tau4RD 

recorded shortly after mixing with FAs (1:3 molar ratio) (fig. 6) support the view that a small fraction of 
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protein molecules was involved in the initial co-aggregate formation. Only after the addition of larger 

amounts of FAs did major perturbations of the CD bands become visible, indicating that a substantial portion 

of protein molecules was interacting with lipids. Thus, the assemblies must have been characterized by a high 

lipid/protein molar ratio, in agreement with a central role of ionςion interactions between the abundant 

positive charges of the protein and the single anionic head group of an FA molecule. The observed behavior 

was unique to the studied long-chain FAs: indeed, the addition of the detergent SDS induced the rapid 

transition of disordered Tau4RD ǘƻ ŀƴ ʰ-helix-containing conformational state and the binding of a single-

cysteine mutant of Tau4RD to lipid micelles was earlier shown to induce the formation of short amphipathic 

-hhelical structures [49]. 

The initially formed aggregates were not stable but evolved over time: upon prolonged exposure to FAs, the 

fraction of unbound Tau4RD species decreased, as indicated by the attenuation of the 1H-NMR spectral 

envelope after 24 h and 48 h (fig. 2). Despite the major involvement of protein molecules in aggregate 

formation, no perturbation of NMR observables (besides global signal attenuation) was detected and the 

molecular translational diffusion of the detectable species did not increase as one would have expected for 

a system in rapid exchange with larger aggregates. Therefore, the bound state was kinetically separated from 

the free state. The time-dependent evolution of the system was also particularly evident from CD spectra 

(fig. 6): in the presence of either OLA or ARA in three-fold molar excess, the characteristic band of the 

disordered conformation became less intense, while a second band centered around ~220 nm appeared, 

indicating an increased level of secondary structure. 

The quantitative interpretation of the CD spectra of disordered polypeptides is not yet fully established [55] 

and the accurate analysis of the spectra of protein samples containing diverse aggregates may be further 

hampered by scattering or solvent shift effects and sample heterogeneity [56]. 

For this reason, instead of applying deconvolution tools, we preferred to perform phenomenological 

comparative analyses of spectra from samples of different protein/FA compositions. The exposure of Tau4RD 

to heparin foǊ ŀ ŦŜǿ ƘƻǳǊǎ ƛƴŘǳŎŜŘ ŀ ǉǳŀƴǘƛǘŀǘƛǾŜ ǘǊŀƴǎƛǘƛƻƴ ǘƻǿŀǊŘǎ ŀ ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ ǎǘŀǘŜ ǿƛǘƘ ŀ ŎƭŜŀǊ ʲ-

ǎƘŜŜǘ ǎƛƎƴŀǘǳǊŜΦ ! ǎƛƳƛƭŀǊ ǎƛƎƴŀǘǳǊŜ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ŀƴ ʰ{ ǎŀƳǇƭŜ ŀŦǘŜǊ тн Ƙ ƻŦ ƛƴŎǳōŀǘƛƻƴ ǿƛǘƘƻǳǘ ŀƴȅ ŎƻŦŀŎǘƻǊ 

or in the presence of FAs in either slight or large excess (fig. S3). Thus, the two similarly sized, but chemically 

distinct, polypeptides, Tau4RD ŀƴŘ ʰ{Σ ŜȄǇŜǊƛŜƴŎŜŘ ǉǳƛǘŜ ŘƛǎǘƛƴŎǘ ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ ǘǊŀƴǎƛǘƛƻƴǎ ŘǳǊƛƴƎ ǇǊƻƭƻƴƎŜŘ 

exposure with OLA and ARA. Although Tau4RD ƛǎ ŎŀǇŀōƭŜ ƻŦ ŀŘƻǇǘƛƴƎ ʰ-helix-rich conformations when 

ƛƴǘŜǊŀŎǘƛƴƎ ǿƛǘƘ {5{ ƻǊ ǇƘƻǎǇƘƻƭƛǇƛŘ ƳŜƳōǊŀƴŜǎΣ ǘƘƛǎ ǿŀǎ ƴƻǘ ǘƘŜ ŎŀǎŜ ǿƛǘƘ C!ǎΦ hǾŜǊ ǘƛƳŜΣ ʰ{ ŎƻƴǾŜǊǘǎ ƛƴǘƻ 

ŀ ʲ-rich conformation, while the conformations of Tau4RD appear structurally heterogeneous with only the 

partial formation of secondary structure. 

The absence of unique secondary structure signatures for Tau4RD in the presence of large excess of OLA or 

ARA suggests that the protein samples a complex conformational space and/or the molecules are distributed 
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non-uniformly in the sample, being concentrated within co-aggregate particles (resulting in absorption 

flattening). 

Our aggregation kinetic experiments and TEM measurements revealed that ARA acts as an aggregation 

inducer of Tau4RD, albeit less potent than heparin. Since earlier studies demonstrated this effect on diverse 

constructs of Tau, including full-length Tau, 0N4R, 1N4R, and 2N4R [25,28,57], together these findings allow 

the confirmation of the central role of the microtubule binding domain in the ARA-induced self-aggregation 

of Tau. Here, we further showed that, despite differences in the properties of lipid states, distinct long-chain 

unsaturated FAs, exemplified by ARA and OLA, appear to reorganize into similar supramolecular structures 

and to induce the analogous conformational rearrangements and aggregation of Tau in reducing conditions. 

With the exception of a slightly different filament width, OLA- and ARA-induced Tau4RD filaments appeared 

morphologically similar, and comparable to those of full-length Tau assembled with ARA [25]. PHFs, 

analogous to those found in AD brains [17], were also observed upon the exposure of full-length Tau to ARA 

for long periods [57]. Thus, single filaments may represent precursors of PHFs. Recent cryo-electron 

microscopy developments, which have begun to shed light onto the diversity of the filamentous assemblies 

of Tau with unprecedented resolution [18,58], could clarify whether FA-induced filaments morphologically 

resemble those found associated with distinct tauopathies. 

The influence of OLA and ARA on the secondary structure formation and aggregation of Tau is markedly 

different from that exerted by sulfated glycosaminoglycans, phospholipids, and detergents, supporting the 

view that different classes of molecules drive the polypeptide along alternative pathways towards the 

formation of insoluble fibrillar aggregates. 

We note that physiological concentrations of individual FAs are generally in the micromolar range, although 

with large local and temporal variability, but they can rise up to 300 µM during pathology [29,59]. Thus, the 

conditions used in this work are generally above physiological levels, but they are well suited to appreciate 

the behavior of Tau in the presence of FAs and the quantitative conformational changes which would 

otherwise require unrealistic experimental times or would escape detection due to low abundance. Learning 

about conformational transitions in the used conditions serves as a basis for a better understanding of 

putative interactions occurring in the brain. 

 

Conclusions 

The intrinsically disordered, amyloidogenic protein Tau associates with diverse classes of molecules, 

including proteins, nucleic acids, and lipids. Evidence is mounting that Tau and lipid molecules are linked in 

both physiology and pathology; however, both the structural plasticity of Tau and the complexity of lipid 

states have hindered our thorough understanding of their interactions. 
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Our in vitro study shows that Tau4RD, the highly basic four-repeat domain of Tau, associates strongly with ARA 

and OLA assemblies in a high lipid/protein ratio, perturbing their supramolecular states but itself undergoing 

structural adaptation in a time-dependent manner. The nature of Tau4RD/ARA and Tau4RD/OLA co-aggregates 

appears similar and are therefore not influenced by the degree of unsaturation of the long-chain FA, but 

aggregates differ from those formed with the detergent SDS. 

The structural signatures of Tau4RD/FA aggregates are further distinct from those of another prototypical IDP, 

Sh, when bound to ARA or OLA, revealing protein-specific conformational adaptations. Both FAs invariably 

accelerate the self-aggregation of Tau4RD and of h S. 

This study highlights new aspects of the Tau4RD/FA interactions by providing insights at a sub-molecular level. 

Although it is not yet clear whether and which lipids form functional co-aggregates in the cellular context, or 

which are actually involved in neurodegenerative processes, our results contribute to our understanding of 

the fundamental aspects of Tau/lipid interactions. 
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4.1.2. Investigation of interaction between Tau and natural coffee compounds and their effects on 

Tau aggregation  

 

Natural compounds are recognized as powerful players in the fight against aging and neurodegenerative 

diseases. Thanks to their high contents in polyphenols, their beneficials properties125 and their ability in 

crossing Blood Brain Barrier127, they are deeply investigated as an alternative way to decelerate and block 

pathological mechanisms in neurodegenerative diseases. Especially tea, coffee and their derived compounds 

are widely explored in natural drug discovery field being the most widely consumed beverage in the world. 

There is evidence that coffee consumption ameliorates cognitive abilities and reduces oxidative stress, 

suppresses aggregation of amyloid-  ̡ and Tau and in cell experiments showed significant results about 

amyloid-ʲ ŀƎƎǊŜƎŀǘƛƻƴ ƳƻŘǳƭŀǘƛƻƴ by coffee143. 

Although the most relevant effects on delaying IDPs aggregation and accumulation have been attributed to 

a synergistic action of all coffee component, some individual molecules were investigated to better 

characterize their properties. For example, CGAs redirects the fibrilization of A̡  ƻƭƛƎƻƳŜǊǎ towards off-

pathway round organizations146, phenylindanes totally ƛƴƘƛōƛǘ !ʲ ŦƛōǊƛƭƭƛȊŀǘƛƻƴ ƛƴ ǾƛǘǊƻΣ ŘŜŎŜƭŜǊŀǘŜ ¢ŀǳ 

fibrillization143 ŀƴŘ ƛƴƘƛōƛǘ !ʲ ƻƭƛƎƻƳŜǊƛȊŀǘƛƻƴΣ and quercetin hinders A̡  oligomerization. 

Starting from these very promising previous findings, in this work we aim to study the effects on Tau protein 

aggregation and conformational transitions of an Italian espresso coffee mixture (hereafter coffee) and four 

coffee constitutive elements (previously proven to have beneficial effects on brain homeostasis): 

Trigonelline, Genistein, Caffeine and Theobromine. Trigonelline has neuroprotective, antioxidant, memory-

improving148,149, and dendritic and axonal regeneration capacities150. Genistein is a powerful antioxidant and 

anti-inflammatory molecule151ς154 and was found to ǇǊƻǘŜŎǘ ŀƎŀƛƴǎǘ !ʲ neurotoxicity and Tau 

phosphorylation158, and Caffeine exerts neuronal protection and ameliorates cognitive performances141. 

Finally, recent studies inversely correlated the !ʲпн levels in AD patients CSF with theobromine levels 

attributing a prominent role to this caffeine metabolite145.  

Understanding how Tau behaves in the presence of these easily and readily available compound is of extreme 

urgency in an attempt to find fruitful interactors to delay and block progressive neurodegeneration (early 

and late events) in the brain of affected people. 

 

Results and discussion 

 

NMR characterization of coffee metabolites in an Italian coffee mixture 

To investigate the effects of the selected Italian coffee mixture, we started with analyzing the NMR profile of 

the blend. We acquired 1H-NMR spectrum of 5 mg/mL of coffee in the presence of 1 mM DSS.  Well defined 
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peaks identifiers of most important coffee bean metabolites were observable (fig. 1). Peaks corresponding 

to trigonelline (Trigo) have a typical chemical shift in the region 7.8-9.1 ppm and one peak at around 4.35 

ppm, very intense caffeine (Caff) signals were present at 7.78 ppm and between 3.9 and 3.16 ppm. Moreover, 

peaks corresponding to chlorogenic acids (CGAs) are very represented with chemical shifts in a range 

between 7.65 and 6.2 ppm and between 2.15 and 1.74 ppm. Finally, lactate corresponding peaks with minor 

intensities at    4.5 ppm and    1.23 ppm and choline (Cho) only one peak with a chemical shift of 3.12 ppm 

were observable. 

 
Figure 1. 1H-NMR profile of 5 mg/mL lyophilized Italian espresso coffee mixture with 1 mM DSS.  The spectral width 5-10 ppm is 

increased four-fold compared to the right side. Peaks of composing molecules are highlighted with arrows. T: 298 K. 

 

Analyzing the coffee profile, we selected Trigonelline and caffeine as highly represented metabolites for our 

further investigations. The choice fell also on theobromine as main catabolite of caffeine in human body and 

on genistein (even if the content is low) due to its high potential in decreasing oxidative stress and because 

it is poorly investigated as protein aggregation modulator. Peaks corresponding to genistein have a typical 

chemical shift between 4 and 3 ppm but due to the poor content in coffee beans it was not observable in 1H-

NMR profile.  To find proof of genistein in the selected mixture, we acquired and compared 1H,1H TOCSY NMR 

spectrum of 200 mg/mL blend with 1H,1H TOCSY NMR spectrum of 400 µg/mL genistein (fig. 2). Peaks of 

genistein were identified. 
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Figure 2. 1H-1H TOCSY spectra of 200 µg/mL Italian espresso coffee mixture (red) and of 400 µg/mL genistein (black). On the right, 
the spectral width 7-9.5 ppm (F1, F2) is magnified. T: 298 K. 

 

Investigation of the interaction between Tau4RD fibrils and coffee/coffee compounds through 

STD-NMR and Water-LOGSY spectra 

Our interest was focused on the role of coffee and coffee metabolites as protective agents and Tau4RD 

aggregation modulators. For this purpose, STD NMR spectra and Water-LOGSY NMR experiments, which 

allows the identification of interacting compounds with a selected protein, were acquired on 80 µM Tau4RD 

pre-aggregated fibrils in the presence of 5 mg/mL coffee mixture solution in deuterated phosphate buffer 

(fig. 3). 

1H 1H 

1H 1H 
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Figure 3. STD-NMR (A, B) and Water-LOGSY (C, D) spectra acquired on 5 mg/mL Italian espresso coffee mixture in absence (red) and 
in the presence (black) of 80 µM Tau4RD fibrils in deuterated phosphate buffer, pH 7.4. Spectral width 6-9 ppm is increased four-fold 
(left). T: 298 K. 

 

CGAs and caffeine resonances appeared on both STD and Water-LOGSY spectra (as shown in black), assessing 

binding to the Tau4RD fibrils.  

Caffeine binding to fibrils was confirmed repeating STD and Water-LOGSY in the presence of 800 µg/mL of 

pure caffeine in deuterated phosphate buffer (fig. 4). As shown in black, resonances of caffeine peaks were 

enhanced. 

 
 

1H 
1H 

1H 1H 



 
74 

 

 
 

Figure 4. STD-NMR (A) and Water-LOGSY (B) spectra acquired on 800 µg/mL caffeine in the absence (red) and presence (black) of 80 
µM Tau4RD fibrils in deuterated phosphate buffer, pH 7.4. T: 298 K. 

 

Moreover, to assess the direct binding between Tau4RD fibrils and genistein, STD-NMR experiment was 

repeated with 80 µM Tau4RD fibrils in the presence of 800 µg/mL genistein dissolved in deuterated phosphate 

buffer and its binding to the fibrils was confirmed (fig. 5). 

All the informative STD-NMR spectra came out from the subtraction of the on- and off-resonance spectra. 

 
Figure 5. STD-NMR spectra acquired on 400 µg/mL genistein in absence (red) and in the presence (black) of 80 µM Tau4RD fibrils in 
deuterated phosphate buffer, pH 7.4. T: 298 K. 
 

1H 

1H 

1H 
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Study of conformational changes of Tau induced by coffee and coffee derivative compounds 

A multidisciplinary approach was exploited to study the aggregation propensity and conformational changes 

of Tau4RD induced by coffee and coffee constituent molecules. 

 

1H-NMR spectra of coffee compounds in the presence of Heparin and ThT 

To assess if the selected metabolites were affected by the presence of ThT and heparin (an inducer of Tau4RD 

aggregation), several 1H-NMR spectra of 400 µg/mL compounds were acquired in the presence of 50 µM ThT 

or 50 µM heparin (fig. 6). Chemical shift perturbations of peaks were analyzed, and no perturbations were 

observed when heparin or ThT was added, therefore, tƘŜ ŎƻƳǇƻǳƴŘǎ ƻŦ ƛƴǘŜǊŜǎǘ ŘƛŘƴΩǘ ǇǊŜŦŜǊŜƴǘƛŀƭƭȅ ōƛƴŘ 

heparin and ThT, hence the following results can be addressed by the direct interaction between coffee 

metabolites and Tau4RD. 

 
 

 
 
Figure 6. 1H-NMR spectra of 400 µg/mL caffeine (A), genistein (B), theobromine (C), and trigonelline (D) in the absence (black) and 
presence of 50 µM heparin (red) or 50 µM thioflavin-T (blue). All the spectra were acquired at 600 MHz at 298 K. 

 

ThT aggregation assay 

Tau4RD aggregation kinetics was monitored employing ThT fluorescent dye which recognizes -̡sheets formed 

during protein aggregation in vitro. 

We analyzed the fluorescence enhancement over 40 h of a solution of Tau4RD in a ratio 1:1 with heparin in 

the presence of two different concentrations of the selected compounds.  

1H 1H 

1H 1H 
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Figure 7. Kinetics of filament formation. ThT fluorescence-based aggregation kinetics curves measured on 50 mM Tau4RD in the 
presence of A) coffee extract and B-E) selected compounds at 50 or 400 mg/mL concentration. 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.  
 

We observed an unquestionable effect of coffee over Tau4RD aggregation with a reduction in fluorescence 

intensity, enormously reduced especially at 400 µg/mL of concentration. Moreover, the lag phase of the 

kinetics is lengthened with a value of 7.26 ± 1.04 h for 50 µg/mL of coffee and 12.72 ± 1.38 h for 400 µg/mL 

of coffee in respect to 5.80 ± 0.39 for the control (Tau4RD in absence of coffee) (fig. 7A).  

In the presence of trigonelline (fig. 7D) and theobromine (fig. 7C) little or no change in fluorescence intensity 

or lag phase length was reported for both concentrations.  

In the presence of caffeine (Fig. 7B) no significative variations in lag phase length were observed however, a 

great decrement in fluorescent intensity of the sample with the highest concentration was registered. 

Concerning Tau4RD aggregation kinetics in the presence of genistein (fig, 7E) a remarkable dose-dependent 

fluorescence intensity decrement catches the eye. 

These data suggested that mainly coffee, but also genistein and high concentration of caffeine modulate the 

aggregation of Tau4RD disadvantaging ThT-positive fibrils formation, acting on the length of the lag phase 

and/or on quantity of ThT-positive fibrils. Further confirmations through CD spectroscopy and TEM were 

necessary. All the aggregation kinetics measured parameters are reported in table 1. 
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 Compound 

concentration 
t0.5 (h)  ̱(h) t lag (h) 

Tau4RD /  7.95 ± 0.50 1.07 ± 0.06 5.80 ± 0.39 

Tau4RD + coffee 
50 µg/ mL 11.55 ± 1.36 2.14 ± 0.40 7.26 ± 1.04 

400 µg/ mL 18.72 ± 2.08 3.00 ± 0.50 12.72 ± 1.38 

Tau4RD + caffeine 
50 µg/ mL 7.07 ± 0.86 0.93 ± 0.14 5.21 ± 0.84 

400 µg/ mL 7.06 ± 0.60 0.64 ± 0.12 5.56 ± 0.63 

Tau4RD + theobromine 
50 µg/ mL 8.84 ± 0.38 1.10 ± 0.29 6.63 ± 0.24 

400 µg/ mL 8.30 ± 0.21 1.23 ± 0.04 5.85 ± 0.25 

Tau4RD + trigonelline 
50 µg/ mL 8.35 ± 0.59 0.80 ± 0.13 6.76 ± 0.65 

400 µg/ mL 10.53 ± 1.13 1.35 ± 0.22 7.83 ± 1.06 

Tau4RD + genistein 
50 µg/ mL 9.18 ± 0.19 1.30 ± 0.16 6.58 ± 0.50 

400 µg/ mL 14.45 ± 9.85 2.87 ± 2.88 5.34 ± 1.44 

ǘлΦрΥ ƳƛŘǇƻƛƴǘ ƻŦ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴΤ ˍΥ ŜƭƻƴƎŀǘƛƻƴ ǘƛƳŜ ŎƻƴǎǘŀƴǘΤ ǘlag = t0.5 ҍ нˍΦ 

 
Table 1. Kinetic parameters for the aggregation of Tau4RD, determined based on ThT fluorescence assays. 

 

Far-UV CD spectroscopy 

CD spectroscopy analysis of unfolded profile of Tau4RD in the presence of the selected compounds gave an 

important overview about the conformational state of the protein over 72 h of aggregation reaction. 

In the presence of coffee Tau4RD retained its unfolded nature with a negative band near 200 nm at both coffee 

concentration all over the incubation at 37 °C (fig. 8A). Opposite is the behavior experimented by the control 

(Tau4RD in the presence of only heparin) with an evident shift towards -̡sheet conformation in 72 as 

witnessed by appearance of negative band at 218 nm. 

Theobromine (fig. 8D) and trigonelline (fig. 8E) induced a conformational transition towards ̡-sheet 

reorganization in a comparable degree to what the control did. 

Moreover, Tau4RD is subjected to a partial transition from the characteristic unfolded conformation to a 

ǇŀǊǘƛŀƭ ʰ-helix conformation with distinctive negative bands at about 208 nm and 222 nm when incubated 

with both concentration of caffeine (fig. 8B) and genistein (fig. 8C). 

During IDPs aggregation many intermediates are formed, this is the reason why all the acquired CD spectra 

only resemble the theoretical ones, but clearly the effects of coffee, caffeine and genistein were undeniable. 
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Figure 8. Conformational transitions. Far-UV CD spectra recorded on 6 mM Tau4RD in the presence of A) coffee extract and B-E) 
selected compounds at 6 (orange) or 48 (red) mg/mL concentration. Measurements were performed immediately after sample 
preparation and after 72 h incubation at 37 °C of a concentrated stock (50 mM protein and 50 or 400 mg/mL compounds) in quiescent 
condition.   

 

TEM morphological analysis of Tau4RD fibrils aggregated in the presence of coffee/coffee 
compounds 

The irrefutable proof of Tau4RD fibrils presence or absence and of their morphology came from TEM 

microscopy. 

Aggregation reactions, in which protein concentration was constant, in the presence or absence of coffee 

and other compounds were set up and after 48 h analyzed by TEM. The control (Tau4RD and heparin) images 

show a very high density of long and intact fibrils at different magnification (fig. 9A). In the presence of coffee 

at 50 µg/mL few short and fragmented Tau4RD fibril are formed, thus retaining the original morphology (fig. 

9B) but at a concentration of 400 µg/mL round shaped ThT-negative aggregates were observable (fig. 9C) 

with an average diameter of 20 nm (fig. 10). 

Caffeine (fig. 9D, E) and genistein (fig. 9F, G) largely reduced the high density of fibrils in respect to the control, 

moreover, the observable fibrils had the same morphology but were highly fragmented. The density of fibril 

decreased with the concentration increment. Theobromine (fig. S1A, B) and trigonelline (fig. S1C, D) had a 

minor effect on reducing the number and changing the morphology of the fibrils. 
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Figure 9. TEM images of Tau4RD fibrils. Samples contained Tau4RD (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. Protein was 50 µM. Samples were incubated for 48 h at 37 °C in 
static conditions. Scale bars are 200 nm (red) and 50 nm (light blue) long. 

 

Typical parameters of Tau fibrils (narrow width (NW), large width (LW), and cross over distance (COD)) of 

each sample were extrapolated. The parameters of each sample were compared with the control sample 

using one-way ANOV!Σ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘ ǿƘŜǊŜ Ǉ Ґ лΦлм-0.05 (*), 0.001-0.01 (**), 0.0001-

0.001 (***) and <0.0001 (****). From these analysis, high concentration of coffee resulted in a general 

enlargement of the few fibrils that were present (NW = 9.99 ± 1.31 nm, LW = 16.94 ± 2.60 nm) in respect to 

the control (NW = 8.45 ± 1.41 nm, LW = 13.91 ± 1.59 nm). The COD was minor in coffee samples (58.12 ± 7.35 

nm) than in the control (77.76 ± 9.40 nm). Genistein and caffeine at 50 µg/mL shortened the COD with an 

average value respectively of 58.44 ± 16.90 nm and 61.10 ± 8.30. Moreover, incubation with trigonelline 

resulted in narrower and shorter fibrils with an average NW50 µg/mL= 6.54 ± 1.38 nm, NW400 µg/mL= 6.89 ± 1.06 

nm, LW50 µg/mL= 11.60 ± 3.14 nm, LW400 µg/mL= 12.20 ± 2.41 nm, COD50 µg/mL= 41.62 ± 10.22 nm, and COD400 µg/mL= 

49.23 ± 9.74 nm (fig. 10). 
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Figure 10. Measurements of Tau4RD fibril parameters: distribution of A) narrow width, B) large width, C) cross over distance in the 
absence or presence of coffee or different bioactive molecules. D) Distribution of spheroidal aggregates formed in the presence of 
high concentration of coffee. Mean values and SD are indicated. The parameters of each sample were compared with the control 
sample using one-ǿŀȅ !bh±!Σ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘ ǿƘŜǊŜ Ǉ Ґ лΦлм-0.05 (*), 0.001-0.01 (**), 0.0001-0.001 (***) and 
<0.0001 (****). 

 

Tau liquid-liquid phase separation in the presence of coffee, caffeine and genistein 

It is known that Tau4RD, in the presence of polyanions such as heparin and RNA, undergoes liquid-liquid phase 

separation, here the effects of coffee, caffeine and genistein on Tau4RD phase separation propensity in the 

presence of heparin has been addressed. Tau4RD droplets induce by heparin were very small and round 

shaped at 0 and 5 min and after 30 min droplets degenerated in amorphous structures (fig S2A, E). In the 

presence of coffee Tau4RD, droplets formed are smaller but their behavior was like the control (fig S2B, F). 

Moreover, caffeine did not alter the size and the transition from round shaped to amorphous droplets (fig 

S2C, G). Finally, Incubation with genistein slightly reduced the droplets size and after 30 min different 

structure were formed: droplets were still round in shape but co-aggregated (Fig S2D, H). 

 

Analysis of coffee effects on cell viability and endogenous Tau aggregation 

 

MTT-Viability assay 

Firstly, a viability assay MTT based was performed to assess the percentage of vitality of APP-swe expressing 

cells (H4-swe cells) after treatment with 5 µM Tau4RD fibrils aggregated in absence (grey) and in the presence 

of 50 µg/mL (orange) and with the 400 µg/mL of coffee + Tau4RD retentate (red, see the methods section for 

retentate obtainment), (fig.11). One-way ANOVA statistical analysis and Turkey Multiple comparison test 

were performed, the most significant recovery of vitality (150 %) is obtained with the 400 µg/mL of coffee 
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retentate containing spheroidal and amorphous aggregate in comparison with Tau4RD pure fibrils (100 % 

vitality). 

 

 
Figure 11. Cell viability assay performed by the MTT assay on H4 neuronal cells treated with Tau4RD fibrils pre-aggregated in the 
presence or absence of coffee. One-way statistical analysis ANOVA and Tukey Multiple Comparison test were performed (*P < 0.05). 

 

Endogenous Tau441 induced aggregation analysis 

For testing the ability of coffee to interfere with the seeding of the aggregation of Tau441, Hek-293 cells 

stably expressing human Tau441 P301L fused with GFP were treated for 48 h with Tau4RD fibrils aggregated 

in the absence or presence of 50 µg/mL or 400 µg/mL coffee. Due to the difficulty to recover a large amount 

of pellet from the solution of Tau4RD with 400 µg/mL coffee, the supernatant was further filtered with a 100 

kDa cutt-off filter in order to separate high (upper fraction) and low (lower fractions) molecular weight 

aggregates. Pellets and filter fractions were loaded onto a SDS-PAGE (fig. S3). Cells were lysed and unsoluble 

fractions of different samples, containing potentially aggregated endogenous Tau441, were collected and 

then loaded onto a SDS-PAGE. Tau-5 antibody, specific for human full-length Tau revealed that only Tau4RD 

fibrils aggregated in absence of coffee induced endogenous Tau441 aggregation (bands in fig. 12A, B) 

confirming the potential protective role of coffee in inhibiting the seeding activity of already formed Tau 

fibrils in human cells. 
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Figure 12. Western blot analysis induced aggregation of endogenous Tau-441 in Hek 293T cells stably expressing human full-length 
Tau P301L fused with GFP (REF) with Tau4RD fibrils aggregated in the absence or presence of different concentration of coffee for 48 
hours, using 0.5% Lipofectamine LTX (A). Aggregates with high concentration of coffee cannot be precipitated therefore the sample 
was filter with a 100 kDa cut-off filter and the cells were transfected with the upper and lower fractions separately (B). Membrane 
probed with Tau-5 antibody, specific for the human full-length Tau. Immuno-reactive proteins were detected using an enhanced 
ŎƘŜƳƛƭǳƳƛƴŜǎŎŜƴŎŜ ǊŜŀƎŜƴǘ όDŜ IŜŀƭǘƘŎŀǊŜύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

 

Conclusion 

In vitro and in cell investigation confirmed the potential prominent role of coffee and some coffee derived 

compounds in inhibiting Tau4RD aggregation, indeed, STD and Water-LOGSY NMR experiments confirmed the 

direct interaction between Tau4RD in fibrillar state and coffee, genistein and caffeine allowing further 

characterizations (fig. 3-5). ThT aggregation assay of pure Tau4RD in the presence of coffee derivatives resulted 

in a remarkable reduction in the fluorescence intensity when the protein was incubated with higher amount 

of coffee, caffeine and genistein, suggesting a low formation of ThT-positive fibrils. Moreover, coffee 

lengthened the lag phase of the aggregation kinetics by a noteworthy value (fig. 7). From CD spectroscopy 

measurements, coffee inhibits the conformational transition of Tau4RD from its natively unfolded to ̡-sheet 

form, instead, genistein and caffeine induced the transition towards a mixed random coil ς -hhelix 

conformation (fig. 8). TEM microscopy measurements confirm that in the presence of coffee no more typical 

Tau4RD fibrils were formed but spheroidal aggregates which were about 20 nm in diameter. Caffeine and 

genistein induced a decrement in Tau4RD fibrils formation, indeed, less, and fragmented fibrils were present 

in those samples (fig. 9, 10).  Liquid-liquid phase separation propensity of Tau4RD was not affected by coffee, 

caffeine and genisteinΣ ƛƴŘŜŜŘ ǘƘŜȅ ŘƛŘƴΩǘ ŀŎŎŜƭŜǊŀǘŜ ŘǊƻǇƭŜǘǎ ŘŜƎŜƴŜǊŀǘƛƻƴ (fig. S2). Furthermore, coffee 
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recovered H4 cell viability and inhibited Tau4RD fibrils seeding capacity towards endogenous Tau441 in Hek-

293 cells as deduced from experiments in live cells (fig. 11, 12). 

As largely investigated, besides a very promising and great impact on the field of neurodegenerative diseases 

treatment, some limitations concerning the administration of natural available molecules emerged: 

bioavailability, absorption, biodistribution, metabolism, and clearance. The binding to or the incapsulating in 

different types of nanoparticles could overcome these problematics and enhance the beneficial effects of 

natural molecules in the brain area avoiding undesirable repercussions on other organs. This approach is 

recently named as Drug delivery system (DDS)188,189.   

Taking into account these considerations and analyzing all these results, considering the propensity of coffee 

and derived components of binding preformed Tau4RD fibrils, a suggestion of an employing of these natural 

coffee derivatives compounds in designing molecular scaffolds to treat Tau-based disease is outlined. 

Thus, this research gives an important insight about the promising and powerful role of coffee and its 

analyzed derivatives in the disease-modifying treatment research field against neurodegenerative disorders 

exploring a wide variety of techniques. 
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Abstract 

The notion that nanoscale surfaces influence protein conformational transitions stimulates the investigation 

of fibrillogenic polypeptides adsorbing to nanomaterials. Alpha-ǎȅƴǳŎƭŜƛƴ όʰ{ύ ƛǎ ŀ ǇǊƻǘƻǘȅǇƛŎŀƭ ŀƳȅƭƻƛŘƻƎŜƴƛŎ 

protein whose aggregation is associated with severe neurodegenerative disorders. We explored the 

ƛƴǘŜǊŀŎǘƛƻƴ ƻŦ ʰ{ ǿƛǘƘ ǎƛƭƛŎŀ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ό{btǎύ ƛƴ ŘƛǾŜǊǎŜ ǎƻƭǳǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎΣ ǊŀƴƎƛƴƎ ŦǊƻƳ ǇǊƻǘŜƛƴ-free to 

protein-rich media. We found that the SNP-ōƛƴŘƛƴƎ ǊŜƎƛƻƴ ƻŦ ʰ{Σ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǎite-resolved NMR 

spectroscopy, was similar in simple buffer and blood serum. Competition binding experiments with isotopic 

homologues and different proteins showed that cosolutes elicited molecular exchange in a protein-specific 

manner. The interaction of an oxidized, fibrillation-resistant protein form with SNPs was similar to that of 

ǳƴƳƻŘƛŦƛŜŘ ʰ{Φ {btǎΣ ƘƻǿŜǾŜǊΣ ŘƛŘ ƴƻǘ ǎǘƛƳǳƭŀǘŜ ŦƛōǊƛƭƭŀǘƛƻƴ ƻŦ ǘƘŜ ƻȄƛŘƛȊŜŘ ǇǊƻǘŜƛƴΣ ǿƘƛŎƘ ǊŜƳŀƛƴŜŘ 

fibrillation incompetent. CD experiments revealed SNP induced perturbations of the structural properties of 

oxidized and non-ƻȄƛŘƛȊŜŘ ʰ{Φ ¢ƘǳǎΣ ǿƘƛƭŜ ʰ{ ōƛƴŘƛƴƎ ǘƻ {btǎ ƛǎ ŜǎǎŜƴǘƛŀƭƭȅ ƻǊǘƘƻƎƻƴŀƭ ǘƻ ŦƛōǊƛƭ ŦƻǊƳŀǘƛƻƴΣ ǘƘŜ 

interaction perturbs the distribution of conformational states populated by the protein in the colloidal 

suspŜƴǎƛƻƴΦ ¢Ƙƛǎ ǎǘǳŘȅ ǎƘŜŘǎ ƭƛƎƘǘ ƻƴ ǘƘŜ ŘȅƴŀƳƛŎ ƴŀǘǳǊŜ ƻŦ ʰ{ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ btǎΣ ŀƴ ŀǎǇŜŎǘ ǘƘŀǘ ŎǊǳŎƛŀƭƭȅ 

ƛƳǇŀŎǘǎ ƻƴ ƻǳǊ ŀōƛƭƛǘȅ ǘƻ ŎƻƴǘǊƻƭ ŀƎƎǊŜƎŀǘƛƻƴ ƻŦ ʰ{Φ 

 

Introduction 

With the aging of the population in western countries, neurodegenerative disorders are becoming 

increasingly common and an understanding of their evolution at the molecular-level is urgently demanded 

in view of developing effective treatments [1ς3]. Among these disorders, synucleinopathies, which are 

characterized by the abnormal accumulation and spreading of the synaptic protein alpha-ǎȅƴǳŎƭŜƛƴ όʰ{ύ ƛƴ 

the brain, constitute the second leading cause of parkinsonism and dementia in the elderly population [4]. 
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DƛǾŜƴ ǘƘŜ ǇǊƻƳƛƴŜƴǘ ǊƻƭŜ ƻŦ ʰ{ ƛƴ ǘƘŜ ƻǊƛƎƛƴ ŀƴŘ ǇǊƻƎǊŜǎǎƛƻƴ ƻŦ ǎȅƴǳŎƭŜƛƴƻǇŀǘƘƛŜǎΣ ǘƘŜ ƳƻƭŜŎǳƭŀǊ ǇǊƻŎŜǎǎŜǎ 

ƭŜŀŘƛƴƎ ǘƻ ʰ{ ŀŎŎǳƳǳƭŀǘƛƻƴ Ŏŀƴ ōŜ ǘŀǊƎŜǘŜŘ ŦƻǊ ŘƛǎŜŀǎŜ ƳƻŘƛŦƛŎŀǘƛƻƴ ώпΣрϐΦ 

ʰ{ ƛǎ ƪƴƻǿƴ ǘƻ ōŜ ŀōƭŜ ǘƻ ǘǊŀƴǎŦƻǊƳ ƛƴǘƻ ƳǳƭǘƛǇƭŜ ŎƻƴŦƻǊƳŀǘƛƻƴǎΣ ƛƴŎƭǳŘƛng monomers, oligomers, and fibrils, 

among which oligomers stand out as the most toxic species [6,7]. An attractive perspective is to perturb the 

dynamic interconversion among conformational states by exploiting interactions with nanoparticles (NPs), 

possibly redirecting aggregation towards species with reduced neurotoxicity [8ς12]. In recent years, NPs have 

attracted increasing interest as aggregation modulators and were found to either accelerate or inhibit 

fibrillogenesis, depending on NP properties, solution conditions, and protein aggregation propensities [13ς

16]. However, despite intense investigation, our understanding of how amyloidogenic proteins interact with 

NPs remains limited [15]. 

In biological media, proteins coat NPs forming a hard and a soft corona, which play a key role in defining NP 

properties and interactions with cells and other molecules [17ς20]. The hard corona is empirically defined as 

the protein layer(s) that is not removed by rinsing cycles, thus being apparently irreversibly adsorbed to the 

NP surface [21,22]. 

However, recent reports suggest that the hard protein corona is not static and it may evolve under the effect 

of protein-protein interactions [23,24]. The soft corona represents an external layer of rapidly exchanging 

molecules forming a more loosely interconnected agglomeration of proteins [25]. Investigating the nature of 

these structures is crucial to understand protein-NP interactions and to design effective nanoconjugates for 

medical applications [24,26,27]. The development of NPs of interest for Parkinson's disease requires 

ŜƭǳŎƛŘŀǘƛƴƎ ǘƘŜ ƳƻŘŜǎ ōȅ ǿƘƛŎƘ ʰ{ ƛƴǘŜǊŦŀŎŜǎ ǿƛǘƘ btǎ ŀƴŘ Ƙƻǿ ǘƘŜǎŜ ƛƴǘŜǊŀŎǘƛƻƴǎ ƛƴŦƭǳŜƴŎŜ ƛǘǎ 

ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ ǘǊŀƴǎƛǘƛƻƴǎ ŀƴŘ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀƳȅƭƻƛŘ ŀƎƎǊŜƎŀǘŜǎ ώмпΣнуϐΦ ʰ{ ƛǎ ŀ ǎƳŀƭƭ ǎƻƭǳōƭŜ ǇǊƻǘŜƛƴΣ 

abundant in the neuronal cytosol of a healthy brain [29]. Its peptide sequence consists of three distinct 

regions: an amphipathic lysine-rich amino terminus (residues 1ς60), a central domain (residues 61ς95) that 

includes the amyloidogenic NAC region, and an acidic C-terminal domain (residues 96ς140) [29]. The first 

two regions comprise a membrane-binding domain, whereas the C-terminal tail is thought to contain 

proteinςprotein and proteinςsmall molecule interaction sites [29]. The conformational plasticitȅ ƻŦ ʰ{ ƛǎ 

ǊŜƳŀǊƪŀōƭŜ ώолϐΣ ǘƘŜ Ǿŀǎǘ ƳŀƧƻǊƛǘȅ ƻŦ ǘƘŜ ǎǘǳŘƛŜǎ ƛƴŘƛŎŀǘŜ ʰ{ ŀǎ ƴŀǘƛǾŜƭȅ ǳƴŦƻƭŘŜŘ ώомΣонϐΣ ōǳǘ ƘƛƎƘŜǊ-order 

ǎǘǊǳŎǘǳǊŜǎ ƘŀǾŜ ŀƭǎƻ ōŜŜƴ ǇǊƻǇƻǎŜŘ ώооϐΦ ¢ƘǳǎΣ ƳǳƭǘƛǇƭŜ ŦƻǊƳǎ ƻŦ ƴŀǘƛǾŜ ʰ-synuclein might exist 

physiologically, depending on its cellular localization and interactions. Several factors, such as oxidative stress 

and post-ǘǊŀƴǎƭŀǘƛƻƴŀƭ ƳƻŘƛŦƛŎŀǘƛƻƴǎΣ ǿŜǊŜ ǎƘƻǿƴ ǘƻ ǇŜǊǘǳǊō ʰ{ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ƻƭƛƎƻƳŜǊƛȊŀǘƛƻƴ ƛƴ ǾƛǘǊƻ ώрϐΦ 

Non-native protein conformations may be increasingly populated under stress-induced conditions or upon 

interaction with other proteins, ligands, or biological surfaces. Interestingly, certain NPs appeared to induce 

ƻȄƛŘŀǘƛǾŜ ǎǘǊŜǎǎ ŀƴŘ ʰ{ ŀƎƎǊŜƎŀǘƛƻƴ ƛƴ ƳƻŘŜƭ ŎŜƭƭǎ ώопϐΦ .ŜŎŀǳǎŜ ƻȄƛŘŀǘƛǾŜ ƛƴƧǳǊȅ Ƙŀǎ ōŜŜƴ ƛƳǇƭƛŎŀǘŜŘ ƛƴ ǘƘŜ 

pathoƎŜƴŜǎƛǎ ƻŦ tŀǊƪƛƴǎƻƴϥǎ ŘƛǎŜŀǎŜΣ ƻȄƛŘƛȊŜŘ ǎǘŀǘŜǎ ƻŦ ʰ{ ŘŜǎŜǊǾŜ ŀǘǘŜƴǘƛƻƴ ώолϐΦ aŜǘƘƛƻƴƛƴŜ όaŜǘύ ǊŜǎƛŘǳŜǎ 
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readily oxidize to Met sulfoxides, MetO, in the presence of peroxides and other biological oxidants. The 

conversion of Met to MetO modifies the polarity and hydrophobicity of the polypeptide chain and it was 

found to affect the aggregation of ʰ{ ŀƴŘ ǘƻ ǎƭƛƎƘǘƭȅ ƘƛƴŘŜǊ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ƻǊŘŜǊŜŘ ǎŜŎƻƴŘŀǊȅ ǎǘǊǳŎǘǳǊŜ 

ώорΣосϐΦ ¢ƘŜ ƛƴǘŜǊŀŎǘƛƻƴǎ ƻŦ ƻȄƛŘƛȊŜŘ ʰ{ ŦƻǊƳǎ ǿƛǘƘ ƴŀƴƻǎŎŀƭŜ ǎǳǊŦŀŎŜǎ ƘŀǾŜ ǊŜƳŀƛƴŜŘ unexplored. Murphy 

ŀƴŘ ŎƻǿƻǊƪŜǊǎ ƘŀǾŜ ƛƴǾŜǎǘƛƎŀǘŜŘ ǘƘŜ ŀŘǎƻǊǇǘƛƻƴ ƻŦ ʰ{ ǘƻ ƎƻƭŘ btǎΣ ǿƘƛŎƘ ŀǊŜ ƻŦ ƛƴǘŜǊŜǎǘ ŦƻǊ ǘƘŜƛǊ ǇƻǘŜƴǘƛŀƭ 

application in biomedicine [37ςофϐΦ ʰ{ ǿŀǎ ǎƘƻǿƴ ǘƻ ƛƴǘŜǊŀŎǘ ǿƛǘƘ ƴŜƎŀǘƛǾŜƭȅ ŎƘŀǊƎŜŘ ƎƻƭŘ NPs via multi-

layered adsorption, consisting in the formation of both a hard and a soft corona [37]. Stefani and coworkers 

observed that citrate-ŎŀǇǇŜŘ ƎƻƭŘ btǎ ǇǊƻŘǳŎŜŘ ŀ ǎǘǊƻƴƎ ŀŎŎŜƭŜǊŀǘƛƻƴ ƻŦ ʰ{ ŀƎƎǊŜƎŀǘƛƻƴ ώуϐΣ ǿƘƛƭŜ ŀƴ 

opposite effect was observed with charged superparamagnetic iron oxide NPs [40]. In a bid to understand 

the behavior of disordered proteins at NP surfaces, earlier work focused on the conformational properties of 

ʰ{ ōƻǳƴŘ ǘƻ ǎƛƭƛŎŀ btǎ ό{btǎύ ώнуϐΦ /5 ŀƴŘ C¢-Lw ǎǇŜŎǘǊƻǎŎƻǇȅ ŜȄǇŜǊƛƳŜƴǘǎ ǎƘƻǿŜŘ ǘƘŀǘ ʰ{ ƳŀƛƴǘŀƛƴŜŘ ŀ 

mostly disordered conformation in the context of a hard corona consisting in a single layer of protein 

ƳƻƭŜŎǳƭŜǎΣ ǿƛǘƘ ŀ ƳƛƴƻǊ ƛƴŎǊŜŀǎŜ ƛƴ ʰ-ƘŜƭƛȄ ŎƻƴǘŜƴǘ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ŦǊŜŜ ǇǊƻǘŜƛƴ ώнуϐΦ ʰ{ ŀƴŘ {btǎ ŦǳǊǘƘŜǊ 

served as a model to validate a new method for the quantitative analysis of intrinsically disordered proteins 

binding to SNP surfaces [41]. NMR spin relaxation experiments revealed a strong sequence dependence of 

the interaction propensities, distinct for each of the tested proteins [41]. More generally, heteronuclear NMR 

experiments have been increasingly used to describe the interaction of proteins with NPs at the individual 

residue level [42]. Indeed, recent efforts demonstrated that several NMR observables, such as chemical 

shifts, signal intensities, amide exchange rates and relaxation parameters, as well as saturation transfer 

experiments, could provide useful information on the orientation, structure and dynamics of proteins 

adsorbed onto NP surfaces [39,43ς51]. 

In the present study, we used NMR spectroscopy to provide insight into the adsorption mechaƴƛǎƳ ƻŦ ʰ{ ǘƻ 

SNPs, at single-residue resolution. Binding experiments were performed on both the unmodified and Met-

oxidized forms of the protein. We studied the formation of a hard corona and the influence of protein 

cosolutes on binding and dissociation ƻŦ ʰ{ ƳƻƭŜŎǳƭŜǎΦ ¢ƘŜ ŎƻƳǇŜǘƛǘƛƻƴ ōŜǘǿŜŜƴ ʰ{ ŀƴŘ ǎŜǊǳƳ ŎƻƳǇƻƴŜƴǘǎ 

for binding to SNP surfaces was further assessed by use of SDS-PAGE. 

CƛƴŀƭƭȅΣ ǘƘŜ ŀƎƎǊŜƎŀǘƛƻƴ ƪƛƴŜǘƛŎǎ ŀƴŘ ǎǘǊǳŎǘǳǊŀƭ ǘǊŀƴǎƛǘƛƻƴǎ ƻŦ ʰ{ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ {btǎ ǿŜǊŜ ƛƴǾŜǎǘƛƎŀǘŜŘ 

performing ThT fluorescence spectroscopy, circular dichroism, and atomic force microscopy measurements. 

The obtained results shed light on the exchange processes of this structurally disordered amyloidogenic 

protein at the interface with nanoscale silica. 

 

Materials and methods 

Materials 

Defatted bovine serum albumin was purchased from Sigma-Aldrich. 
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Blood was donated by one of the authors and processed at the Neurosciences, Biomedicine and Movement 

Sciences Department of the University of Verona. Blood samples were collected directly in serum separator 

tubes without anticoagulant, they were allowed to clot for at least 30 min, then centrifuged at 1100 ×g for 

мл Ƴƛƴ ǘƻ ǎŜǇŀǊŀǘŜ ǘƘŜ ŎƭƻǘΦ .ƭƻƻŘ ǎŜǊǳƳ ŀƭƛǉǳƻǘǎ ǿŜǊŜ ŦǊƻȊŜƴ ŀǘ ҍул ϲ/ ŀ ŦŜǿ ƘƻǳǊǎ ŀŦǘŜǊ ōƭƻƻŘ ŎƻƭƭŜŎǘƛƻƴΦ 

 

Protein samples preparation 

wŜŎƻƳōƛƴŀƴǘ ƘǳƳŀƴ ʰ{ ǿŀǎ ǇǊƻŘǳŎŜŘ ŀǎ ŘŜǎŎǊƛōŜŘ ǇǊŜǾƛƻǳǎƭȅ ώрнϐΦ 

Uniformly 15N-isotope-labeled protein was produced from cells grown in M9 minimal medium containing 1 

Ǝκ[ ƻŦ мрbIп/ƭΦ hȄƛŘƛȊŜŘ ʰ{ ǿŀǎ ƻōǘŀƛƴŜŘ ōȅ ƛƴŎǳōŀǘƛƴƎ ǎŀƳǇƭŜǎ ƻŦ unmodified protein in PBS solution, 4% 

(v/v) H2O2, for 45 min at 25 °C, followed by multiple dialysis steps to remove the excess of H2O2. 

Recombinant Tau4RD, which corresponds to residues 244ς372 of human Tau protein, was produced in 

Escherichia coli BL21(DE3) strain. The soluble fraction of cellular extract obtained by sonication was boiled 

for 10 min, centrifuged, and then subjected to cation exchange chromatography (SP-Sepharose). Purified Tau 

protein was then dialyzed in the final buffer with the addition of 2 mM DTT. 

Protein samples were prepared in phosphate buffered saline (PBS: 137 mM NaCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4, 2.7 mM KCl), pH 7.4, also containing 0.02% sodium azide. For experiments in blood serum, the latter 

was diluted to 80% of its initial concentration, following the addition of protein and NPs from concentrated 

stocks in PBS. 

 

Nanoparticles preparation and characterization 

Spherical silica nanoparticles (SNPs) of 50 nm in diameter (fig. S1) were obtained following the Stöber method 

[53]. Briefly, to an aqueous solution of 0.58 M NH4OH (1.827mg), ethanol was added under stirring to a final 

volume of 50 mL. Tetraethyl orthosilicate (TEOS, 1.99 mL, 0.17M) was added and the mixture was stirred 

overnight at room temperature. 

The resultant SNPs suspension was washed several times and resuspended in deionized water. SNPs were 

characterized by DLS using Zetasizer Nano ZS ZEN3600 (Malvern Instruments Ltd, Worcestershire, UK), 

equipped with a He-bŜ ƭŀǎŜǊ ό˂ Ґ сонΦу ƴƳύ ǿƻǊƪƛƴƎ ŀǘ п Ƴ²Φ ¢ƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ млл ˃Ǝ Ƴ[ҍм ƛƴ ǳƭǘǊŀǇǳǊŜ ǿŀǘŜǊΦ ¢ƘŜ ƘȅŘǊƻŘȅƴŀƳƛŎ ǎƛȊŜ ǿŀǎ ŘŜǊƛǾŜŘ ǳǎƛƴƎ {ǘƻƪŜǎ-Einstein 

ŜǉǳŀǘƛƻƴΣ ŎƻƴǎƛŘŜǊƛƴƎ ŀ ǾƛǎŎƻǎƛǘȅ ƻŦ ǘƘŜ ƳŜŘƛǳƳ ƻŦ лΦуутн ŎtΦ ʸ-Potential values were calculated by the 

Zetasizer Software basing on electrophoretic mobility and considering a viscosity of 0.8872 cP, dielectric 

constant of 78.5 and a Henry's function of 1.5. Samples were prepared in 1 mM NaCl (pH 7). The morphology 

of SNPs was inspected by TEM (fig. S2). TEM images were acquired on a Jeol JEM 1220 Transmission Electron 

Microscope (JEOL, Japan), operating at 80 kV acceleration voltage and equipped with a Lheritier LH72WA 
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digital camera. A sample drop in deionized water was deposited on a grid and the solvent left evaporating on 

air. Experiments were carried out as previously described [28]. 

Protein corona-coated SNPs were obtained by incubation of the particles in protein-containing solutions for 

60 min at 4 °C under mild agitation. 

Pellets were then collected by centrifugation at 20,000 ×g for 60 min and washed by three cycles of 

centrifugation at 20,000 ×g for 15 min at 4 °C and resuspension in 1 mL PBS solution with 30-s sonication. 

The final pellet was resuspended in appropriate volumes of PBS solutions. 

¢ȅǇƛŎŀƭ ʰ{-coated NP solutions displayed size distribution maxima at about 65 nm and a polydispersity index 

of ~0.2, as determined by DLS. Separation of proteins forming hard coronas was obtained by 1D gel 

electrophoresis. Proteins were eluted from the recovered particles by incubating the pellet in reducing SDS 

sample buffer at 95 °C for 5 min. Separation was carried out on a 12% SDS polyacrylamide gel. Gels were run 

at the constant voltage of 100 V for 140 min and stained with Coomassie brilliant blue. 

 

Nuclear magnetic resonance (NMR) spectroscopy 

NMR spectra were recorded with a Bruker Avance III 600 spectrometer, operating at 600.13 MHz proton 

Larmor frequency, equipped with a triple resonance TCI cryoprobe and z-axis gradient. Measurements were 

performed using 5mmregular or Shigemi glass tubes. The sample temperature was set to 15 °C. One-

dimensional 1H NMR spectra were acquired with a standard pulse sequence incorporating the excitation 

sculpting water suppression scheme [54]. The number of scans was 32 and the recycle delay was set to 4 s. 

Typical 1H,15N heteronuclear single quantum coherence (HSQC) spectra were recorded with 8 scans, 512 

increments, and a recycle delay of 1.2 s. Protein backbone 15N T2 (1/R2) relaxation experiments were 

measured with an interleaved CarrςPurcellςMeiboomςGill (CPMG) pulse program in gradient-selected 

sensitivity-enhanced mode (64 transients, recycle delay of 3 s). T2 relaxation delays were set in the interval 

0.016ς0.237 s and the CPMG field was 550 Hz. Relaxation constant values were determined by fitting peak 

volumes to a single exponential function with the RELAXFIT software [55]. 

1D NMR signal intensities were obtained as the total integral of the 1H NMR spectral envelopes in the region 

6.5ς9.0 ppm, and measured with the software Topspin 3.5 (Bruker, Karlsruhe, Germany). HSQC spectra were 

processed with Topspin 3.5 and analyzed with the program Sparky (T. D. Goddard and D. G. Kneller, University 

of California, San Francisco). The sequence-specific NMR resonance assignment was based on the data 

deposited in the Biological Magnetic Resonance Bank (BMRB entry 25227) [56]. 

Data plots were generated using the software GraphPad Prism 7 (GraphPad Software Inc., La Jolla, CA, USA). 
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Mass Spectrometry 

¢ƘŜ ƳƻƭŜŎǳƭŀǊ Ƴŀǎǎ ƻŦ ƛƴǘŀŎǘ ʰ{ ŀƴŘ ʰ{ƻȄ ǿŀǎ ǾŜǊƛŦƛŜŘ ōȅ a![5L ¢hCκ¢hC a{ ŀƴŀƭȅǎƛǎΦ ¢ƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ 

acidified with a 0.1% TFA solution, then diluted with sinapinic acid (10 mg/mL in acetonitrile:H20 1:1 with 

лΦм҈ ¢C!ύΦ лΦр ˃[ ƻŦ ǘƘŜ ǎŀƳǇƭŜκƳŀtrix solution were spotted in triplicate onto a Ground steel MALDI target 

plate (Bruker Daltonics) and allowed to dry at room temperature. Experiments were performed on a Bruker 

UltrafleXtreme MALDI-TOF/TOF instrument (Bruker Daltonics). Mass spectra were collected from m/z 5000 

to 20,000 in positive linear mode and mass calibration was performed using a protein standard mixture 

composed of bovine serum albumin, protein A and trypsinogen. 

Mass spectrometry experiments on protein corona and isotopic isomers exchange were performed on an 

Orbitrap Fusion instrument coupled to an EASY-1000 nano-LC UHPLC system (Thermo Fisher, Waltham, MA, 

USA), using a 50-cmC18 column and a 60min gradient (solvent A: 0.1% formic acid; solvent B: 80% 

acetonitrile, 0.1% formic acid). Samples were first analyzed by SDS-PAGE. Protein bands were cut and in-gel 

digested with trypsin (18 h, 37 °C, 1:50 w/w enzyme/substrate ratio). The resulting peptides were desalted 

by C18 Zip Tips (Millipore, Burlington, MA, USA) before injection. IdeƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ǳƴƭŀōŜƭŜŘ ʰ{ ŀƴŘ ώ15bϐʰ{ 

was obtained by the software Proteome Discoverer 2.2 (Thermo Fisher, Waltham, MA, USA), with a 100% 

sequence coverage for both species. Relative quantification of protein variants was performed by the peak 

areas of the 5 most intense peptides. 

 

Aggregation assays 

The aggregation reactions were carried out in 96-well plates (Sarstedt Lumox multi-well) in a total volume of 

нлл ˃[Φ 9ŀŎƘ ǿŜƭƭ ŎƻƴǘŀƛƴŜŘ лΦтн ƳƎκƳ[ ǇǊƻǘŜƛƴ ƛƴ t.{Σ ǇI тΦпΦ ¢ƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ¢ƘƛƻŦƭŀǾƛƴ ¢ όThT) was 

varied in the range 20ςмсл ˃a ǘƻ ƻǇǘƛƳƛȊŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ŎƻƴŘƛǘƛƻƴǎΦ !ƎƎǊŜƎŀǘƛƻƴ ŎǳǊǾŜǎ ŘƛǎǇƭŀȅŜŘ ƛƴ figure 

у ǿŜǊŜ ƻōǘŀƛƴŜŘ ǳǎƛƴƎ мсл ˃a ¢Ƙ¢Σ ŀ ŎƻƴŘƛǘƛƻƴ ǘƘŀǘ ŀƭƭƻǿŜŘ ōŜǘǘŜǊ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅ ŀƳƻƴƎ ǊŜǇƭƛŎŀǘŜǎΣ 

compared to lower concentrations, without changes in curve shape and kinetics. ThT fluorescence intensity 

exhibited linear dependence on aggregate concentration, as determined from serial dilutions of endpoint 

samples. When present, SNPs were at protein/SNP molar ratios of ~2ς10 × 103. Reactions were performed 

incubating the samples at 37 °C, in the presence of one 3-mm glass bead, with cycles of 5 min of shaking (182 

rpm, orbital) and 5 min of rest throughout the incubation. The fluorescence was read every 30 min on an 

InfiniteM200 PRO fluorescence microplate reader (Tecan) by bottom reading upon excitation at 450 nm and 

emission at 482 nm, with a receiver gain value of 50. Each measurement was performed in four replicates. 

Analysis of the aggregation kinetics was performed by fitting the following sigmoidal function [57] to each 

individual experimental data set: 
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where, y is the fluorescence intensity as a function of time t, yi and yf are the intercept of the initial and final 

baselines with the y-axis, t0.5 ƛǎ ǘƘŜ ǘƛƳŜ ƴŜŜŘŜŘ ǘƻ ǊŜŀŎƘ ƘŀƭŦǿŀȅ ǘƘǊƻǳƎƘ ǘƘŜ ŜƭƻƴƎŀǘƛƻƴ ǇƘŀǎŜ ŀƴŘ ˍ ƛǎ ǘƘŜ 

elongation time constant. The apparent rate constant, kappΣ ŦƻǊ ǘƘŜ ƎǊƻǿǘƘ ƻŦ ŦƛōǊƛƭǎ ƛǎ ƎƛǾŜƴ ōȅ ˍҍ1, and the 

lag time is defined as tlag = t0.5 ҍ нˍΦ ¢ƘŜ ǾŀƭǳŜǎ ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ǘŜȄǘ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ƳŜŀƴ ҕ {5 ƻŦ ǘƘŜ 

individual values computed separately on each curve. Analysis and figure production were carried out with 

GraphPad Prism 7 (GraphPad Software Inc., La Jolla, CA, USA). For visualization purposes, the curves 

corresponding to each of four replicates were normalized to the average maximum fluorescence baseline 

and shifted to the average t0.5 value, as previously proposed [58]. 

Samples of protein aggregates for CD spectroscopy and AFM measurements were prepared by incubating a 

ǎƻƭǳǘƛƻƴ ƻŦ рл ˃a ǇǊƻǘŜƛƴ ŀƴŘ лΦу ƳƎκƳƭ btǎ ŀǘ от ϲ/ ǳƴŘŜǊ Ŏƻƴǎǘŀƴǘ ƳŀƎƴŜǘƛŎ ǎǘƛǊǊƛƴƎ ŀǘ нрл ǊǇƳ ŦƻǊ тн ƘΦ 

None of the samples displayed visible precipitates or sediments. 

 
Atomic force microscopy (AFM) 

CƻǊ !Ca ƳŜŀǎǳǊŜƳŜƴǘǎΣ нл ˃[ ƻŦ ǇǊƻǘŜƛƴ ǎƻƭǳǘƛƻƴǎ όнςп ˃aύ ƛƴ Ƴv Iнh ǿŜǊŜ ŘŜǇƻǎƛǘŜŘ ƻƴ ŦǊŜǎƘƭȅ ŎƭŜŀǾŜŘ 

ƳƛŎŀΣ ǿŀǎƘŜŘ ǿƛǘƘ рл ˃[ Ƴv IнhΣ ŀƴŘ ŀƭƭƻǿŜŘ ǘƻ ŘǊȅ ƛƴ ŀƛǊΦ !Ca ƛƳŀƎŜǎ ǿŜǊŜ ŀŎǉǳƛǊŜŘ ǿƛǘƘ ŀ b¢a5¢ {ƻƭǾŜǊ 

Pro microscope (Zelenograd, Moscow, RU), with single crystal silicon-antimony doped probe and a gold 

coated base (NSG-01 from NT-MDT) used in semi-contact mode. The hysteresis of the instrument was 

adjusted by a software correction of the data using calibration grid (TGQ1 from NT-MDT) before analysis. 

Images were processed and analyzed with the Gwyddion software [59]. 

 

Circular dichroism (CD) spectroscopy 

CD spectroscopy studies were performed with a Jasco J-1500 spectropolarimeter equipped with a Peltier-

type thermostatic-controlled cell holder. Far-UV spectra (190ς260 nm) were recorded at 25 °C at a scan rate 

of 50 nm minҍ1, a bandwidth of 1 nm and data integration time of 2 s. Three spectra accumulations were 

averaged for each sample, and the spectrum of the buffer was considered as a blank and subtracted. The 

ǇǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ с ˃a ƛƴ лΦм ŎƳ ŎǳǾŜǘǘŜǎΦ 

 

Results  

5ȅƴŀƳƛŎ ŀŘǎƻǊǇǘƛƻƴ ƻŦ ʰ{ ƻƴ ǎƛƭƛŎŀ ƴŀƴƻǇŀǊǘƛŎƭŜǎ 

In this study, we used 50 nm SNPs (hydrodynamic diameter measured by dynamic light scattering, DLS) with 

ŀ ƴŜƎŀǘƛǾŜ ǎǳǊŦŀŎŜ ŎƘŀǊƎŜ ŀǊƻǳƴŘ ҍол Ƴ±Σ ŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ʸ ǇƻǘŜƴǘƛŀƭ ƳŜŀǎǳǊŜƳŜƴǘ όfig. S1). Protein HSQC 

NMR spectra were recorded on [15bϐʰ{ ƛƴ ǘƘŜ ŀōǎŜƴŎŜ ŀƴŘ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀƴ ƛƴŎǊŜŀǎƛƴƎ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ 

SNPs. The addition of SNPs did not cause significant changes in peak positions, however peak intensities were 

perturbed. The plot of normalized intensities as a function of residue number (fig. 1A) shows a region-specific 
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effect: the signals of residues in the N-terminal region were strongly attenuated, the effect was less 

remarkable in the central sequence, and the perturbation was found to gradually decrease towards the C-

terminus (gray bars). Thus, the amphiphilic N-terminal stretch appears to adsorb to the NP surface, while the 

acidic domain remains flexible, presumably due to unfavorable electrostatic interactions with negative 

charges on the NPs. The central NAC domain could be either partly immobilized on the surface of NPs or 

experience motional restriction due to its proximity to the N-terminal anchor. The signals of the protein N-

terminus were weak but still visible for a SNP concentration of 37 mg/mL, corresponding to a protein/SNP 

molar ratio of ~210 and a protein:binding site stoichiometry of ~1:1, based on previous estimates of surface 

coverage [28]. At a protein/SNP molar ratio of 50, the signals of both the N-terminal domain and NAC became 

undetectable (fig. 1A, black bars), indicating that protein molecules were mostly adsorbed to SNPs. 

 

 
 

 

Figure 1. A) Relative signal intensities obtained from HSQC spectra measured on [15bϐʰ{ ŘƛǎǎƻƭǾŜŘ ƛƴ t.{ ǎƻƭǳǘƛƻƴΣ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ 
{btǎ όLύ ƻǊ ƛƴ ǘƘŜƛǊ ŀōǎŜƴŎŜ όLлύΦ tǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ млл ˃aΣ ŀƴŘ {bt ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ от ƳƎκƳ[ όƎǊŀȅ ōŀǊǎύ ŀƴŘ мрл Ƴg/mL 
(black bars). B) 15N transverse relaxation rate values measured in the absence (gray dots) and presence of SNPs (green dots). Error 
bars are fitting errors. 

 

To gain insight into the adsorption mechanism, we measured transverse relaxation rates, 15N-R2, which 

report on local and global protein dynamics. The plot of 15N-R2 versus residue number displays a relatively 

ǳƴƛŦƻǊƳ ǊŜƭŀȄŀǘƛƻƴ ǇǊƻŦƛƭŜ ŦƻǊ ʰ{ όfig. 1B, gray dots), whose small values are consistent with the dynamically 

disordered state of the protein. 

After the addition of SNPs, 15N-R2 values for the first sixty amino acids become much larger compared to the 

ǾŀƭǳŜǎ ƻŦ ʰ{ ŀƭƻƴŜΦ wŜƭŀȄŀǘƛƻƴ ǊŀǘŜǎ ƎǊŀŘǳŀƭƭȅ ŘŜŎǊŜŀǎŜ ǘƻǿŀǊŘǎ ǘƘŜ /-terminus and become essentially 

coincident with those of the free protein for the last 10ς15 residues (fig. 1B, green dots). The observed 

increase of 15N-R2 values can be attributed to chemical exchange broadening (arising from differences in 
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chemical shifts between free and bound states), exchange- averaged relaxation or lifetime line-broadening 

(arising from differences in correlation time) [60,61]. Thus, under the reported conditions, dynamic 

ŀŘǎƻǊǇǘƛƻƴ ƻŦ ʰ{ ǘƻ btǎ ǿŀǎ ƻōǎŜǊǾŜŘΦ 

 

tƭŀǎǘƛŎƛǘȅ ƻŦ ǘƘŜ ʰ{ ƘŀǊŘ ŎƻǊƻƴŀ ŀƴŘ ƳƻƭŜŎǳƭŀǊ ŜȄŎƘŀƴƎŜ 

¢ƻ ŜȄǇƭƻǊŜ ǘƘŜ ƴŀǘǳǊŜ ƻŦ ǘƘŜ ʰ{ ƘŀǊŘ ŎƻǊƻƴŀΣ {btǎ were incubated with excess [15bϐʰ{Σ ǘƘŜƴ ǎǇǳƴ Řƻǿƴ ŀǘ 

high rotation speed, and the resulting pellet washed and re-dissolved in the desired solution (see Section 

2.3). After dissolving the pellet in simple buffer (PBS), most protein signals were unobservable, and C-terminal 

residues were only barely detectable (fig. 2A). Apparently, the entire polypeptide was involved in a direct 

interaction with the NPs, with different affinities for the N- and the C-termini. However, the C-terminus did 

not displŀȅ ŎƻƳǇƭŜǘŜƭȅ ǳƴǊŜǎǘǊƛŎǘŜŘ ƳƻǘƛƻƴΣ ŘƛŦŦŜǊŜƴǘƭȅ ŦǊƻƳ ǿƘŀǘ ƻōǎŜǊǾŜŘ ŀŦǘŜǊ ƳƛȄƛƴƎ ʰ{ ǿƛǘƘ {btǎ 

without further sample processing. HSQC spectra collected after 24 and 72 h were almost unchanged, 

ƛƴŘƛŎŀǘƛƴƎ ǘƘŀǘ ʰ{ ŘƛŘ ƴƻǘ ŘƛǎǎƻŎƛŀǘŜ ŦƻǊ ŀ ƭƻƴƎ ǇŜǊƛƻŘ ƻŦ ǘƛƳŜΦ 

 

 

Figure 2. Signal intensities obtained from HSQC spectra measured on a sample containing SNPs coated with a hard corona of [15bϐʰ{Σ 
ŘƛǎǎƻƭǾŜŘ ƛƴΥ !ύ t.{ ǎƻƭǳǘƛƻƴΣ .ύ ŀ ǎƻƭǳǘƛƻƴ ƻŦ ǳƴƭŀōŜƭŜŘ ʰ{Φ ¢ƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ώ15bϐʰ{ ōŜŦƻǊŜ ǎŀƳǇƭŜ ǇǊƻŎŜǎǎƛƴƎΣ ŀƴŘ ǘhat of 
ǳƴƭŀōŜƭŜŘ ʰ{Σ ǿŀǎ млл ˃aΦ ¢ƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ {btǎ ǿŀǎ от ƳƎκƳ[Φ 5ŀǘŀ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŀǘ л Ƙ όōƭŀŎƪύΣ нп Ƙ όƻǊŀƴƎŜύΣ тн Ƙ όǊŜd) 
after dissolution of protein-coated SNPs. 

 

Interestingly, the picture definitely changed if the pellet was re-dissolved in a solution containing unlabeled 

ʰ{Φ Lƴ ǘƘƛǎ ŎŀǎŜΣ ǎƛƎƴŀƭǎ ŦƻǊ ǘƘŜ ŦƻǊǘȅ /-terminal amino acids became observable (fig. 2B), indicating their 

dissociation from the NP surface. After 24 h, the signal intensities were almost twice those measured in the 

first spectrum but did not increase much further until 72 h. 
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The N-terminal region was apparently still in (transient) contact with the SNPs. This result suggests a 

ǇŜǊǘǳǊōŀǘƛƻƴ ƻŦ ǘƘŜ ʰ{ ōƻǳƴŘ ǎǘŀǘŜ ŀŦǘŜǊ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ŦǊŜŜ ʰ{Σ ŀǘǘǊƛōǳǘŀōƭŜ ǘƻ ŀŎǘƛǾŜ ǇŀǊǘƛŀl displacement 

ƻŦ ōƻǳƴŘ ʰ{ ōȅ ǘƘŜ ŦǊŜŜ ǇǊƻǘŜƛƴΦ 

The distribution of isotopically labeled variants in competition experiments was further investigated by mass 

spectrometry. Preformed [15bϐʰ{ ƘŀǊŘ ŎƻǊƻƴŀ ǿŀǎ ƳƛȄŜŘ ǿƛǘƘ ǳƴƭŀōŜƭŜŘ ʰ{ ŀƴŘ ŀƭƛǉǳƻǘǎ ǿŜǊŜ ǘŀƪŜƴ ŀƴd 

centrifuged after different incubation times. The resulting pellets were washed (same procedure as described 

in Section 2.3) and analyzed, along with the supernatants, by SDS-PAGE followed by in-gel digestion and mass 

spectrometry (fig. S3). The supernatŀƴǘǎ ǎƘƻǿŜŘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ōƻǘƘ ƭŀōŜƭŜŘ ŀƴŘ ǳƴƭŀōŜƭŜŘ ʰ{Σ ƛƴŘƛŎŀǘƛƴƎ 

protein dissociation from the corona. The amount of [15bϐʰ{ ƛƴ ǎƻƭǳǘƛƻƴ ƛƴŎǊŜŀǎŜŘ ǿƛǘƘ ǘƘŜ ƛƴŎǳōŀǘƛƻƴ ǘƛƳŜΣ 

reaching about 20% of the total protein concentration after 72-h incubation. The pellets showed strong 

ŀŎŎǳƳǳƭŀǘƛƻƴ ƻŦ ǳƴƭŀōŜƭŜŘ ʰ{Σ ǿƘƛŎƘ ƛƳƳŜŘƛŀǘŜƭȅ ǊŜŀŎƘŜŘ Ϥул҈ ƻŦ ǘƘŜ ǘƻǘŀƭ ǇǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴΦ ¢Ƙƛǎ 

finding completes the evidence of molecular exchange in both directions. The high fraction of adsorbed 

unlabeled protein is probably due to unsaturated SNP surface upon the treatment. Altogether, these results 

indicate that protein molecules from the bulk solution can replace those inside the hard corona, even under 

conditions in which spontaneous protein release from the NPs is negligible. Because protein molecules in 

solution appear to affect the hard corona, we repeated the experiments by dissolving the pellet in solutions 

containing distinct proteins. In one case, the solution contained BSA, a globular macromolecule exhibiting an 

ƛǎƻŜƭŜŎǘǊƛŎ Ǉƻƛƴǘ ǇL Ґ рΦпΣ ŎƭƻǎŜ ǘƻ ǘƘŀǘ ƻŦ ʰ{Φ /ƻƳǇŀǊŜŘ ǘƻ ʰ{ ǎƻƭǳǘƛƻƴǎΣ ǘƘŜ ǊŜŎƻǾŜǊȅ ƻŦ ǎƛƎƴŀƭ ƛƴǘŜƴǎƛǘƛŜǎ ǿŀǎ 

very small and limited to the last twenty residues at the C-terminus, an effect like that obtained after 

dissolution in simple buffer (fig. 3). Apparently, the net negative charge and diffuse distribution of acidic 

residues on the molecular surface of BSA make its association to SNPs comparatively less effective than that 

ƻŦ ʰ{Σ ƳŀƪƛƴƎ ƛǘ ŀƭǎƻ ƭŜǎǎ ŀŎǘƛǾŜ ƛƴ ƘŀǊŘ-corona reorganization. By contrast, after addition of the disordered 

peptide Tau4RD (the four-ǊŜǇŜŀǘ ŘƻƳŀƛƴ ƻŦ ¢ŀǳΣ ǇL Ґ фΦтύΣ ŀƭƭ I{v/ ǇŜŀƪǎ ƻŦ ʰ{ ǊŜ-appeared in the spectrum, 

ǿƛǘƘ ǘƘŜ ǎŀƳŜ ǊŜƭŀǘƛǾŜ ƛƴǘŜƴǎƛǘȅ ŀǎ ƛƴ ǘƘŜ ŦǊŜŜ ǇǊƻǘŜƛƴΣ ƛƴŘƛŎŀǘƛƴƎ ŎƻƳǇƭŜǘŜ ǊŜƭŜŀǎŜ ƻŦ ʰ{ ŦǊƻƳ ǘƘŜ ƘŀǊŘ ŎƻǊƻƴa. 

The prevalence of basic residues in the sequence of Tau4RD suggests that this polypeptide can effectively 

ŎƻƳǇŜǘŜ ǿƛǘƘ ʰ{ ŦƻǊ ōƛƴŘƛƴƎ ǘƻ ǘƘŜ ƴŜƎŀǘƛǾŜƭȅ ŎƘŀǊƎŜŘ ǎǳǊŦŀŎŜ of SNPs. 

 

 

Figure 3. Signal intensities obtained from HSQC spectra measured on a sample containing SNPs coated with a hard corona of [15bϐʰ{Σ 
ŘƛǎǎƻƭǾŜŘ ƛƴ ōǳŦŦŜǊ όōƭŀŎƪ ŦƛƭƭŜŘ ōŀǊǎύΣ ŀ ǎƻƭǳǘƛƻƴ ƻŦ ǳƴƭŀōŜƭŜŘ ʰ{ όōƭŀŎƪ ŜƳǇǘȅ ōŀǊǎύΣ .{! όƎǊŜŜƴ ōŀǊǎύΣ ¢ŀǳ4RD (brown bars). The 
intensities (I) are divided by those measured on [15bϐʰ{ ŦǊŜŜ ƛƴ ǎƻlution (I0). 
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Confirmation of exchange processes between the hard corona and the surrounding was obtained using SDS-

PAGE, which allowed us to detect NP-bound protein species, thereby complementing the NMR data. 

¢ƘŜ ƘŀǊŘ ŎƻǊƻƴŀ ŦƻǊƳŜŘ ōȅ ʰ{ ŀǊƻǳƴŘ {btǎ ό{btϪʰ{ύ ǿŀǎ ŎƭŜŀǊƭȅ ŘŜǘŜŎǘŜŘ ōȅ ǘƘŜ ōŀƴŘ ŀǘ ǘƘŜ ŜȄǇŜŎǘŜŘ 

molecular weight of the protein (fig. 4A, lane 4). Analogously, both Tau4RD and BSA also formed a hard corona 

around SNPs (fig. 4A, lane 5 and fig. 4B, lane 2). 1H-NMR spectra recorded on Tau4RD and BSA immediately 

after exposure of the proteins to SNPs indicated that both proteins partitioned onto SNPs (fig. S4). 

5ƛǎǎƻƭǳǘƛƻƴ ƻŦ {btϪʰ{ ƛƴ ŀ ǎƻƭǳǘƛƻƴ ŎƻƴǘŀƛƴƛƴƎ ¢ŀǳ4RD yielded a new corona formed almost exclusively by 

Tau4RD (fƛƎΦ п!Σ ƭŀƴŜ сύΦ IƻǿŜǾŜǊΣ ŀŦǘŜǊ ƛƴŎǳōŀǘƛƻƴ ƻŦ {btϪʰ{ ƛƴ ŀ ǎƻƭǳǘƛƻƴ ƻŦ .{!Σ ǿŜ ƻōǎŜǊǾŜŘ ŀƴ ʰ{ ōŀƴŘ 

ǿƛǘƘ ǎƛƳƛƭŀǊ ƛƴǘŜƴǎƛǘȅ ǘƻ ǘƘŀǘ ƻōǎŜǊǾŜŘ ŘƛǊŜŎǘƭȅ ƻƴ {btϪʰ{ όfig. 4B, lanes 3, 4). While it is possible that some 

.{! ŀŘǎƻǊōŜŘ ǘƻ {btϪʰ{Σ ŘǳŜ ǘƻ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀ ǿŜŀƪ ōŀƴŘ ŀǘ ǘƘŜ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ƻŦ .{!Σ ǘƘŜ ƛƴǘŜƴǎƛǘȅ 

ƻŦ ǘƘŜ ʰ{ ōŀƴŘ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ .{! ŎƻǳƭŘ ƴƻǘ ǊŜǇƭŀŎŜ ʰ{Φ 

 

 

Figure 4. SDS-PAGE analysis of hard corona composition. A) Lanes were loaded ǿƛǘƘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǎŀƳǇƭŜǎΥ мΦ ʰ{ ǊŜŦŜǊŜƴŎŜΤ нΦ ¢ŀǳ4RD 
reference; 3. BSA reference; 4. SNPs incubated with ʰ{ ǘƻ ȅƛŜƭŘ ŀ ǇǊƻǘŜƛƴ ŎƻǊƻƴŀ ό{btϪʰ{ύΤ рΦ {btǎ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ ¢ŀǳ4RD 

(SNP@Tau4RDύΤ сΦ {btǎ ŦƛǊǎǘ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ ʰ{ ǘƻ ȅƛŜƭŘ {btϪʰ{Σ ŀƴŘ further incubated with Tau4RD. Traces of Tau4RD dimer are present 
in the lanes with Tau4RDΦ .ύ мΦ .{! ǊŜŦŜǊŜƴŎŜΤ нΦ {btǎ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ .{! ό{btϪ.{!ύΤ оΦ {btǎ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ ʰ{ ό{btϪʰ{ύΤ пΦ {btǎ 
ŦƛǊǎǘ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ ʰ{ ŀƴŘ ǎǳōǎŜǉǳŜƴǘƭȅ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ .{!Φ /ύ ¢ƘŜ ƭŀƴŜǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǎŀƳǇƭŜǎΥ мΦ ʰ{ ƛƴ t.{Τ нΦ 
ƘǳƳŀƴ ōƭƻƻŘ ǎŜǊǳƳΤ оΦ {btǎ ƛƴŎǳōŀǘŜŘ ƛƴ t.{ ǿƛǘƘ ʰ{ ό{btϪʰ{ύΤ пΦ {btǎ ƛƴŎǳōŀǘŜŘ ƛƴ ǎŜǊǳƳ ό{btϪǎŜǊǳƳύΤ рΦ {btǎ ƛƴŎǳōŀǘŜŘ ƛƴ 
ǎŜǊǳƳ ǿƛǘƘ ʰ{Τ сΦ {btǎ ŦƛǊǎǘ ƛƴŎǳōŀǘŜŘ ƛƴ ǎŜǊǳƳ ǘƻ ȅƛŜƭŘ {btϪǎŜǊǳƳΣ ŀƴŘ ŦǳǊǘƘŜǊ ƛƴŎǳōŀǘŜŘ ƛƴ t.{ ǿƛǘƘ ʰ{Φ 5ύ м5 ōŀƴŘ ƛƴǘŜƴǎƛǘȅ 
profiles derived from the gel shown in panel B; each plot is marked by the number of the lane corresponding to panel B. 

 

Protein-NP interactions in blood serum 

The potential application of NPs in vivo requires an understanding of their interactions with biomolecules in 

biological media, which are generally replete with macromolecules that could undergo transient or long-lived 
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associations with either the NPs, the biomolecule of interest, or both. Here we selected human blood serum 

ŀǎ ŀ ƳƻŘŜƭ ǎȅǎǘŜƳ ǘƻ ǎǘǳŘȅ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ōŀŎƪƎǊƻǳƴŘ ƳƻƭŜŎǳƭŜǎ ƻƴ ǘƘŜ ŀŘǎƻǊǇǘƛƻƴ ƻŦ ʰ{ ǘƻ {btǎΦ ¢ƘŜ ŀƴŀƭȅǎƛǎ 

ƻŦ I{v/ ǇŜŀƪǎ ƻŦ ʰ{ ŘƛǎǎƻƭǾŜŘ ƛƴ ōƭƻƻŘ ǎŜǊǳƳ ƛƴŘƛŎŀǘŜŘ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ƛƴǘŜƴǎƛǘƛŜǎ ƻŦ ǇŜŀƪǎ 

corresponding to the 1ς111, 122ς123, and 129ς134 residue stretches, compared to those measured in PBS 

solution (fig. 5A). The remaining peaks displayed comparatively less or no intensity attenuation. While a 

generalized reduction in NMR signal intensities could be related to an increased viscosity or ionic strength of 

the medium, the region-specific effects can be attributed to changes in protein local mobility or to the binding 

ƻŦ ʰ{ ǘƻ ƳŀŎǊƻƳƻƭŜŎǳƭŀǊ ŎƻǎƻƭǳǘŜǎΦ I{v/ ǎǇŜŎǘǊŀ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ƻƴ ǎŀƳǇƭŜǎ ŎƻƴǘŀƛƴƛƴƎ {bPs and compared 

with those collected in the absence of NPs. Although less pronounced than in PBS solution, the residue 

resolved intensity ratios pointed out differences among the three protein domains (fig. 5B), with larger 

intensity attenuations mostly associated with the N-terminal domain (average reduction of about 67%, and 

high data dispersion due to reduced signal-to-noise), somewhat less strong attenuations in the NAC domain 

(average reduction 54 %), and finally a moderate perturbation in the acidic terminal domain (42 % reduction). 

¢ƘǳǎΣ ʰ{ ŀǇǇŜŀǊǎ ǘƻ ƛƴǘŜǊŀŎǘ ǿƛǘƘ {btǎ ƛƴ ōƭƻƻŘ ǎŜǊǳƳ ƛƴ ŀ ǎƛƳƛƭŀǊ ƳƻŘŜ ŀǎ ŘŜǎŎǊƛōŜŘ ŦƻǊ t.{ ǎƻƭǳǘƛƻƴǎΦ 

IƻǿŜǾŜǊΣ ǿƘŜƴ ʰ{ ŘƛǎǎƻŎƛŀǘŜǎ ŦǊƻƳ ǘƘŜ btǎ ƛƴ ōƭƻƻŘ ǎŜǊǳƳΣ ƛǘ ŜƴƎŀƎŜǎ ƛƴ ŀǎǎƻŎƛŀǘƛƻƴ ŜǉǳƛƭƛōǊƛŀ ǿƛǘƘ 

macromolecular cosolutes. Because both such interactions and those with SNPs are mediated by the same 

amphipathic domain, the former interactions constitute a background noise for the detection of NP binding. 

LƴǘŜǊŜǎǘƛƴƎƭȅΣ ǘƘŜ baw ǎƛƎƴŀƭ ǇŜǊǘǳǊōŀǘƛƻƴǎ ƳŜŀǎǳǊŜŘ ƻƴ ʰ{ ŀŘŘŜŘ ǘo SNPs which were pre-incubated in 

blood serum for 24 h, were essentially unmodified with respect to those measured without pre-incubation 

(fig. S5). This observation implies that a preformed protein corona, as that produced with pre-incubation in 

serum, hŀǎ ƭƛƳƛǘŜŘ ƛƴŦƭǳŜƴŎŜ ƻƴ ǘƘŜ ƳƻŘŜ ƻŦ ʰ{ ōƛƴŘƛƴƎ ǘƻ {btǎΦ 

 

Figure 5. A) Relative signal intensities obtained from HSQC spectra measured on [15bϐʰ{ ƛƴ ƘǳƳŀƴ ōƭƻƻŘ ǎŜǊǳƳ όLύ ŀƴŘ ƛƴ t.{ όLref). 
tǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ млл ˃aΦ .ύ wŜƭŀǘƛǾŜ I{v/ ǎƛƎƴŀƭ ƛƴǘŜƴǎƛǘies measured on [15bϐʰ{ ƛƴ ƘǳƳŀƴ ōƭƻƻŘ ǎŜǊǳƳ ŎƻƴǘŀƛƴƛƴƎ όLύ ŀƴŘ 
not containing SNPs (I0ύΦ tǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ мрл ˃a ŀƴŘ {bt ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ от ƳƎκƳ[Φ Spectra were recorded 
immediately after mixing the components, without pre-incubation of SNPs in serum. Data are shown as diamonds instead of bars for 
better visualization. 
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SDS-PAGE analysis of human serum revealed the presence of multiple protein species, with a dominating 

band corresponding to serum albumin (fig. 4C, D lane 2). The hard corona formed by serum proteins around 

SNPs (SNP@serum) resulted in multiple bands (fig. 4C lane 4) in approximately the same position as those 

detected for serum, however with different relative intensities and a strong attenuation of the HSA band (fig. 

4D lane 4), in analogy with previous reports [25]. 

²ƘŜƴ {btǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ƛƴ ǎŜǊǳƳ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ʰ{ ǘƻ ŦƻǊƳ ŀ ƘŀǊŘ ŎƻǊƻƴŀ ό{btϪώǎŜǊǳƳҌʰ{ϐύΣ ǘƘŜ 

observed SDS-PAGE bŀƴŘǎ ǿŜǊŜ ǘƘŜ ǎŀƳŜ ŀǎ ǘƘƻǎŜ ƛŘŜƴǘƛŦƛŜŘ ƛƴ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ʰ{Σ ƛƴŎƭǳŘƛƴƎΣ ƘƻǿŜǾŜǊΣ ǘƘŜ 

ŀŘŘƛǘƛƻƴŀƭ ōŀƴŘ ƻŦ ʰ{ όfig. 4C lane 5). The relative intensities of some corresponding bands for protein coronas 

ǿƛǘƘ ŀƴŘ ǿƛǘƘƻǳǘ ʰ{ ǿŜǊŜ ǎƭƛƎƘǘƭȅ ŘƛŦŦŜǊŜƴǘ όfig. 4D lane 5). The incubation of SNPs, precoated with serum 

ǇǊƻǘŜƛƴǎΣ ƛƴ ŀ ǎƻƭǳǘƛƻƴ ŎƻƴǘŀƛƴƛƴƎ ʰ{Σ ŦƻƭƭƻǿŜŘ ōȅ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ ŀƴŘ ǿŀǎƘƛƴƎǎΣ ȅƛŜƭŘŜŘ ŀƎŀƛƴ ŀƴ ŜǎǎŜƴǘƛŀƭƭȅ 

unchanged band pattern in SDS-t!D9Σ ŀƭǎƻ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ōŀƴŘ ƻŦ ʰ{ όfƛƎΦ п/Σ 5 ƭŀƴŜ сύΦ ¢ƘǳǎΣ ʰ{ Ŏŀn associate 

with SNPs and contribute to the formation of a complex hard corona in combination with many serum 

proteins. 

The combined evidence from NMR and SDS-t!D9 ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ʰ{ ŀǎǎƻŎƛŀǘŜǎ ǿƛǘƘ {btǎ ŀƭǎƻ ǿƘŜƴ ŀ ǇǊŜ-

formed corona is present, suggesting that it is able to displace part of the bound serum proteins. 

 

hȄƛŘƛȊŜŘ ʰ{ 

ʰ{ ǳƴŘŜǊƎƻŜǎ ŎƘŜƳƛŎŀƭ ƳƻŘƛŦƛŎŀǘƛƻƴ ǳƴŘŜǊ ƻȄƛŘŀǘƛǾŜ ŎƻƴŘƛǘƛƻƴǎΦ Lƴ ǾƛǘǊƻΣ aŜǘ ǊŜǎƛŘǳŜǎ Ŏŀƴ ōŜ Ŝŀǎƛƭȅ ƻȄƛŘƛȊŜŘ 

to MetO by incubation in the presence of hydrogen peroxide. Here, such chemical modification was verified 

by MS and HSQC NMR (fƛƎΦ {сύΦ hȄƛŘƛȊŜŘ ʰ{Σ ŎƻƴǘŀƛƴƛƴƎ ŦƻǳǊ aŜǘh ŀǘ Ǉƻǎƛǘƛƻƴǎ мΣ рΣ ммсΣ ŀƴŘ мнт όƘŜǊŜ 

ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ʰ{ƻȄύ ŜȄƘƛōƛǘǎ ǊŜŘǳŎŜŘ ƘȅŘǊƻǇƘƻōƛŎƛǘȅ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ƴŀǘƛǾŜ ŦƻǊƳΦ .ŜŎŀǳǎŜ ǘǿƻ ƻŦ ǘƘŜ 

modified residues belong to the N-terminal region, which appears to interact with SNPs, we set to identify 

possible differences of binding to SNPs between the two protein species. Protein binding to SNPs was 

monitored by recording 1H NMR spectra on both protein species at increasing concentrations of SNPs. The 

ƛƴǘŜƎǊŀƭǎ ƻŦ ǎǇŜŎǘǊŀƭ ŜƴǾŜƭƻǇŜǎ ƛƴ ǊŜƎƛƻƴǎ ŘƛǎǇƭŀȅƛƴƎ ƻƴƭȅ ǇǊƻǘŜƛƴ ǎƛƎƴŀƭǎ ǎƘƻǿŜŘ ŀ ǎƛƳƛƭŀǊ ŘŜŎŀȅ ŦƻǊ ōƻǘƘ ʰ{ 

ŀƴŘ ʰ{ƻȄΣ ǊŜǾŜŀƭƛƴƎ ǘƘŀǘ ƻȄƛŘŀǘƛƻƴ ƻŦ aŜǘ ǊŜǎƛŘǳŜǎ ǊŜǎǳƭǘŜŘ ƻƴƭȅ ƛƴ ƳƛƴƻǊ ǇŜǊǘǳǊōŀǘƛƻƴ ƻŦ ǘƘŜ ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘy 

(fig. 6).  
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Figure 6. NMR-based protein-SNP binding curves. Data are integrals of the 1H NMR spectral envelope in the 6.5ς9.0 ppm region 
ŘƛǎǇƭŀȅƛƴƎ ƻƴƭȅ ǇǊƻǘŜƛƴ ǎƛƎƴŀƭǎΦ 5ŀǘŀ ǊŜŦŜǊ ǘƻ ʰ{ όŦƛƭƭŜŘ ŎƛǊŎƭŜǎύ ŀƴŘ ʰ{ƻȄ όŦƛƭƭŜŘ ǎǉǳŀǊŜǎύΦ Lƴƛǘƛŀƭ ǇǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ ул ˃aΣ ǘƘŜ 
titrating solution was 37 mg/mL SNPs. Dotted lines serve to guide the eye. Errors in intensities were estimated to be <5%. 

 

Apparently, noncovalent interactions involving these residues provide a small contribution to the overall 

binding energy. Indeed, by inspection of signal intensities at the single-residue level, we observed that the 

ƛƴǘŜƴǎƛǘȅ ŀǘǘŜƴǳŀǘƛƻƴ ǇǊƻŦƛƭŜ ŎƭƻǎŜƭȅ ƳŀǘŎƘŜŘ ǘƘŀǘ ƻŦ ʰ{Σ ǎǳǇǇƻǊǘƛƴƎ ǘƘŜ ŎƻƴŎƭǳǎƛƻƴ ǘƘŀǘ ǘƘŜ ōƛƴŘƛƴƎ ƳƻŘŜ 

was not affected by oxidation (fig. 7A). Finally, the exchange behavior of protein molecules forming a hard 

ŎƻǊƻƴŀ ŀǊƻǳƴŘ {btǎ ǿŀǎ ŀƭǎƻ ƳƻƴƛǘƻǊŜŘΦ Lƴ ŀƴŀƭƻƎȅ ǿƛǘƘ ʰ{Σ Řƛǎǎƻƭǳǘƛƻƴ ƻŦ {btǎ ŎƻŀǘŜŘ ǿƛǘƘ ώ15bϐʰ{ƻȄ ƛƴ 

simple buffer did not result in appreciable dissociation of protein molecules, while after dissolution in buffer 

ŎƻƴǘŀƛƴƛƴƎ ʰ{ƻȄΣ I{v/ ǎǇŜŎǘǊŀ displayed measurable signals corresponding to C-terminal residues, indicating 

that the acidic domain was released from the surface of SNPs, presumably with an attendant dynamic 

partitioning of the N-terminal domain between the NP surface and the solution (fig. 7B). 

 

 

Figure 7. A) Relative signal intensities obtained from HSQC spectra measured on [15bϐʰ{ όƎǊŀȅ ōŀǊǎύ ŀƴŘ ώ15bϐʰ{ƻȄ όƻǊŀƴƎŜ ōŀǊǎύ ƛƴ 
the presence of SNPs (I) or in their absence (I0). B) Signal intensities obtained from HSQC spectra measured on a sample containing 
SNPs coated with a hard corona of [15bϐʰ{ƻȄΣ ŘƛǎǎƻƭǾŜŘ ƛƴ ōǳŦŦŜǊ όōƭŀŎƪ ōŀǊǎύ ƻǊ ŀ ǎƻƭǳǘƛƻƴ ƻŦ ǳƴƭŀōŜƭŜŘ ʰ{ƻȄ όƎǊŀȅ ōŀǊǎύΦ 
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Protein fibrillation in the presence of NPs 

The in vitro aggregation of amyloidogenic proteins to form fibrils is conveniently measured with the 

¢ƘƛƻŦƭŀǾƛƴ ¢ ό¢Ƙ¢ύ ŦƭǳƻǊŜǎŎŜƴŎŜ ŀǎǎŀȅ ώснϐΦ ʰ{ ƛǎ ǊŜƭŀǘƛǾŜƭȅ ǎǘŀōƭŜ ƛƴ ǎƻƭǳǘƛƻƴ ǳƴŘŜǊ ǉǳƛŜǎŎŜƴǘ ŎƻƴŘƛǘƛƻƴǎΣ 

however fibril formation is accelerated if subjected to mechanical agitation [63]. Based on a 

phenomenological interpretation of ThT fluorescence curves, it was previously suggested that SNPs may 

ǎǘƛƳǳƭŀǘŜ ŦƛōǊƛƭƭŀǘƛƻƴ ƻŦ ʰ{ ώнуϐΦ IŜǊŜΣ ǿŜ ŀŎǉǳƛǊŜŘ ŀƎƎǊŜƎŀǘƛƻƴ ƪƛƴŜǘƛŎǎ Řŀǘŀ ƻƴ ōƻǘƘ ʰ{ ŀƴŘ ʰ{ƻȄ ŀƴŘ ŀƛƳŜŘ 

to quantitatively assess the occurrence of NP-induced perǘǳǊōŀǘƛƻƴǎ ǘƻ ŦƛōǊƛƭ ŦƻǊƳŀǘƛƻƴΦ CƻǊ ʰ{Σ ǘƘŜ ¢Ƙ¢ 

fluorescence curve displayed a typical sigmoidal growth profile (fig. 8A), corresponding to a nucleated self-

ŀǎǎŜƳōƭȅ ǇǊƻŎŜǎǎ ώртΣспϐΦ .ȅ ŎƻƴǘǊŀǎǘΣ ǘƘŜ Řŀǘŀ ƻōǘŀƛƴŜŘ ƻƴ ʰ{ƻȄ ŎƻƴŦƛǊƳŜŘ ǘƘŜ ƴŜƎƭƛƎƛōƭŜ ǘŜƴŘŜƴŎȅ of this 

modified form to convert into ThT-positive fibrillar aggregates (fig. 8B), in agreement with previous findings 

ώсрϐΦ Lƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ btǎΣ ʰ{ ǎǘƛƭƭ ŜȄƘƛōƛǘŜŘ ǎƛƎƳƻƛŘŀƭ ƎǊƻǿǘƘ ŀƎƎǊŜƎŀǘƛƻƴ ƪƛƴŜǘƛŎǎΦ CǊƻƳ ǘƘŜ ŀƴŀƭȅǎƛǎ ƻŦ 

individual experimental curves with an empirical sigmoidal function (see Methods section), kinetic 

parameters were determined. 

 

CƛƎǳǊŜ уΦ !ƎƎǊŜƎŀǘƛƻƴ ƪƛƴŜǘƛŎǎ ŀƴŘ ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ ǘǊŀƴǎƛǘƛƻƴǎ ƻŦ ʰ{ ǿƛǘƘ {btǎΦ ¢Ƙ¢ ŦƭǳƻǊŜǎŎŜƴŎŜ-based aggregation kinetics curves 
measured on A) unmodified h { ŀƴŘ .ύ ʰ{ƻȄ ƛƴ ǘƘŜ ŀōǎŜƴŎŜ όƭƛƎƘǘ ƎǊŜȅ ƭƛƴŜǎύ ŀƴŘ ǇǊŜǎŜƴŎŜ ƻŦ {btǎ όƭƛƎƘǘ ōǊƻǿƴΥ лΦп ƳƎκƳ[ {btǎΤ ƭƛƎƘǘ 
orange: 0.8 mg/mL SNPs; light red: 2 mg/mL SNPs). Measurements were carried out on four replicates (represented with different 
line patterns). Control experiments performed on SNP (0.8 mg/mL) sample in the absence of protein are shown in green. Solid lines 
correspond to the best fit curves determined using an empirical sigmoid function. CD spectra recorded on samples of C) unmodified 
ʰ{ ŀƴŘ 5ύ ʰ{ƻȄ ƛƴ the absence (black lines) or presence of SNPs (orange: 0.8 mg/mL SNPs, red: 2 mg/mL SNPs) after incubation for 
72 h. Gray curves were recorded at the start of the incubation period on samples of protein alone. 

 

By inspection of the obtained values (Table 1ύΣ ƛǘ ŀǇǇŜŀǊǎ ǘƘŀǘ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ {btǎ ǘƘŜ ƪƛƴŜǘƛŎǎ ƻŦ ʰ{ 

fibrillation did not change significantly (within experimental uncertainty). However, at the highest SNP 

concentration, non-random residuals from the sigmoidal fitting indicate multi-stage fibrillation profiles and 

shortening of the lag phase, in line with previous observations [28]. Different from those previous 
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experiments, however, the final fluorescence intensity decreases as SNP concentration increases. This 

difference could be due to the different buffer and instrumental conditions. In the present experimental 

setting, SNPs either interfere with fluorescence reading or reduce the amount or the ThT affinity of 

aggregation products. 

 

 t0.5 (h) t lag (h) ˍ όƘύ 

ʰ{ 43.0 ± 2.0 25.9 ± 4.2 8.6 ± 3.7 
ʰ{ Ҍ лΦп ƳƎκƳ[ {btǎ 40.7 ± 2.9 29.1 ± 3.1 5.8 ± 1.1 
ʰ{ Ҍ лΦу ƳƎκƳ[ {btǎ 41.2 ± 5.2 30.3 ± 5.3 5.4 ± 0.4 
ʰ{ Ҍ нΦл ƳƎκƳ[ {btǎ 39.8 ± 1.7 30.3 ± 2.8 4.7 ± 2.2 

ǘлΦрΥ ƳƛŘǇƻƛƴǘ ƻŦ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴΤ ˍΥ ŜƭƻƴƎŀǘƛƻƴ ǘƛƳŜ ŎƻƴǎǘŀƴǘΤ ǘlag = t0.5 ҍ нˍΦ 
 

¢ŀōƭŜ мΦ YƛƴŜǘƛŎ ǇŀǊŀƳŜǘŜǊǎ ŦƻǊ ǘƘŜ ŀƎƎǊŜƎŀǘƛƻƴ ƻŦ ʰ{Σ ŘŜǘŜǊƳƛƴŜŘ ƻƴ ǘƘŜ ōŀǎƛǎ ƻŦ ¢Ƙ¢ ŦƭǳƻǊŜǎŎŜƴŎŜ ŀǎǎŀȅǎΦ 

 

AFM images acquired on protein/NP samples at the endpoint of an incubation period of 72 h, under 

ŀƎƎǊŜƎŀǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎΣ ŎƻƴŦƛǊƳŜŘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ όǇǊƻǘƻύŦƛōǊƛƭƭŀǊ ŀƎƎǊŜƎŀǘŜǎ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ ʰ{ όfig. S7A), 

ƘƻǿŜǾŜǊ ƴƻ ŦƛōǊƛƭǎ ǿŜǊŜ ŘŜǘŜŎǘŜŘ ŦƻǊ ʰ{ƻȄ όfig. S7B). Furthermore, CD spectra recorded on protein/NP 

samples at ǘƘŜ ŜƴŘǇƻƛƴǘ ƻŦ ŀƎƎǊŜƎŀǘƛƻƴ ŀǎǎŀȅǎ όтн Ƙύ ƛƴŘƛŎŀǘŜŘ ŀ ǘǊŀƴǎƛǘƛƻƴ ƻŦ ʰ{ ƳƻƭŜŎǳƭŜǎ ŦǊƻƳ ŀ ŘƛǎƻǊŘŜǊŜŘ 

ǎǘŀǘŜ ǘƻ ŎƻƴŦƻǊƳŀǘƛƻƴǎ ǿƛǘƘ ƳƛȄŜŘ ʰ-ƘŜƭƛȄ ŀƴŘ ʲ-sheet structure, as indicated by the positive ellipticity at 200 

nm and the composite negative band between 208 and 220 nm (fig. 8C). The CD profile after 72 h was similar 

ŦƻǊ ʰ{ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻǊ ŀōǎŜƴŎŜ ƻŦ лΦу ƳƎκƳ[ {btǎΣ ǿƘƛƭŜ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ н ƳƎκƳ[ {btǎ ǘƘŜ ǇƻǎƛǘƛǾŜ 

ellipticity around 200 nm vanished, presumably due to scattering effects, and the negative band was reduced 

ƛƴ ƛƴǘŜƴǎƛǘȅ ŀƴŘ ǇŜǊǘǳǊōŜŘ ƛƴ ǎƘŀǇŜΦ Lƴ ǘƘŜ ŎŀǎŜ ƻŦ ʰ{ƻȄΣ ǘƘŜ ǎǇŜŎǘǊǳƳ ŀŦǘŜǊ тн Ƙ ŘƛǎǇƭŀȅŜŘ ŀ ǎƻƳŜǿƘŀǘ ōǊƻŀŘ 

negative peak at 205 nm and a shoulder at ~220 nm (fig. 8D). This profile indicates the partial transition of 

ʰ{ƻȄ ƳƻƭŜŎǳƭŜǎ ǘƻǿŀǊŘǎ ŎƻƴŦƻǊƳŀǘƛƻƴǎ ōŜŀǊƛƴƎ ƻǊŘŜǊŜŘ ǎŜŎƻƴŘŀǊȅ ǎǘǊǳŎǘǳǊŜΦ CƻǊ ōƻǘƘ ǇǊƻǘŜƛƴ ŦƻǊƳǎΣ ǘƘŜ ʰ-

helix component likely derives from the intrinsic molecular recognition elements (MoRE) [66] and the hard 

ǇǊƻǘŜƛƴ ŎƻǊƻƴŀ ώнуϐ ǿƘƛƭŜ ʲ-sheet structure can be interpreted as a product of protein aggregation (non-

ŦƛōǊƛƭƭŀǊ ǎǳǇǊŀƳƻƭŜŎǳƭŀǊ ŀǎǎŜƳōƭƛŜǎ ŦƻǊ ʰ{ƻȄ ώсрϐύΦ ¢ƘǳǎΣ ǿƘƛƭŜ {btǎ Řƻ ƴƻǘ ƘŀǾŜ ŜŦŦŜŎǘǎ ƻƴ ʰ{ƻȄ ŀƎƎǊŜƎŀǘƛƻƴ 

propensity, they do affect the conformational states of the protein. 

 

Discussion 

9ȄǇƻǎǳǊŜ ƻŦ {btǎ ǘƻ ʰ{ ƛƴ solution results in rapid adsorption of protein molecules to the NP surface. The 

molecular details of this process were elucidated in our study by using NMR spectroscopy and 

complementary techniques. Depending on the solution conditions, two distinct scenaǊƛƻǎ ŜƳŜǊƎŜŘΦ ʰ{ 

molecules forming the hard corona of SNPs were unobservable by NMR after dissolving the coated particles 

in protein free buffer and remained undetectable during a period of three days (fig. 2A). It follows that the 

entire polypeptide experienced restricted rotational motion, being in large part associated with the NP 

surface and exhibiting a very low dissociation rate. By contrast, HSQC spectra recorded on samples containing 
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ŜȄŎŜǎǎ ʰ{ ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ {btǎΣ ŘƛǎǇƭŀȅŜŘ ǊŜƎƛƻƴ-specific peak intensity attenuations (fig. 1A), which 

indicated that the amphipathic amino-terminal domain was the primary contact with the NP surface and the 

carboxy-terminal domain instead behaved like in the free protein. Residue-resolved 15N-spin transverse 

relaxation rates (fig. 1B) further revealed that, under these conditions, the partitioning of protein molecules 

between free and bound states was a dynamic process occurring on a millisecond timescale (up to ~100 ms, 

depending on the origin of the effect). In the assumption of a two-state exchange process occurring in the 

fast exchange regime, the difference between 15N-R2 όɲw2) observed in the presence and absence of SNPs is 

directly proportional to the population fraction of the bound state, which is expected to be position specific 

ŘǳŜ ǘƻ ǘƘŜ ŦƭŜȄƛōƭŜ ƴŀǘǳǊŜ ƻŦ ʰ{ όɲw2,i  θpB,i, i = ith amino acid in polypeptide). To attempt a quantitative 

ƛƴǘŜǊǇǊŜǘŀǘƛƻƴ ƻŦ ƻǳǊ ŜȄǇŜǊƛƳŜƴǘŀƭ ŘŀǘŀΣ ǿŜ ǎƛƳǳƭŀǘŜŘ ǘƘŜ ɲw2 values using the Free Residue Interaction 

Model (FRIM) [67]. In FRIM, the bound state fraction of each amino acid residue is calculated as a weighted 

contribution of the interaction strength of that residue and of its neighbors, where amino acid specific affinity 

parameters are experimentally derived. The observed good general agreement between experimental and 

ǎƛƳǳƭŀǘŜŘ ɲw2 profiles (fig. S8) allows us to quantitatively interpret the relaxation data in terms of amino acid-

ǎǇŜŎƛŦƛŎ ŎƻƴǘǊƛōǳǘƛƻƴǎΦ ¢ƘŜ ǇǊƻƎǊŜǎǎƛǾŜ ŘŜŎǊŜŀǎŜ ƻŦ ɲw2 values from the N- to the C-terminus is in large part 

attributable to favorable electrostatic interactions by the abundant lysine residues in the N-terminal region, 

and electrostatic repulsion by acidic residues in the C-terminus. In addition, non-negligible attractive 

interactions are established by residues in regions around the N-terminus and positions 38, 50, 71 (fig. S8A), 

attributable in part to hydrophobic contacts. The observed differences between experimental and calculated 

ɲw2 values in certain regions could be ascribed to differences in ionic strength used in this work and in the 

reference FRIM experiments or to additional complexity of the binding mechanism, not considered in the 

simulation. 

To better characterize the dynamic properties of the hard corona, we performed competition experiments 

between isotopically labelled and unlabeled h { ŀƴŘ ƳŜŀǎǳǊŜŘ ǘƘŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ŜŀŎƘ ǎǇŜŎƛŜǎ ƛƴ ǎƻƭǳǘƛƻƴ ŀƴŘ 

on the surface of NPs. After resuspension of SNPs coated with [15bϐʰ{ ƛƴ ŀ ǎƻƭǳǘƛƻƴ ŎƻƴǘŀƛƴƛƴƎ unlabeled h {Σ 

the signals of C-terminal residues became observable in HSQC spectra with the characteristic intensity 

pattern (fig. 2B), indicating that a dynamic exchange equilibrium was established. Protein dissociation from 

the hard corona was confirmed by mass spectrometry analysis, which identified mixed populations of isotopic 

homologues in both the pellet and supernatants obtained during processing of the samples by centrifugation 

and subsequent washing of NP deposits (fig. S2). The capability of free protein molecules in solution to 

facilitate the dissociation of NP-ōƻǳƴŘ ʰ{ ǿŀǎ ŦƻǳƴŘ ǘƻ ōŜ ǎǇŜŎƛŦƛŎ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ǘȅǇŜΦ ¢ƘŜ ƎƭƻōǳƭŀǊ ǇǊƻǘŜƛƴ 

.{!Σ ŀƴ ŀōǳƴŘŀƴǘ ǇǊƻǘŜƛƴ ƛƴ ǎŜǊǳƳΣ ǿŀǎ ƴƻǘ ŜŦŦŜŎǘƛǾŜ ƛƴ ǇǊƻƳƻǘƛƴƎ ǘƘŜ ŘƛǎǎƻŎƛŀǘƛƻƴ ƻŦ ʰ{Σ ŘŜǎǇƛǘŜ ōŜƛƴƎ ŀōƭŜ 

to form a hard corona around SNPs. Instead, the basic disordered polypeptide Tau4RD was found to 

completely displace NP-ōƻǳƴŘ ʰ{ όfig. 3), as confirmed by SDS-PAGE analysis of protein-coated SNPs (fig. 4A). 
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¢ƘŜ ǎƛƳǳƭŀǘƛƻƴ ƻŦ ɲw2 values for Tau4RD binding to SNPs indicates that the binding strength of this protein is 

simiƭŀǊ ǘƻ ǘƘŀǘ ƻŦ ʰ{ ƻƴƭȅ ŦƻǊ ǘƘŜ ŦƛǊǎǘ млς20 amino acids in both sequences (fig. S8B). After this stretch, the 

binding strength of Tau4RD decays slowly towards the C-terminus. On average, more than half of the 

interaction force is ascribed to electrostatic attraction of lysine residues to the SNP surface, as indicated by 

the simulated effect of amino acid substitutions. However hydrophobic interactions also play an important 

role (fƛƎΦ {у.ύΦ ¢ƘŜ ǇŜǊƛƻŘƛŎƛǘȅ ƻŦ ɲw2 values nicely reflects the imperfect repeats composition of the 

polypeptide chain. Thus, the widespread presence of positively charged amino acids (prevalently lysine) and 

hydrophobic residues (particularly proline, valine, isoleucine and methionine) in Tau4RD, compared to the 

clustering of basic and ŀŎƛŘƛŎ ǊŜǎƛŘǳŜǎ ƛƴ ŘƛǎǘƛƴŎǘ ŘƻƳŀƛƴǎ ƻŦ ʰ{Σ ŎƻǳƭŘ ŎƻƴǎǘƛǘǳǘŜ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŘŜǘŜǊƳƛƴŀƴǘ 

ƻŦ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ŘƛǎǇƭŀŎŜƳŜƴǘ ŀŎǘƛǾƛǘƛŜǎ ƻŦ ʰ{ ŦǊƻƳ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ {btǎΦ 

The results of our competition experiments support the view that charge distributions on the protein surface, 

rather than the overall molecular charge, govern the Coulomb interactions between NP and protein [68,69]. 

Indeed, at the ionic strength of our experiments (similar to that of biological fluids), the Debye length is below 

1 nm, therefore smalƭŜǊ ǘƘŀƴ ǘƘŜ ǎƛȊŜ ƻŦ .{!Φ ¢ƘǳǎΣ ǿƘƛƭŜ ŜȄƘƛōƛǘƛƴƎ ǘƘŜ ǎŀƳŜ Ǝƭƻōŀƭ ŎƘŀǊƎŜ ŀǎ .{!Σ ʰ{ Ŏŀƴ 

establish more effective interactions by exposing all positively charged residues. Another factor that could 

contribute to active displacement of protein molecules from the hard corona are protein-protein interactions 

mediated by the soft corona. It is interesting to consider that protein-protein interactions in a non-

ŀƎƎǊŜƎŀǘŜŘ ǎǘŀǘŜ ƘŀǾŜ ōŜŜƴ ŘƻŎǳƳŜƴǘŜŘ ŦƻǊ ǘƘŜ ǘǿƻ ǎȅǎǘŜƳǎ ǘƘŀǘ ƎƛǾŜ ŜŦŦŜŎǘƛǾŜ ŎƻƳǇŜǘƛǘƛƻƴ όʰ{-ʰ{ ώтлϐ ŀƴŘ 

ʰ{-Tau [71]). 

Although single-protein solutions represent convenient model systems to point out the role of molecular 

properties in the exchange processes at the NP surface, complex media are required for a more realistic 

description of protein-NP interactions in biological systems. Thus, we investigated protein exchange in blood 

serum, a crowded medium in which NPs are known to establish interactions with a large number of 

macromolecules. From the analysis of SDS-PAGE band migration profiles of proteins adsorbed to SNPs in 

ǎŜǊǳƳΣ ǿŜ ŦƻǳƴŘ ǘƘŀǘ ʰ{ ōŜŎŀƳŜ ƛƴǘŜƎǊŀǘŜŘ ƛƴ ǘƘŜ ƘŀǊŘ ŎƻǊƻƴŀ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǎŜǊǳƳ ǇǊƻǘŜƛƴǎ όfig. 4). 

Changes in the SDS-t!D9 ƳƛƎǊŀǘƛƻƴ ǇŀǘǘŜǊƴ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ ʰ{ ŎƻǳƭŘ ŘƛǎǇƭŀŎŜ ǎŜǊǳƳ ǇǊƻǘŜƛƴǎ ƻŦ ŀ ǇǊŜ-formed 

protein corona. Besides an obvious dependence of the observed molecular replacements on the relative 

affinity of the proteins for the NP surface, it is likely that protein-protein interactions also contribute to 

determine exchange processes, an aspect that deserves future scrutiny. 

The reversible character of the protein corona of SNPs does not constitute a universal feature, since for other 

protein-NP pairs an irreversibly bound hard shell of protein molecules was described [72,73]. The dynamics 

of the protein corona has important consequences because it allows the molecular composition of the 

adsorbed layer to change depending on the identity and abundance of protein cosolutes encountered in 

ǎƻƭǳǘƛƻƴ ώнпΣнсΣнтΣтпϐΦ LƴǘŜǊŜǎǘƛƴƎƭȅΣ ʰ{ ƳƻƭŜŎǳƭŜǎ ƘŀŘ ŀŎŎŜǎǎ ǘƻ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ {btǎ ŀƭǎƻ in the crowded 
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ŜƴǾƛǊƻƴƳŜƴǘ ƻŦ ōƭƻƻŘ ǎŜǊǳƳ ŀƴŘ ǘƘŜ ōƛƴŘƛƴƎ ƳƻŘŜ ƻŦʰ{ ǘƻ {btǎΣ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ǘƘŜ ŀŘǎƻǊǇǘƛƻƴ ƻŦ ǘƘŜ b-

terminal domain, was similar to that observed in PBS. This result may prove useful for understanding the 

possible influence of SNPs on the ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ ǇǊŜŦŜǊŜƴŎŜǎ ŀƴŘ ŀƎƎǊŜƎŀǘƛƻƴ ǇǊƻǇŜƴǎƛǘƛŜǎ ƻŦ ʰ{ ƛƴ ŀ 

biological context. It appears that electrostatic interactions involving the lysine-rich N-terminal segment 

ŘƻƳƛƴŀǘŜ ǘƘŜ ƳƻŘŜ ƻŦ ōƛƴŘƛƴƎ ƻŦ ʰ{ ǘƻ ŀ ǾŀǊƛŜǘȅ ƻŦ ƴŜƎŀǘƛǾŜƭȅ ŎƘŀǊƎŜŘ ǎǳǊŦŀŎŜǎΣ including citrate coated gold 

NPs [39], lipid membranes [60], and SNPs [41]. Importantly, the N-terminal domain constitutes a key 

ƛƴǘŜǊŀŎǘƛƻƴ ǎƛǘŜ ƴƻǘ ƻƴƭȅ ŦƻǊ ǘƘŜ ƳƻƴƻƳŜǊƛŎ ǇǊƻǘŜƛƴ ōǳǘ ŀƭǎƻ ŦƻǊ ʰ{ ƻƭƛƎƻƳŜǊǎ ώтрϐΣ ǘƘŜǊŜŦƻǊŜ ǘƘŜ ōƛƴŘƛƴƎ ǘƻ 

btǎ Ƴŀȅ ǇŜǊǘǳǊō ʰ{ ǎǘǊǳŎǘǳǊŜǎ ŀǘ ŘƛŦŦŜǊŜƴǘ ƭŜǾŜƭǎΦ {ǘǳŘƛŜǎ ƻƴ ŀƴƻǘƘŜǊ ŀƳȅƭƻƛŘƻƎŜƴƛŎ ƳƻƭŜŎǳƭŜΣ ǘƘŜ !ʲ 

peptide, have shown that the protein corona composition and the type and concentration of biological fluid 

strongly influence the fibrillation process [76ς78]. The present experimental approach could integrate 

previous research and make substantial contribution to our understanding of the impact of NPs on protein 

aggregation, obtaining insight into exchange processes and molecular orientation of amyloidogenic proteins 

on NP surface in distinct biological media (e.g. plasma or CSF). 

{ƻ ŦŀǊΣ ǘƘŜ ƛƴǾŜǎǘƛƎŀǘƛƻƴ ƻŦ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴ ōŜǘǿŜŜƴ ʰ{ ŀƴŘ btǎ Ƙŀǎ ōŜŜƴ ŦƻŎǳǎŜŘ ƻƴ ǘƘŜ ǳƴƳƻŘƛŦƛŜŘ ŦƻǊƳ ƻŦ 

the protein. Yet, mutations and post-translational modifications are known to expand the chemical diversity 

ƻŦ ʰ{ ǎǇŜŎƛŜǎΦ Lƴ ǇŀǊǘƛŎǳƭŀǊΣ ƻȄƛŘƛȊŜŘ ʰ{ ŦƻǊƳǎ ŀǊŜ ƻŦ ƎǊŜŀǘ ǎƛƎƴƛŦƛŎŀƴŎŜ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ tŀǊƪƛƴǎƻƴϥǎ ŘƛǎŜŀǎŜ 

[35]. Mild oxidative conditions convert all methionine residues into sulfoxides and oxidation of the four 

methionine residues (Met 1, 5, 116, and 127) determines an increase in local hydrophilicity without altering 

the net electric charge. 

hǳǊ ŜȄǇŜǊƛƳŜƴǘǎ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ ǘƘƛǎ ƳƻŘƛŦƛŎŀǘƛƻƴ ŘƛŘ ƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŀŦŦŜŎǘ ǘƘŜ ǎǘǊŜƴƎǘƘ ŀƴŘ ƳƻŘŜ ƻŦ ʰ{ 

binding to SNPs (fig. 6, 7). 

Given the observed association of ʰ{ ǎǇŜŎƛŜǎ ǿƛǘƘ {btǎΣ ǿŜ ŜȄǇƭƻǊŜŘ ǘƘŜ ƛƴŦƭǳŜƴŎŜ ƻŦ ǎǳŎƘ ǇǊƻŎŜǎǎ ƻƴ ǘƘŜ 

conformational transitions and aggregation behavior ƻŦ ʰ{ ŀƴŘ ʰ{ƻȄΦ ¢ƘŜ ŀƎƎǊŜƎŀǘƛƻƴ ƻŦ ǘƘŜ ǳƴƳƻŘƛŦƛŜŘ 

protein in the presence of SNPs followed a global sigmoidal growth revealing only modestly perturbed overall 

aggregation kinetics and the appearance of more complex profiles at short incubation times with higher SNP 

ŎƻƴŎŜƴǘǊŀǘƛƻƴǎΦ ʰ{ƻȄ ƛǎ ƪƴƻǿƴ ƴƻǘ ǘƻ ŦƻǊƳ ¢Ƙ¢-positive fibrils and this peculiarity was maintained in the 

presence of SNPs. The structural response of the two protein forms was different also in terms of protein 

ŎƻƴŦƻǊƳŀǘƛƻƴΦ ²ƘƛƭŜ baw ŜȄǇŜǊƛƳŜƴǘǎ ƛƴŘƛŎŀǘŜ ǘƘŀǘ ʰ{ ŀƴŘ ʰ{ƻȄ ƛƴǘŜǊŀŎǘ ǿƛǘƘ {btǎ ƛƴ ŀ ǎƛƳƛƭŀǊ ǿŀȅΣ /5 Řŀǘŀ 

revealed more modest perǘǳǊōŀǘƛƻƴ ƛƴ ʰ{ƻȄ ǎŜŎƻƴŘŀǊȅ ǎǘǊǳŎǘǳǊŜ ŀŦǘŜǊ ǘƘǊŜŜ Řŀȅǎ ƻŦ ƛƴŎǳōŀǘƛƻƴΣ ƛƴ ƭƛƴŜ ǿƛǘƘ 

its altered folding and aggregation properties [36,65]. 

 

Conclusions 

¢ƘŜ ŀŘǎƻǊǇǘƛƻƴ ƻŦ ʰ{ ǘƻ {btǎ ƻŎŎǳǊǎ ŀǎ ŀ ŘȅƴŀƳƛŎ ǇǊƻŎŜǎǎ ƳŜŘƛŀǘŜŘ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ōȅ ǘƘŜ ƭȅǎƛƴŜ-rich N-

terminal domain. Single-ǊŜǎƛŘǳŜ ǊŜǎƻƭǳǘƛƻƴ Řŀǘŀ ǎƘƻǿ ǘƘŀǘ ʰ{ ŀŘǎƻǊōǎ ǘƻ btǎ ƛƴ ŀ ǎƛƳƛƭŀǊ ƳŀƴƴŜǊ ŀƴŘ ǿƛǘƘ 
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similar conformation in either simple buffer or a complex biological medium like blood serum. In the absence 

ƻŦ ŦǊŜŜ ǇǊƻǘŜƛƴ ƛƴ ǘƘŜ ōǳƭƪ ǎƻƭǳǘƛƻƴΣ ǘƘŜ ŀŘǎƻǊōŜŘ ʰ{ ƳƻƭŜŎǳƭŜǎ ŜƴƎŀƎŜ ǘƘŜ ŜƴǘƛǊŜ ǇƻƭȅǇŜǇǘƛŘŜ ŎƘŀƛƴ ƛƴ 

interactions with the NP surface. Exposure to protein solutions perturbs this organization producing total (in 

ǘƘŜ ŎŀǎŜ ƻŦ ¢ŀǳύΣ ǇŀǊǘƛŀƭ όʰ{ύΣ ƻǊ ƴƻ ό.{!ύ ŘŜǘŀŎƘƳŜƴǘ ƻŦ ŀŘǎƻǊōŜŘ ʰ{Σ ƛƴŘƛŎŀǘƛƴƎ ǘƘŜ ŜǎǘŀōƭƛǎƘƳŜƴǘ ƻŦ ǇǊƻǘŜƛƴ-

specific dynamic interactions and exchange between the hard corona and the bulk. 

The four methionine-oxidized form of the ǇǊƻǘŜƛƴΣ ʰ{ƻȄΣ ŘƛǎǇƭŀȅǎ ŜǎǎŜƴǘƛŀƭƭȅ ƛŘŜƴǘƛŎŀƭ {bt-binding properties 

ŀǎ ʰ{Φ IƻǿŜǾŜǊΣ ƴƻ ŜǾƛŘŜƴŎŜ ƻŦ ŦƛōǊƛƭ ŦƻǊƳŀǘƛƻƴ ōȅ ʰ{ƻȄ ǿŀǎ ŦƻǳƴŘ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ {btǎΦ bƻƴŜǘƘŜƭŜǎǎΣ 

perturbations at the level of secondary structure indicate that SNPs affect the conŦƻǊƳŀǘƛƻƴŀƭ ǎǘŀǘŜǎ ƻŦ ʰ{ƻȄ 

inside the colloidal suspension. Therefore, it appears that the reversible, dynamic adsorption of protein to 

the surface of SNPs is essentially orthogonal to the conformational transitions on-path to fibril formation, 

but SNPs are not inert with respect to structural properties of soluble protein species. 

The possibility to observe molecular orientation and exchange on NP surfaces by use of our methodology 

could well complement previously described approaches capable to predict protein corona composition and 

evolution [79], as well as investigations on the influence of the protein corona on fibrillation processes 

[77,78], towards a better control of NP-mediated protein conformational transitions. 
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Abstract 
 
Ubiquitin, a protein modifier that regulates diverse essential cellular processes, is also a component of the 

protein inclusions characteristic of many neurodegenerative disorders. 

Lƴ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜΣ ǘƘŜ ƳƛŎǊƻǘǳōǳƭŜ ŀǎǎƻŎƛŀǘŜŘ Tau protein accumulates within damaged neurons in the 

form of cross-beta structured filaments. Both mono- and polyubiquitin were found linked to several lysine 

residues belonging to the region of tau protein that forms the structured core of the filaments. Thus, besides 

priming the substrate protein for proteasomal degradation, ubiquitin could also contribute to the assembly 

and stabilization of tau protein filaments. 

To advance our understanding of the impact of ubiquitination on tau protein aggregation and function, we 

applied disulfide-coupling chemistry to modify Tau protein at position 353 with Lys48- or Lys63-linked di-

ubiquitin, two representative polyubiquitin chains that differ in topology and structure. 

Aggregation kinetics experiments performed on these conjugates reveal that di-ubiquitination retards 

filament formation and perturbs the fibril elongation rate more than mono-ubiquitination. We further show 

that di-ubiquitination modulates tau-mediated microtubule assembly. The effects on tau protein aggregation 

and microtubule polymerization are essentially independent from polyubiquitin chain topology. Altogether, 

our findings provide novel insight into the consequences of ubiquitination on the functional activity and 

disease-related behavior of tau protein. 

 

Introduction 

Ubiquitination is a prevalent post-translational process that regulates essential eukaryotic cell functions such 

as protein homeostasis, signaling, and cellular localization [1ς3]. It consists of the covalent addition of the 

small protein ubiquitin to the side chain of lysine residues in a target protein. The reaction is controlled by 
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the coordinated action of a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2) and a 

ubiquitin ligase (E3), which catalyze the formation of an isopeptide bond between the carboxyl group of the 

C-terminal glycine of ubiquitin and the ʁ -ŀƳƛƴƻ ƎǊƻǳǇ ƻŦ ǘƘŜ ǎǳōǎǘǊŀǘŜΩǎ ƭȅǎƛƴŜ ώнς5]. Ubiquitination of a 

ubiquitin molecule through one (or more) of its seven lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 

and Lys63) or its amino terminus produces polymers named polyubiquitin chains [2,5]. Polyubiquitin chains 

have different biological functions depending on the type of linkage that connects the ubiquitin units. Lys48- 

and Lys11-linked chains regulate proteasome-mediated protein degradation, Lys63-linked chains are 

involved in endocytosis, cell signaling, and cellular response to DNA damage [2,6], while the functions of the 

remaining polyubiquitin chain types remain less clear [7]. Each chain type exhibits unique conformational 

properties that correlate with the diverse biological activities [7,8]. Prototypical polyubiquitin chains with 

Lys48- and Lys63- linkage display distinct structures: prevalently compact in the case of Lys48-linked chain 

[9] and extended in the case of Lys63-linked polyubiquitin [10]. 

Differences in polyubiquitin chain topology generate unique molecular interfaces that govern the selective 

recognition of cellular receptors and the fine modulation of specific cellular pathways [11]. 

Due to the central role of protein ubiquitination in fundamental cellular pathways, the dysfunction of the 

ubiquitin system is involved in the onset of many human pathologies [12]. In particular, the impairment of 

protein turnover mediated by the ubiquitin proteasome system (UPS) is implicated in neurodegenerative 

disorders, ƛƴŎƭǳŘƛƴƎ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ ό!5ύΣ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ǘƘŜ ŀŎŎǳƳǳƭŀǘƛƻƴ ƻŦ ƳƛǎŦƻƭŘŜŘ ǇǊƻǘŜƛƴǎ ώпϐΦ 

The understanding of the molecular mechanisms of UPS malfunction in relation to protein aggregation has 

been the target of intense and recent research aimed at finding new therapeutic strategies for the treatment 

of these diseases. The major incidence of neurodegeneration in the elderly can be justified in part by the fact 

that a progressive worsening of clearance activity in aging brains may promote the accumulation of toxic and 

misfolded proteins within neurons [13,14]. Additionally, it is well established that ubiquitin is a key 

component of the intracellular deposits formed by misfolded proteins in damaged neurons [4,15] and that 

certain types of protein aggregates can directly inhibit or obstruct the proteasome machinery [12,16,17]. The 

connection between UPS and protein aggregation was extensively studied in the case of AD, a progressive 

brain degeneration that is still incurable and which has a major incidence worldwide. 

One of the key players in AD pathogenesis is the microtubule associated protein tau, an axonal protein mainly 

expressed in the central and peripheral nervous system [18]. In the brain, tau protein occurs in six isoforms 

of different length, generated by alternative splicing [19,20]. Tau protein belongs to the class of intrinsically 

disordered proteins. The large conformational flexibility that characterizes disordered proteins and regions 

allows them to carry out a variety of biological activities via distinct recognition mechanisms unfeasible for 

rigid proteins [21ς23]. Tau protein controls the stability and assembly of microtubules, a function that is 

finely regulated by phosphorylation [18]. The extensively studied, 441-residue isoform (fig. 1) includes an N-
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terminal half that projects from the microtubule surface and a C-terminal half that promotes the assembly 

of microtubules. The four pseudo-repeats R1-R4 spanning residues 244-369, together with their flanking 

regions, constitute the microtubule binding domain (MBD) [19]. The MBD includes two hexapeptide motifs 

(VQIVYK and VQIINK) that are critical in promoting nucleation of tau aggregates [24]. Under pathological 

conditions, Tau protein becomes hyperphosphorylated, detaches from the microtubules and undergoes a 

complex aggregation process characterized by a conformational transition to -̡sheet rich structures and 

formation of straight and paired helical filaments (PHFs) that accumulate in neurofibrillary tangles (NFT) 

[19,20]. PHFs isolated from AD-brain or obtained from recombinant tau protein have been shown to be able 

to inhibit the proteasome [17]. The solved structure of Tau filaments purified from AD-brain revealed 

residues 306-378 as the ordered fibril core, with the N- and C termini forming the fuzzy coat [25]. 

In addition to being heavily phosphorylated, tau protein isolated from AD-PHFs was found to be ubiquitinated 

at several lysine sites within the MBD [26ς28]. Specifically, mono-ubiquitin was found to be linked to Lys254, 

Lys257, Lys311 and Lys317 [27], while polyubiquitin chains were found to be conjugated to Lys254, Lys311 

and Lys353 [28]. PHF-tau is modified by three polyubiquitin linkages, Lys6-, Lys11-, and Lys48-, with the latter 

one being the most prevalent [28]. Recent cryo-EM studies revealed that, besides a proteasome-targeting 

role, ubiquitination of Tau filaments could be structurally involved in mediating specific inter-protofilament 

packing [26]. Thus, it is plausible that ubiquitination severely affects the assembly and stability of Tau 

filaments and the understanding of the underlying mechanism has the potential to shed new light into the 

molecular basis of the disease. 

To study the impact of ubiquitination on the mechanism of Tau protein aggregation, detailed biophysical 

experiments necessitate highly homogenous and uniquely modified protein samples. However, homogenous 

ubiquitination of lysine side chains is rarely achieved with the use of ubiquitin ligase enzymes. 

Indeed, we recently showed that CHIP, an E3 ligase of tau protein [29], ubiquitinates the protein at more 

than ten sites [30]. To overcome the inherent limitation of the enzymatic approach and to obtain site-specific 

ubiquitination of target proteins, chemists have developed a vast array of semisynthetic methods that are 

based on the chemical conjugation of protein precursors [31]. 

Chemical ubiquitination strategies based on non-native isopeptide bond formation are often easier to 

implement and give high yields of the product conjugates. Among these, disulfide-coupling chemistry has 

proven to be highly versatile, efficient, and robust, and has already been applied in many studies [30ς34]. 

As a replacement for isopeptide linkage, this semisynthetic method generates a disulfide bond between a 

Cys residue placed in a specific position of the target protein and the C-terminal aminoethanethiol of a 

ubiquitin derivative obtained by intein processing. Recently, we described the production and 

characterization of Tau protein mono-ubiquitinated at three different positions using disulfide-directed 
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methodology [30]. With this approach, we obtained novel insight into the diverse effects that lysine mono-

ubiquitination at different sites exerts on Tau protein aggregation. 

Here, we introduce a method based on directed disulfide bond formation in combination with enzymatic 

synthesis of ubiquitin chains to obtain controlled polyubiquitination of tau protein, thus adding a further level 

of complexity in the study of ubiquitinated Tau protein. We produced and characterized the aggregation 

process of tau protein species homogenously modified with di ubiquitin molecules at position 353, one of 

the ubiquitinated sites found in AD-brain filaments. The versatility of the method allowed us to incorporate 

two types of di-ubiquitin chains (Lys48- or Lys63- chains) characterized by different structures, and to explore 

the impact of these prototypical ubiquitin polymers on Tau protein aggregation. 

 

Materials and methods 

 

Materials 

Cysteamine, Tris(2-carboxyethyl)phosphine, 5,50-Dithiobis(2-nitrobenzoic acid), Thioflavin T, Heparin 

(H3393), dithiothreitol (DTT), acetonitrile, and Trifluoroacetic acid (TFA) were purchased from Sigma Aldrich 

(St Louis, MO, USA); Tubulin (T240) was purchased from Cytoskeleton (Denver, CO, USA), Italian distributor 

Società italiana chimici (Rome, IT). 

 

Protein expression and purification 

In this work we used the following Tau4RD (Q244-E372 plus initial Met) protein variants: Tau4RD C291A, C322A 

(here named Tau4RDDC) and Tau4RD C291A, C322A, K353C, here named Tau4RD(353). 

The two proteins were expressed without affinity tag and purified as described in [30]. 

The ubiquitin mutants K48R, K63R, D77 were produced with the same protocol used for wild-type ubiquitin 

that is described in [44]. 

The recombinant enzymes human His-tagged E1, GST-tagged E2ς25K, yeast His-tagged Mms2, yeast GST-

tagged Ubc13 were produced as previously described [45]. In the present work, the GST tag was removed 

from the E2ς25K protein by incubating the clean fusion protein attached to the GSH-resin with thrombin. 

To obtain a ubiquitin bearing an aminoethanethiol C-terminal group (Ub-SH) required for the disulfide-

coupling reaction, we first produced 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 Ub-intein-His 

protein was produced in BL21(DE3) cells at 37 °C overnight in auto-inducing medium and purified by 

immobilized nickel affinity chromatography (IMAC) according to standard protocols. 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, 
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cysteamine 40 mM, and Tris(2-carboxyethyl) phosphine (TCEP) 3 mM for 48 h at 10 °C. Ub-SH was further 

purified by reverse -IMAC and a superdex-75 gel filtration column when required. 

 

Production of di-ubiquitin chains 

Di-ubiquitin chains (Ub2) were obtained from Ub variants through enzymatic reactions, with the strategy 

described in [46,47]. The reaction buffer contained 50 mM Tris HCl pH 8.0, 5 mM MgCl2, 10 mM ATP, 3 mM 

TCEP, 0.02% NaN3 and protease inhibitors. The ubiquitin variants K48R+D77 and K48R+UbSH were used as 

building blocks for the reconstitution of Ub2(48) and Ub2(48)-SH, respectively. For the assembly of these 

K48-linked chains, we used 1 µM E1 and 20 µM E2-25K. 

The ubiquitin variants K63R+D77 and K63R+UbSH were used to assemble Ub2(63) and Ub2(63)-SH, 

respectively. For these K63-linked chains, we used 1 µM E1, 25 µM Ubc13 and 25 µM Mms2. After reaction, 

we incubated the solutions with 0.2% perchloric acid to obtain precipitation of most of the enzymes. Then, 

SP cation-exchange and superdex-75 gel filtration were performed to obtain the pure di-ubiquitin chains. 

 

Disulfide-coupling reaction 

First, Ub2(48/63)-SH chains were activated with 5,50-Dithiobis (2-nitrobenzoic acid) (DTNB). 

Typically, 4-6 mg of DTNB were dissolved in 3 mL of 100 mM Hepes buffer pH 7.0 containing Ub2-SH at a 

concentration of 1-2 mg/mL. After incubation at 10 °C overnight, the obtained Ub2(48/63)-S-(2-nitro-5-

thiobenzoic acid) (hereafter Ub2(48/63)-S-TNB) disulfide adducts were purified by desalting. The activated 

proteins were verified by MALDI (fig. 4a,b). 

Then, the Ub2(48/63)-S-TNB disulfide adducts were incubated with Tau4RD(353) in equimolar amount in 

мллƳaIŜǇŜǎ ōǳŦŦŜǊ ǇI тΦлΣ ŦƻǊ нлΩ ŀǘ нр ϲ/Φ ¢ƘŜ ¦ōнόпуκс3) Tau4RD(353) disulfide conjugates were then 

purified by SP-ion exchange chromatography and verified by MALDI (fig. 4c,d). 

It is important to note the thiol containing proteins Ub2(48/63)-SH and Tau4RD(353) were first incubated with 

a large excess of DTT that was then properly removed by size exclusion chromatography just before the 

disulfide coupling reaction. 

The procedure to obtain mono-ubiquitinated tau protein at position 353 (Ub-Tau4RD(353)) by a similar 

disulfide-coupling strategy is described in [30]. 

 

Thioflavin T aggregation assay 

Thioflavin T aggregation assays were carried out in 96-well dark plates in a Tecan Infinite M200PRO Plex plate 

reader at 30 °C with cycles of 30 s of orbital shaking at 140 rpm and 10 min of rest throughout the incubation. 

ThT fluorescence measurements were taken every 11 min, using excitation wavelength of 450 nm and 

recording fluorescence emission at 480 nm. 
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Samples contained 0.01 mM proteins in 20 mM sodium phosphate buffer at pH 7.4 and 50 mM NaCl (with 

0.02% NaN3 and protease inhibitors with EDTA), incubated with equimolar amount of heparin and ThT. 

Samples containing tau protein variants were filtered through a 100 kDa cut-off filter (Sartorius) to remove 

pre-existing large oligomers. Each measurement was performed in three replicates. The aggregation curves 

were analyzed by fitting each individual experimental data set with the following sigmoidal function [48]: 

ὣ ώ
ώ

ρ Ὡ
Ȣ

 

where y is the fluorescence intensity as a function of time t, yi and yf are the intercept of the initial and final 

baselines with the y-axis, t0.5 ƛǎ ǘƘŜ ǘƛƳŜ ƴŜŜŘŜŘ ǘƻ ǊŜŀŎƘ ƘŀƭŦǿŀȅ ǘƘǊƻǳƎƘ ǘƘŜ ŜƭƻƴƎŀǘƛƻƴ ǇƘŀǎŜ ŀƴŘ ˍ ƛǎ ǘƘŜ 

elongation time constant. The lag time is defined as tlag = t0.5 - нˍΦ ¢ƘŜ ǾŀƭǳŜǎ ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ǘŜȄǘ ŎƻǊǊŜǎǇƻƴŘ 

to the mean ± SD of the individual values computed separately on each curve.  

Analysis and figures production were carried out with GraphPad Prism 7 (GraphPad Software Inc., La Jolla, 

CA, USA). 

 

TEM analysis 

Ub2(48)Tau4RD(353) sample was further purified by HPLC-reverse phase C18 done with TFA 0.1%/acetonitrile 

gradient, before buffer exchange to the aggregation buffer. 

Samples of Ub2(48/63)Tau4RD(353) conjugates, Tau4RDDC, and Ub-Tau4RD(353) were incubated at 

concentration of 0.05 mM in 20 mM sodium phosphate buffer at pH 7.4 and 50 mM NaCl (with 0.02 % NaN3 

and protease inhibitors with EDTA) at 37 °C without agitation, with the addition of equimolar amount of 

heparin as aggregation initiator. After 48 h of incubation, we used 100 kDa cut-off filters (Sartorius, Aubagne, 

FR) to exchange the buffer to H2O mQ. 

For TEM measurements, we used a Tecnai G2 (FEI, Hillsboro, OR; USA) transmission electron microscope 

operating at 100 kV, with the procedure described in [30]. Images were analyzed with the ImageJ software. 

 

Dot blotting 

Dot blotting of Ub2(48)Tau4RD(353) and Ub2(63)Tau4RD(353) conjugates, Tau4RDDC, and Ub-Tau4RD(353) at 

different aggregation times, using the anti-oligomer antibody A11 (ThermoFisher, Waltham, MA, USA), was 

carried out according to the protocol described in [30]. 

 

Tubulin polymerization assay 

The tubulin polymerization assay for Tau4RDDC, Ub2(48)Tau4RD(353) and Ub2(63)Tau4RD(353) was initiated by 

mixing in a 96-well plate 25 µM protein with tubulin (36 µM, in 100 µL total volume) in MT assembly buffer 

(80 mM PIPES pH 6.9, 2 mM MgCl2 and 0.5 mM EGTA) supplemented with 1 mM GTP. The plate was 
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incubated at 37 °C for 4 min. Then, the polymerization was monitored by measuring the absorbance at 350 

nm every 30 sec, using a Tecan Infinite M200PRO Plex plate reader (Männendorf, CH) at 37 °C. Each 

experiment was performed in triplicate. 

 

Mass spectrometry 

Maldi TOF MS analysis was performed on a Bruker Ultraflextreme MALDI-TOF/TOF instrument (Bruker 

Daltonics, Billerica, MA, USA) by the Centro Piattaforme Tecnologiche of the University of Verona as 

previously described [30]. 

 

Results 

In the present work, we optimized a semisynthetic strategy based on disulfide-coupling chemistry to 

covalently attach a di-ubiquitin molecule to the Tau protein. Ubiquitin-substrate conjugates obtained using 

this method are functional mimics of the native ubiquitinated counterparts, with the synthetic linkage being 

only one atom longer than the native isopeptide bond [32,34]. We selected the construct Tau4RD, which 

represents a short form of the protein, spanning residues Q244-E372 plus an initial Met (fig. 1). Tau4RD has 

been widely used to study the aggregation behavior of Tau protein as it includes the majority of the 

microtubule binding region and most of the residues involved in the assembly of the cross-  ̡structure 

forming the core of the Tau filaments [35]. To obtain site-specificity, we used a Tau4RD mutant devoid of the 

endogenous cysteines and where a single cysteine was installed at the desired position. We chose to 

introduce the modification at position 353 because this site was found polyubiquitinated in PHF-Tau [26,28], 

it is part of the fibril core found in different tauopathies [26], and mono-ubiquitination at this position had 

an observable influence on the aggregation kinetics without hindering the formation of short fibrils [30]. 

Thus, it was deemed suitable for evaluating the effect of an extended ubiquitin chain on Tau filament 

assembly. 

 

 

Figure 1. Schematic representation of Tau441 and Tau4RD proteins with their domain organization. The position of residue 353, that 
is, the conjugation site with di-ubiquitin molecules used in this work, is highlighted in red. 
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The method of preparation of di-ubiquitinated Tau4RD is illustrated in figure 2. First, using linkage-specific 

enzymes, we assembled di-ubiquitin molecules with Lys48- and Lys63-linkage (fig. 2b and 3a,b). We used the 

ubiquitin mutants Lys48Arg or Lys63Arg as distal units and Ub-SH, a ubiquitin derivative bearing a C-terminal 

aminoethanethiol linker obtained from intein cleavage with cysteamine, as proximal unit (fig. 2a). 

Homogenous di-ubiquitin chains ending with a C-terminal thiol (Ub2(48/63)-SH) were then purified and 

allowed to react with 5,50-Dithiobis (2-nitrobenzoic acid) (DTNB) to produce asymmetric activated disulfides 

(fig. 2c and 4a,b). Finally, the activated disulfides were incubated with Tau4RD, modified with a unique cysteine 

at position 353, to produce the disulfide-linked conjugates Ub2(48)Tau4RD(353) and Ub2(63)Tau4RD(353) (fig. 

2c). The protein conjugates were obtained at purity of >95% (fig. 3c) and their identity was verified by mass 

spectrometry (fig. 4c,d). These samples were then used to perform aggregation experiments and their 

behavior was compared with that of mono-ubiquitinated Ub-Tau4RD(353) and of the unconjugated cysteine-

free protein (Tau4RDDC). 

 
Figure 2. (a) Scheme of cysteamine-mediated cleavage of Ub-SH from a ubiquitin-intein fusion protein. We produced a chimeric 
protein where ubiquitin was cloned to the N-terminal of the GyrA intein. A ubiquitin with a C-terminal aminoethanethiol linker (Ub-
SH) was obtained through a trans-thioesterification reaction between intein and cysteamine, followed by a S-to-N acyl shift. (b) 
Scheme of production of Ub2(48)-SH and Ub2(63)-SH di-ubiquitin molecules by enzymatic reaction. 
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For the controlled assembly of K48-linked chains, the enzymes E1 and E2-25K were used. For the K63-linked chains, we used E1 and 
the complex Mms2/Ubc13. (c) Reaction of Ub2(48/63)-SH with 5,50-Dithiobis(2-nitrobenzoic acid) gave an activated asymmetric 
disulfide. This was then allowed to react with the unique cysteine placed in position 353 in Tau4RD to obtain the disulfide-linked 
Ub2(48)Tau4RD(353) and Ub2(63)Tau4RD(353) conjugates. 

 

 

 

Figure 3. SDS-PAGE showing the enzymatic reaction to obtain the Ub2(63)-SH (a) or Ub2(48)-SH (b) di-ubiquitin molecules. In (c), the 
purified Ub2(48)Tau4RD(353) and Ub2(63)Tau4RD(353) are shown. 
 

 

Figure 4. Maldi TOF MS analysis of protein samples. We obtained mass values of 17,393 and 17,396 for the Ub2(48)-S-TNB (a) and 
Ub2(63)-S-TNB (b) adducts, respectively (expected mass 17397), where TNB stands for (2-nitro-5-thiobenzoic acid). In (a) and (b), the 
MS peak of the unconjugated Ub2(48/63)SH protein is also present (expected mass 17200). We obtained mass values of 30,922 and 
30,884 for the Ub2(48)Tau4RD(353) (c) and Ub2(63)Tau4RD(353) (d), respectively (expected mass 30923). 
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Figure 5. (a,b) Thioflavin T-based aggregation kinetics experiments. Error bars of fluorescence curves correspond to standard 
deviations of at least three independent experiments. In (a), aggregation data of Tau4RDDC are reported, in the absence or presence 
of equimolar Ub2(48/63). Kinetics data for the Ub2(48/63) alone are also reported. For these control experiments Ub2(48/63) were 
produced with a distal D77 ubiquitin mutant, to avoid insertion of free thiol groups. In (b), aggregation data of di-ubiquitinated forms 
Ub2(48)Tau4RD(353) and Ub2(63)Tau4RD(353) are reported in comparison with Tau4RDDC, and mono-ubiquitinated Ub-Tau4RD(353). (c) 
On the right, dot Blot of Ub2(48)Tau4RD(353) and Ub2(63)Tau4RD(353) at different times of aggregation induced with equimolar 
heparin, probed with the A11 antibody. On the left, deposited proteins were stained with Ponceau. Samples of Tau4RDDC and Ub-
Tau4RD(353) were used as controls. (d) Microtubule assembly in the presence of tau protein samples was measured monitoring the 
absorbance at 350 nm. Error bars of absorbance curves correspond to standard deviations of three independent experiments. 
Ub2(48)Tau4RD(353) sample in the absence of tubulin was used as control. 

 

The kinetics of filament formation of the prepared proteins was followed by monitoring changes in Thioflavin 

T (ThT) fluorescence (fig. 5a,b). In this assay, the fluorescence emission of ThT increases upon its specific 

binding to the ̡ -sheet rich structure characteristic of tau filaments. The sigmoidal profile of the kinetic curves 

reflects the cooperative nature of the nucleation-dependent aggregation process. The initial flat portion of 

the curve, corresponding to the lag phase, is followed by a steep transition (the growth or elongation phase) 

and a flat terminal part (plateau phase). As shown previously [30], aggregation of Tau4RDDC in the presence 

of heparin is very rapid, characterized by an early transition midpoint at ~5 h, and a fast fibril growth, with 

an elongation time of 0.7 ± 0.2 h (fig. 5a,b, Table 1). The addition of unconjugated di-ubiquitin molecules 

(Ub2(48/63)) at an equimolar ratio with Tau4RDDC did not affect the aggregation curves (fig. 5a), excluding 

the possibility that significant tau-ubiquitin inter-molecular contacts interfered with filament formation. 

Moreover, in the experimental conditions used, neither Lys48- nor Lys63-linked di-ubiquitin formed fibrils by 

themselves (fig. 5a), thereby allowing us to interpret the experimental data in terms of ubiquitination-

induced perturbations of the aggregation of tau protein. 

The sigmoidal aggregation profiles obtained with Ub2(48)Tau4RD(353) and Ub2(63)Tau4RD(353) indicate that 

di-ubiquitinated tau protein samples were capable of forming filamentous aggregates 
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(fig. 5b). From visual inspection of the aggregation curves measured on all of the Tau protein samples, we 

noted a significant difference in the maximum fluorescence at plateau for the mono-ubiquitinated Tau 

protein in comparison with the other proteins. Because signal intensity is influenced by specific amyloid 

properties and the proteins under investigation have different structures and shapes, the reduction in ThT 

fluorescence observed for mono-ubiquitinated Tau protein was likely due to a different affinity for ThT and 

not to the number of fibrils formed. 

Based on a quantitative analysis of the aggregation kinetics, we found that filaments formation by di-

ubiquitinated tau protein was significantly delayed compared to the unconjugated protein, as deduced by 

the longer lag phase and elongation time of the di-ubiquitinated proteins (fig. 5b, Table 1). Additionally, di-

ubiquitination was found to specifically affect the transition midpoint and elongation time more than mono-

ubiquitination.  

Indeed, Ub2(48)Tau4RD(353) and Ub2(63)Tau4RD(353) displayed a similar transition half time of ~21 h, which 

was significantly shifted with respect to the value determined for Ub-Tau4RD(353) (t0.5 ~15 h), and all the 

values of modified tau protein were larger compared to that of Tau4RDDC (t0.5 ~5 h). Likewise, the elongation 

time showed an analogous trend for the investigated samples (Table 1). By comparison of the aggregation 

curves, it emerged that the kinetics of the two di-ubiquitinated proteins was similar. 

Ub2(48)Tau4RD(353) and, to a lesser extent Ub2(63)Tau4RD(353), produced aggregates that reacted with A11 

(fig. 5c), an antibody capable of recognizing prefibrillar oligomers of diverse proteins [36]. 

Thus, the ability of the Tau protein component to form intermediate amyloidogenic species was maintained 

after modification, as shown previously for mono-ubiquitinated Tau4RD [30]. The ability of both 

Ub2(48)Tau4RD(353) and Ub2(63)Tau4RD(353) to form mature fibrils was confirmed by the TEM images (fig. 

6a,b), which showed the presence of well-formed twisted filaments. The morphological analysis revealed 

that filaments were characterized by a large width of 20 ± 2 nm and a narrow width of 15ς16 nm, and a twist 

crossover repeat of 57-58 nm (Table 2), indicating that the overall morphology of Tau4RDDC filaments was not 

heavily modified by di- or mono-ubiquitin conjugation (fig. 6aςd, Table 2). 

Taken together, the obtained data clearly indicate that the incorporation of protein modifiers in the 

microtubule binding domain of Tau protein at position 353 interferes with the aggregation mechanism but 

does not abrogate the formation of mature fibrils. The addition of one ubiquitin moiety to Tau protein 

determines the inhibition of fibrils formation. The inhibitory effect is even stronger when a second ubiquitin 

moiety is attached to the proximal ubiquitin unit, as it resulted from the substantial increase of the duration 

of both midpoint transition and elongation time for the di-ubiquitinated species. 

However, despite their known structural differences, the topology of the investigated di-ubiquitin molecules 

(Lys48- or Lys63-linked) did not influence the process of fibrils formation. Thus, it appears that the inhibitory 
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effect of di-ubiquitination at the 353 site is caused by the increased steric hindrance which impairs 

microscopic events that lead to fibrils formation. 

 

Figure 6. TEM representative images of (a) Ub2(48)Tau4RD(353), (b) Ub2(63)Tau4RD(353), (c) Tau4RDDC, and (d) Ub-Tau4RD(353), after 
48 h of incubation at 37 °C under static condition. 30 µL of sample at a concentration of 2.5 µM were deposited. Distributions of (e) 
cross-over distances and (f) widths of the twisted filaments measured from TEM images of Ub2(48)Tau4RD(353) (1), 
Ub2(63)Tau4RD(353) (2) and Ub-Tau4RD(353) (3) conjugates and Tau4RDDC (4). In (e) and (f), dots indicate single measurements and 
bars the positions of means ± SD. In (f), dots in magenta refer to the measures of narrow widths and in black to large widths. 

 

After having established how di-ubiquitination affects tau fibril formation, a process associated with disease, 

we set out to describe its consequence on tau protein functional activity. Specifically, we investigated the 

impact of Lys48- and Lys63-linked di-ubiquitin on tau-mediated tubulin polymerization. The assay was 

performed using Ub2(48)Tau4RD(353) or Ub2(63)Tau4RD(353), and in the presence of Tau4RDDC as a control 

(fig. 5d). Microtubule (MT) polymerization was monitored by following the increase in absorbance at 350 nm. 

The kinetics of MT assembly in the presence of Tau4RDDC resembled previous results reported on tau4RD [37]. 

The data acquired in the presence of Ub2(48)Tau4RD(353) or Ub2(63)Tau4RD(353) indicates that the presence 

of the di-ubiquitin chains at position 353 of tau protein, moderately but significantly inhibits MT 

polymerization. Indeed, after 300 min of incubation of tubulin with the conjugates, we observed ~77 % of 

MT formation (referred to 100 % for Tau4RDDC). This effect was independent from the topology of the di-

ubiquitin chain, as the observed curves were almost superimposable. 
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 t0.5 (h) t lag (h)  ̱(h) 

Tau4RDɲC 5.2 ± 0.1 3.8 ± 0.5 0.7 ± 0.2 
Ub-Tau4RD(353) 14.8 ± 1.0 12.4 ± 0.1 1.1 ± 0.6 

Ub2(48)-Tau4RD(353) 20.7 ± 1.2 12.1 ± 1.1 4.3 ± 0.1 
Ub2(63)-Tau4RD(353) 21.1 ± 3.3 15.1 ± 1.4 3.0 ± 0.9 

t0.5: midpoint of the transition; ̱ Υ ŜƭƻƴƎŀǘƛƻƴ ǘƛƳŜ ŎƻƴǎǘŀƴǘΤ t lag = t0.5 - 2 ̱  
 

Table 1. Kinetic parameters for the aggregation of tau protein samples, determined on the basis of ThT fluorescence assays. 

 
 Large Width Narrow Width Crossover Distance 

Tau4RDɲC 22 ± 2 nm (n = 14) 12 ± 2 nm (n = 13) 74 ± 8 nm (n = 24) 
Ub-Tau4RD(353) 19 ± 2 nm (n = 20) 12 ± 2 nm (n = 22) 56 ± 6 nm (n = 31) 
Ub2(48)-Tau4RD(353) 20 ± 2 nm (n =19) 16 ± 2 nm (n = 19) 58 ± 6 nm (n = 27) 
Ub2(63)-Tau4RD(353) 20 ± 2 nm (n = 26) 15 ± 2 nm (n = 24) 57 ± 8 nm (n = 37) 

 
Table 2. Morphological properties of the twisted filaments of tau protein samples obtained from the analysis of TEM images. 

 

Discussion 

The microtubule-associated protein Tau plays a central role in the pathogenesis of AD. Besides being heavily 

phosphorylated [20], Tau protein in PHFs from AD brains is found to be mono- or polyubiquitinated at 

multiple sites [26ς28]. The observation that most of these sites belong to the microtubule binding region, a 

domain involved in the formation of the filaments core, suggests the attempt of the neurons to get rid of 

aggregated Tau protein forms via the UPS. This hypothesis is supported by the fact that PHF-Tau was found 

to be modified by Lys48- and Lys11- linked chains [28], both being signals for proteasomal degradation, and 

by mono-ubiquitin, recently recognized as an additional signal for proteasomal targeting [38]. These 

observations suggest a possible role of ubiquitination in the formation and clearance of pathological Tau 

protein species. In a bid to advance our understanding of the impact of ubiquitination on tau protein 

aggregation and function, we recently started developing methods to attain controlled ubiquitination of Tau 

protein samples for molecular-level investigations. In a previous work, we produced mono-ubiquitinated 

Tau4RD samples and found that the impact of the modification on tau protein fibrillogenesis was site-

dependent [30]. While ubiquitination at Lys311, located within the PHF motif of the R3 domain, essentially 

abolished filament formation, modification at Lys254 and Lys353 changed the aggregation kinetics but did 

not arrest fibrillation completely. To follow up on this study, in the present work, we set out to investigate 

whether a minimal polyubiquitin chain, a di-ubiquitin, could affect the aggregation behavior of Tau protein. 

To obtain site-specific di-ubiquitination, we combined enzyme-mediated preparation of di-ubiquitin 

derivatives with disulfide-directed ligation to Tau4RD, expanding our approach originally developed to produce 

mono-ubiquitination [30]. Based on the previous findings with mono-ubiquitination, di-ubiquitin was 

installed at position 353, a site that was deemed suitable for evaluating the effect of an extended ubiquitin 

chain on filament assembly. Because polyubiquitin chains exist in a variety of topologies and structures, here 
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we chose to investigate the prototypical Lys48- and Lys63-linked chains as being representative of polymers 

that preferentially adopt compact or extended conformations, respectively [7]. Lys48-linked di-ubiquitin 

predominantly adopts a closed conformation in which the functional hydrophobic patches of mono-ubiquitin 

are sequestered at the ubiquitin/ubiquitin interface [9]. In contrast, Lys63-linked di-ubiquitin chains are 

extended and adopt an open conformation with no direct contact between the neighboring ubiquitin 

subunits, thereby exposing the hydrophobic patches of mono-ubiquitin [10]. Thus, we hypothesized that 

different architectures of polyubiquitin chains could differently affect substrate aggregation. 

The performed aggregation experiments revealed that both di-ubiquitinated Tau protein conjugates were 

less prone to form fibrils compared to the unconjugated protein (fig. 5b), although they retained the 

capability to form A11-positive prefibrillar oligomeric species (fig. 5c) and twisted filaments (fig. 6). 

Moreover, the dimeric ubiquitin modifier increased significantly both the half-time of the transition and the 

fibril elongation time with respect to mono-ubiquitin, with the time constants following the order: di-

ubiquitinated >> mono-ubiquitinated > unmodified (fig. 5b, Table 1). However, the topological differences 

between the two di-ubiquitin chains (Lys48- or Lys63-linked) tested do not differentially interfere with the 

process of fibrils formation. 

It is established that the duration of the lag phase depends on the rates of multiple parallel microscopic 

processes, such as the formation of primary nuclei and their amplification through elongation and secondary 

nucleation processes [39]. Because variations of the former process do not affect the growth phase, while 

changes in elongation and secondary nucleation modify both the lag phase and the growth phase, it seems 

possible that di-ubiquitination of Tau protein could interfere with the growth and proliferation of primary 

nuclei rather than with their formation. This was more evident for di-ubiquitinated, rather than mono-

ubiquitinated, Tau protein. Since the inhibitory effect was dependent on the length of the ubiquitin chain, 

the impact on Tau protein aggregation is likely be a result of a combination of structural motif at the Tau-

ubiquitin conjugating point and of the presence of the distal ubiquitin moiety which adds steric hindrance. 

Yet, we do not exclude the possibility that a further elongation of the polyubiquitin chain could elicit different 

results, particularly if considering that longer ubiquitin chains have lower thermodynamic stability and can 

form fibrils themselves under specific conditions [40]. 

To interpret our results in the wider context of post-translational modifications of Tau protein, we reviewed 

recent studies which explored the impact of single or multiple phosphorylation of full-length Tau protein or 

Tau4RD [37,41]. Phosphorylation of both Ser262 and Ser356 was found to significantly alter the aggregation 

kinetics of Tau4RD [37], and single-site phosphorylation affected Tau protein aggregation in a sequence-

specific manner [37,41]: phosphorylation of Ser305 had a significant impact on fibril formation; however 

modification at Ser356 did not significantly perturb the aggregation of Tau protein. Here we have shown that 

di-ubiquitination at 353, close to residue 356, allows the formation of fibrils, although with a reduced 
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aggregation rate, in line with the observation that this site is excluded from the ordered core (residues 272ς

330) in heparin-induced Tau filaments [42]. Additionally, recent cryo-EM studies show that Tau filaments 

from brain tissues [25,26] are characterized by a long core that includes Lys353 and suggest that bulky 

modifiers, such as mono- or di-ubiquitin, in that position could affect the mechanism of formation of Tau 

protein aggregates. 

Tau protein is known to play a central role in the assembly and stabilization of microtubules [18]. 

Therefore, we explored whether di-ubiquitination could regulate Tau-mediated tubulin polymerization. 

Based on our observations, it emerges that the presence of either Lys48- or Lys63-linked di-ubiquitin at 

position 353 moderately but significantly inhibits MT polymerization. This effect was found to be 

independent of the di-ubiquitin linkage topology (fig. 5d). Our findings are consistent with previous studies 

reporting that multiple mono-ubiquitination of Tau protein reduces MT binding affinity [43], and 

phosphorylation at Ser356 (close to Lys353) slightly impairs MT assembly [37]. Taken together, the evidence 

on site-specific phosphorylated or on multi mono-ubiquitinated Tau protein, and our results obtained with 

the di-ubiquitinated proteins indicate that post-translational modifications around position 353 do not 

crucially affect tau-assisted MT polymerization and that the functional activity of Tau protein is highly 

dependent on the sites of modification. 

In conclusion, we were able to obtain, for the first time, samples of Tau protein conjugated to Lys48- or Lys63- 

linked di-ubiquitin at a specific site and to study the effect of these modifications on Tau protein aggregation 

and function in comparison with the mono-ubiquitinated species. We demonstrated that the conjugation of 

Tau protein to di-ubiquitin chains at the 353 position significantly delayed, but did not completely inhibit, 

Tau protein aggregation, in analogy with mono-ubiquitination. 

Quantitative analysis of the aggregation kinetics revealed a more pronounced effect of di-ubiquitin compared 

to mono-ubiquitin during elongation of filaments, rather than during primary nucleation events. However, 

linkage topology had a minor effect on the measured kinetic parameters. Finally, we demonstrated that di-

ubiquitination modulated the Tau-mediated microtubule assembly, thus highlighting the potential role of 

ubiquitination in the regulation of Tau protein function. For a more comprehensive overview, further efforts 

will have to be directed to produce Tau protein modified with longer polyubiquitin chains linked in different 

positions. 

We believe that our findings also provide crucial information in light of recent structural studies on Tau 

filaments from degenerated brain tissues. Ubiquitin is proposed to play a structural role by mediating specific 

inter-protofilament packing and promoting the formation of fibril subtypes, specific of the different 

tauopathies [26]. Moreover, future investigations are required to elucidate the synergic effects played by 

different post-translational modifications, such as ubiquitination, phosphorylation and acetylation, in the 
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transition of Tau protein to toxic species, with the aim to understand their implications in the different 

pathologies. 
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Abstract 

The formation of biomolecular condensates has emerged as a crucial player both in neuronal physiology and 

neurodegeneration. Phase separation of the Alzheimer's related protein tau into liquid condensates is 

facilitated by polyanions and is regulated by post-translational modifications. Given the central role of 

ubiquitination in proteostasis regulation and signaling, we investigated the behavior of monoubiquitinated 

tau during formation of condensates. We ubiquitinated the lysine rich, four-repeat domain of tau either 

unspecifically via enzymatic conjugation or in a position-specific manner by semisynthesis. Ubiquitin 

conjugation at specific sites weakened multivalent Tau/RNA interactions and disfavored Tau/heparin 

condensation. Yet, heterogeneous ubiquitination was tolerated during phase separation and stabilized 

droplets against aggregation-linked dissolution. Thus, we demonstrated that cofactor chemistry and site of 

modification affect the mesoscopic and molecular signatures of ubiquitinated tau condensates. Our findings 

suggest that ubiquitination could influence the physiological states and pathological transformations of Tau 

in cellular condensates. 

 

Introduction 

Intrinsically disordered proteins (IDPs) are crucial components of the cellular signaling machinery, performing 

diverse functions not possible for the folded counterparts [1,2]. An emergent property of IDPs is their 

capability to form and participate in biomolecular condensates: micron-sized, dynamic assemblies 

characterized by multivalent intermolecular contacts [3ς7]. Cellular condensates are often complex 

coacervates containing proteins and RNA [8], they are thought to form through liquid-liquid phase separation 

(LLPS) [9ς13] and exhibit liquid-like properties (hence the term liquid droplets) [5,14ς16]. LLPS has been 

recognized as one of the key organizing principles by which eukaryotic cells control molecular localization 

and biochemical reactions [17]. Yet, condensates are metastable and may transition from liquid-like to gel or 

solid-like material states [6]. In particular, age-related changes and pathological insults may promote 

uncontrolled phase transitions [5]. For an increasing number of IDPs, aberrant LLPS has been associated with 

pathological aggregation and neurodegeneration [18,19]. The microtubule-associated protein Tau is a 
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prototypical IDP, abundant in neuronal axons, where it promotes microtubule assembly and stabilization 

[20]. The adult human brain contains six main Tau isoforms, the longest of which is 441 amino acids long 

(Tau2N4R, Tau441 or TauFL). The protein comprises a carboxy-terminal microtubule-binding domain (MBD) 

and an amino-terminal projection domain (fig. S1A) [21]. The MBD has overall positive charge, assisting its 

interaction with the negatively charged surfaces of microtubules. Tau is highly soluble and displays little 

ǎŜŎƻƴŘŀǊȅ ǎǘǊǳŎǘǳǊŜΣ ƘƻǿŜǾŜǊΣ ǘǿƻ ƘŜȄŀǇŜǇǘƛŘŜ ƳƻǘƛŦǎ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ǊŜǇŜŀǘ ǊŜƎƛƻƴ ƻŦ ǘƘŜ a.5 ƘŀǾŜ ʲ-sheet-

forming propensity and constitute critical aggregation nuclei [22ς24]. Abnormal accumulation of Tau is 

associated with Alzheimer's disease (AD), frontotemporal dementia (FTD), and other neurodegenerative 

disorders collectively referred to as tauopathies [25]. The mechanisms responsible for the formation of Tau 

lesions remain unclear, however abnormal post-translational modifications (PTMs) are strongly implicated in 

Tau misfunction [26,27]. The recent observation that Tau undergoes LLPS has stimulated efforts to 

understand whether condensation may be linked to pathological aggregation [28ς30], in analogy to phase-

separating, RNA-binding proteins such as FUS and TDP-43 [31,32]. Furthermore, LLPS of Tau could serve 

physiological roles in stress granule formation and microtubule polymerization [33,34]. Phase separation of 

Tau in vitro is facilitated by macromolecular crowding and high protein concentration and is influenced by 

ionic strength and temperature [28,29,35ς37]. Polyanionic cofactors, such as RNA or heparin, stimulate 

complex coacervation driven by multivalent electrostatic attraction between the negatively charged 

polyelectrolytes and positively charged middle/C-terminal Tau domains [38ς41]. Furthermore, PTMs 

significantly affect the propensity of Tau to form condensates: initial work on Tau LLPS showed that 

phosphorylation facilitates self-coacervation [28,42]. Conversely, acetylation was found to disfavor the 

formation of Tau condensates [37]. Given the established role of lysine residues, which are abundant in Tau, 

as critical regulators of biomolecular condensation [39], it is expected that lysine-directed PTMs, other than 

acetylation, will influence the capability of Tau to form coacervates. In our work, we aimed at exploring the 

effect of ubiquitination on the condensation of Tau. Ubiquitination involves the formation of an isopeptide 

ōƻƴŘ ōŜǘǿŜŜƴ ǘƘŜ ǘŜǊƳƛƴŀƭ ŎŀǊōƻȄȅƭ ƻŦ ǘƘŜ ǎƳŀƭƭ ǊŜƎǳƭŀǘƻǊȅ ǇǊƻǘŜƛƴ ǳōƛǉǳƛǘƛƴ ό¦ōύ ŀƴŘ ǘƘŜ ʶ-amino group of 

lysine residues of the substrate [43]. Sequential addition of multiple Ub molecules by the action of ligases 

can generate various types of polyubiquitin (polyUb) chains [44]. Thus, ubiquitination is unique among PTMs 

in that it involves a modular, large steric modifier which can hinder intermolecular contacts or introduce new 

binding sites. Ubiquitination is an essential player in proteostasis regulation, participating in both 

proteasomal and autophagosomal protein degradation [45]. Notably, LLPS has emerged as a mechanism of 

regulation of protein quality control in a Ub-dependent manner [46,47]. The role of ubiquitination in Tau 

biology and pathology is poorly understood but it has been associated with enhanced formation and impaired 

clearance of pathological inclusions [48,49]. Tau isolated from AD-paired helical filaments (PHF) was found 

to be ubiquitinated at several lysine sites within the MBD [48,50,51]. Specifically, mono-Ub was found to be 
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linked to Lys254, Lys257, Lys311 and Lys317 [48] while polyUb chains were found to be conjugated to Lys254, 

Lys311 and Lys353 [50]. In previous work, we elucidated the effect of mono- and di-ubiquitination on the 

fibrillization propensity of the aggregation-prone repeat fragment of Tau [52,53]. Here, we performed an in 

vitro investigation of monoubiquitinated Tau, obtained via enzymatic or semisynthetic conjugation, to 

establish the effect of this PTM on LLPS. Coacervate formation was induced using poly(U) RNA or heparin as 

cofactors and was detected by bright field/ fluorescence microscopy and turbidimetry. The dynamics of 

protein molecules in the condensed phase was studied by fluorescence recovery after photobleaching (FRAP) 

and the energetics of the interactions was investigated by isothermal titration calorimetry. The present work 

is the first to describe the influence of ubiquitination on the mesoscopic and molecular signatures of 

condensates formed by an amyloidogenic protein. The obtained results could contribute to elucidate the role 

of LLPS in normal function and pathological aggregation of Tau. 

 

Materials and methods 

 

Protein preparation 

For the present investigation, we produced the protein Tau4RD (Q244- E372 plus initial Met) and the following 

variants: Tau4RD (C291A/ C322A) (here named Tau4RDɲ/ύΣ Tau4RD(C291A/C322A/K311C), and 

Tau4RD(C291A/C322A/K353C). All proteins were expressed without affinity tag and purified as described in 

[53]. Wild-type and N-terminal (histidine)6-tagged ubiquitin were expressed and purified following a 

previously described protocol [55]. Enzymatic ubiquitination was obtained using recombinant His-tagged E1, 

GST-tagged Ubc13, and GST-tagged CHIP [53]. Semisynthetic ubiquitination was based on a chemoselective 

disulfide coupling reaction [53]. Because Tau4RD contains two native cysteines, we first produced the 

C291A/C322A Tau4RD double mutant and then introduced a single cysteine in positions 311 or 353. To obtain 

a ubiquitin bearing an aminoethanethiol C-terminal group (Ub-SH), required for the disulfide-coupling 

reaction, we first produced a chimeric protein with a C-terminal His-tag. The production and purification of 

the Ub-intein-His intermediate and of the Ub-SH protein was performed as described previously [53]. 

 
Fluorescent labeling of proteins 

Proteins Tau4RD and Tau4RDɲ/ ǿŜǊŜ ƭŀōŜƭŜŘ ǿƛǘƘ ŦƭǳƻǊŜǎŎŜƛƴ ƛǎƻǘƘƛƻŎȅŀƴŀǘŜΣ CL¢/ ό{ƛƎƳŀΣ Cосрм-100 mg). 

.ǊƛŜŦƭȅΣ м ƳƎ ǇǊƻǘŜƛƴ όŎƻƴŎŜƴǘǊŀǘŜŘ н ƳƎκƳƭύ ǿŀǎ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ нр ˃ƭ CL¢/ ŘƛǎǎƻƭǾŜŘ ŀǘ м ƳƎκƳƭ ƛƴ 5a{hΦ 

The labeling reaction was carried out at RT for 2 h under continuous stirring, and unreacted dye was removed 

by use of a desalting column. The FITC-conjugated protein was eluted in 20 mM sodium phosphate pH 7.4, 

then snap frozen and stored in aliquots at - 20 °C, protected from light. Fluorescence imaging of both 

unmodified and ubiquitinated Tau4RD droplets was performed using FITC-labeled non-ubiquitinated proteins 
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to detect the same reporter molecule. FITC-ƭŀōŜƭŜŘ ǇǊƻǘŜƛƴ ǿŀǎ ƳƛȄŜŘ ŀǘ лΦо ˃a ƴƻƳƛƴŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿƛǘƘ 

нр ˃a ǳƴƭŀōŜƭŜŘ ǇǊƻǘŜƛƴΦ 

 

Visualization and analysis of Tau condensates 

Liquid-liquid phase separation of the investigated Tau species was induced using either polyuridylic acid, 

poly(U) RNA (Sigma-Aldrich, P9528), or heparin (Sigma-Aldrich, H3393-мллY¦ύΦ Lƴ ǘƘŜ ŦƻǊƳŜǊ ŎŀǎŜΣ нр ˃a 

ǇǊƻǘŜƛƴ ǿŀǎ ƳƛȄŜŘ ǿƛǘƘ снΦр ˃ƎκƳƭ Ǉƻƭȅό¦ύ wb!Σ м Ƴa 5¢¢ ƛƴ нр Ƴa IŜǇŜǎ ǇI тΦпΦ Lƴ ǘƘŜ ƭŀǘǘŜǊ ŎŀǎŜΣ нр ˃a 

ǇǊƻǘŜƛƴ ǿŀǎ ƳƛȄŜŘ ǿƛǘƘ сΦнр ˃a ƘŜǇŀǊƛƴΣ р mM DTT, 30 mM NaCl in 20 mM sodium phosphate, pH 6.0. 

Reducing agents were used only for Tau4RD and the enzymatically ubiquitinated form to avoid cleavage of the 

ŘƛǎǳƭŦƛŘŜ ōƻƴŘ ƛƴ ǎŜƳƛǎȅƴǘƘŜǘƛŎ ǳōƛǉǳƛǘƛƴŀǘŜŘ ǇǊƻǘŜƛƴǎΦ CƻǊ ǇƘŀǎŜ ǎŜǇŀǊŀǘƛƻƴ ƛƳŀƎƛƴƎΣ т ˃ƭ ƻf solution at the 

indicated times of incubation, were transferred onto a new microscope slide (Thermo Scientific, 26x76mm) 

and immediately covered with a circular coverslip and sealed with nail-polish. Images were acquired on a 

Leica TCS SP5 AOBS microscope to visualize the formation of droplets over time. Image analysis was 

performed to measure droplet size using FIJI Image J software (v2.0). The fluorescence images within a set 

of experiments were acquired using identical microscope settings to ensure consistency across samples and 

experimental runs. Spectrophotometric absorbance measurements were performed on a TECAN INFINITE 

M200PRO PLEX microplate reader. Absorbance (320 nm) values were pathlength corrected normalizing the 

absorbance values measured on a microplate to correspond to absorbance values measured in a 1 cm 

pathlength cuvette. Data were collected in triplicate and reported after subtracting the optical density of the 

buffer. 

 

Fluorescence recovery after photobleaching (FRAP) 

FRAP experiments were performed on in vitro droplets using the 488 nm laser line of an inverted confocal 

laser scanning microscope Leica TCS SP5 AOBS with a 63× oil objective. Measurements were performed on 

30 min-aged droplets, after threefold sample dilution to avoid sample overcrowding. For each droplet, a spot 

όлΦс ˃Ƴ ǎƛŘŜ-square, smaller than the size of the droplet) was bleached at 100% transmission for 5.7 s, and 

post-bleach time-lapse images were collected (5 s frame rate, 40 frames). For each time-lapse image, the 

mean fluorescence intensities of the same three regions were recorded. The obtained data were processed 

applying the double normalization correction and fitted with a double term exponential equation using 

EasyFRAP-web [56,57]. Half-maximal recovery time constant (t0.5) values were computed numerically. 

 

Thioflavin-T (ThT) fluorescence assay 

Tau/polyanion solutions prepared in LLPS conditions were placed in 96-well dark plates and analyzed on a 

microplate reader at room temperature (Tecan Infinite M200Pro Plex). Protein samples were at a final 
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ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ нр ˃a ŀƴŘ ǿŜǊŜ ƳƛȄŜŘ ǿƛǘƘ нр ˃a ¢Ƙ¢Σ сΦнр ˃a ƘŜǇŀǊƛƴΣ ол Ƴa bŀ/ƭΣ р Ƴa 5¢¢ ό5¢¢ ǿŀǎ 

absent in samples prepared with disulfide coupling reaction) in 20 mM sodium phosphate buffer, pH 6.0. ThT 

fluorescence measurements, performed exciting at 450 nm and reading the emission at 482 nm (bottom 

read), were taken every 6 min for heparin-induced droplets (different time points for droplets formed using 

poly(U)). 

 

Isothermal titration calorimetry 

ITC measurements were carried out on a Microcal PEAQ-L¢/Σ ŀǘ нр / ǳƴƭŜǎǎ ǎǇŜŎƛŦƛŜŘ ƻǘƘŜǊǿƛǎŜΦ ¢ƘŜ ŘƛŦŦŜǊŜƴǘ 

Tau constructs and poly (U) stocks were diluted in 25 mM Hepes, pH 7.4. Solutions of Tau4RD and Tau4RD(*Ub) 

also contained 0.5 mM TCEP. Where specified, 30 mM NaCl or 50 mM urea were added to the samples. The 

ǎȅǊƛƴƎŜ ǿŀǎ ŦƛƭƭŜŘ ǿƛǘƘ пл ˃ƭ ƻŦ мрлл ˃ƎκƳƭ ƻŦ Ǉƻƭȅό¦ύ ŀƴŘ ǘƘŜ ŎŜƭƭ ŎƻƴǘŀƛƴŜŘ нлл ˃ƭ ƻŦ ол ˃a ƻŦ ŘƛŦŦŜǊŜƴǘ ¢ŀǳ 

ŦƻǊƳǎΦ о ˃ƭ ǿŜǊŜ ƛƴƧŜŎǘŜŘ όмо ƛƴƧŜŎǘƛƻƴǎύ ŜǾŜǊȅ мрл ǎ ǘƻ ǇŜǊŦƻǊƳ ŀ ǘƛǘǊŀǘƛƻƴΦ 5ŀǘŀ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ǳǎƛƴƎ ǘƘŜ 

MicroCal PEAQ-ITC Analysis Software (Malvern). The heat generated by poly(U) dilution into the simple buffer 

was subtracted from the experimental data. Measurements were typically performed in duplicate. All data 

plotting and statistical analyses were done with GraphPad Prism 8.2 (GraphPad Software Inc., La Jolla, CA, 

USA). 

 

Results 
 

Protein properties and in vitro ubiquitination approach 

The four-repeat region of Tau, comprising 31 or 32-residue imperfect repeats, exhibits an excess of positively 

charged residues (20 lysines and 1 arginine) over acidic side chains (11), dispersed throughout the entire 

region (fig. S1B), resulting in an overall net positive charge (pI = 9.7). As noted previously [30], the repeat 

region is predicted to have significant propensity for LLPS (fig. S2). Indeed, as a consequence of its intrinsically 

disordered character, the repetition of sequence motifs, and the charge patterning, the isolated four-repeat 

fragment (Tau4RD, also known as TauK18) was found to form simple coacervates (favored by high protein 

concentration, low ionic strength and basic solution conditions) [30] or complex coacervates in the presence 

of polyanionic RNA cofactors [39]. Full-length Tau was shown to form complex coacervates under the 

conditions in which the droplets of Tau4RD are formed [39].  
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Figure 1. Illustration of the preparation methods for the ubiquitination of Tau4RD. 1) Enzyme-based ubiquitination yields 
heterogeneously mono-ubiquitinated protein, Tau4RD(*Ub). Ubiquitinated regioisomers have different relative abundance in the 
product mixture. 2) Semisynthetic method exploiting disulfide-directed conjugation produces position-specific ubiquitinated protein, 
Tau4RD(311Ub), Tau4RD(353Ub), after replacing selected native lysine residues by cysteines.  

 

We note that the numerous lysine residues of Tau4RD are potentially subject to ubiquitination and all acceptor 

lysine residues found ubiquitinated in AD-aggregates belong to the repeat domain [48,50]. Ub is a 76 amino 

acid-, compact molecule (Rg = 1.3 nm), displaying a predominantly polar molecular surface except for a 

hydrophobic patch near the C-terminus that serves as recognition site for cognate partners [55]. In spite of a 

slightly negative global charge in neutral solution (pI = 6.8), the zeta potential is slightly positive ( y= 5 mV) 

[59] and regions with positive surface potential (fig. S1C) are known to promote transient interactions of Ub 

with negatively charged surfaces [60,61]. Thus, conjugation of a Ub molecule may perturb the network of 

weak intermolecular interactions driving tau LLPS through chemical as well as steric effects. Here, we selected 

the tau4RD fragment (spanning residues 244ς372 of Tau2N4R in our construct) as a target for in vitro 

ubiquitination. Ubiquitination was obtained by following two distinct approaches, developed in a previous 

study [53] (fig. 1): 1) enzyme-based conjugation producing heterogeneous mono-ubiquitinated substrate 

protein, Tau4RD(*Ub), with native isopeptide linkage; 2) semisynthetic conjugation yielding position-specific, 

homogeneous monoubiquitination with disulfide-directed ligation. With both approaches, a single Ub was 

attached to each Tau molecule (fig. S3, and ref. [53]). With the semisynthetic method, Ub was introduced at 

positions 311 in repeat R3 (Tau4RD(311Ub)) or 353 in repeat R4 (Tau4RD(353Ub)). Ubiquitination in the two 

positions was earlier found to disfavor self-association of Tau4RD, resulting in retarded (353Ub) or largely 

inhibited (311Ub) fibril formation in the presence of heparin as aggregation inducer [53]. We reasoned that 

ubiquitination at 353 and 311 could also affect multivalent intermolecular interactions taking place in LLPS. 

HN-HSQC NMR spectra indicated that ubiquitination did not perturb the overall, disordered conformation of 

Tau4RD (fig. S4). 

 



 
132 

 

Formation and drivers of tau/polyU coacervates 

On mixing Tau4RD with polyuridylic acid (poly(U)) in conditions described in a previous study [39], the solution 

immediately became turbid, suggesting that phase separation had occurred. Bright field- and fluorescence 

microscopy images indicated the formation of micron-sized, spherical droplets of concentrated Tau4RD (fig. 

2A, S5). The droplets were found to slightly expand over a period of 1 h (fig. S5), likely due to Ostwald ripening 

and coalescence. The dynamic nature of the droplets was evident from the observation of droplet fusion and 

glass surface wetting with attendant deformation (fig. S6). Turbidity measurements indicated that the ability 

of Tau4RD to form coacervates decreased on increasing the ionic strength of the solution (fig. S7), supporting 

the notion that electrostatic interactions are crucial for LLPS of Tau4RD/poly(U) [39ς41]. 

 

Figure 2. Characterization of tau/poly(U) condensates for enzymatically ubiquitinated Tau. A,D) Representative bright field (left) and 
fluorescence (right) microscopy images displaying condensates of A) Tau4RD and D) Tau4RD(*Ub), acquired 15 min after preparation; 
25 ˃ M protein was mixed with 62.5 ˃g/ml poly(U) RNA in 25 mM Hepes, pH 7.4, 1 mM DTT; scale bars are 5 m˃. B,E) Isothermal 
titration calorimetry experiments: corrected heat transfer rates and integrated heat plots recorded on 30 M˃ Tau4RD (B) or tau4RD(*Ub) 
(E) on addition of poly(U); Q values refer to heat change per mole of injectant (monomer); the inset in (E) displays a magnification of 
the peaks indicated by arrows to highlight their different shapes. C) Turbidity measured on a solution of Tau4RD on increasing poly(U) 
concentration; the conditions of the experiment were matched with those of the ITC experiment (panel B); data are represented as 
the mean ± SD of measurements in triplicate. F) Fluorescence recovery after photobleaching (FRAP) curves for Tau4RD (black) and 
Tau4RD(*Ub) (brown) after 30 min incubation with poly(U) RNA; data are represented as the mean ± SD, n = 5 independent microscopic 
fields; solid lines are fitted curves; dashed lines: fitted values of the maximum fluorescence recovery; inset: representative images of 
the bleaching experiment, scale bars are 1 m˃.  

 

The energetics of the protein/poly(U) interaction was investigated by isothermal titration calorimetry (ITC). 

The thermogram shows a non-monotonic behavior with a weak endothermic response in the initial steps of 

the titration and overall heat release in later steps (fig. 2B). The integrated heat plot displays a minimum at 

a poly(U)-monomer/protein molar ratio of ~12 (ca. 120 ˃g/ml poly(U)), a condition in which highest solution 

turbidity was observed (fig. 2C). The profile likely reflects the overlap of the binary poly(U)/Tau4RD association 

reaction with the process of formation of a coacervate phase [62]. A similar thermal behavior was earlier 

observed for the condensation of polycationic salmine induced by addition of divalent anions, which was 

interpreted using a combination of single-site and multiple non-interacting sites models [63]. In addition to 

intermolecular complexation, a second and most energetically favorable event was attributed to an initial 

condensation process, followed by a third event corresponding to coalescence of condensed complexes [63]. 



 
133 

 

Here, we could partly separate the concurrent events by cooling the sample to 5 °C, in which condition the 

thermal profile assumed a sigmoidal shape, consistent with a simple complexation process (fig. S8). We 

further found coulombic forces to play a crucial role in the association between protein and poly(U), as 

evident from the observed decrease of exchanged heat during isothermal titration in the presence of 30 mM 

NaCl (fig. S9A). Finally, the observed changes in thermal behavior on addition of urea (fig. S9B) suggest that 

hydrogen bonding interactions contributed to the overall process as well [64,65]. 

 

Heterogeneous ubiquitination is tolerated during condensation and stabilizes droplets against 

aggregation-linked dissolution 

We explored the coacervation of Tau4RD(*Ub) in the conditions tested for LLPS of Tau4RD. In this case too, 

solutions containing Tau4RD(*Ub) and poly(U) exhibited ionic strength-dependent turbidity (fig. S7) and 

displayed droplets of 2ς3 ˃ m when observed under a fluorescence microscope (fig. 2D, S10). To compare the 

mobility of protein molecules inside the droplets, we performed fluorescence recovery after photobleaching 

(FRAP) experiments on phase-ǎŜǇŀǊŀǘŜŘ ǎŀƳǇƭŜǎ ŀŦǘŜǊ ол  ŦǊƻƳ ǇǊŜǇŀǊŀǘƛƻƴΦ ! ǊŀǇƛŘ Ŧluorescence recovery 

was observed for both Tau4RD and Tau4RD(*Ub) with ca. 90% recovery of the initial fluorescence intensity after 

3 min (fig. 2F) and almost identical half-maximal recovery time constants (7.7 ± 3.0 s, Tau4RD; 9.1 ± 2.6 s, 

Tau4RD(*Ub); difference not significant based on t-test). ITC experiments were performed to determine 

potential differences in thermodynamic behavior between Tau4RD(*Ub) and Tau4RD, on addition of poly(U) 

(fig. 2E). Similar to the case of Tau4RD, the heat response for Tau4RD(*Ub) was non-non-monotonic. The 

different behavior in the initial part of the thermogram is ascribed in large part to the presence of a His6-tag 

on Ub in the Tau4RD(*Ub) species, as inferred from control experiments (fig. S11). We note that the differential 

power signals in the first part of the thermogram exhibit fast return towards equilibrium, attributable to the 

intrinsic calorimeter response, while in the second part slower kinetics is observed, consistent with the 

presence of coacervates (fig. 2E) [62]. Interestingly, the exothermic minimum in the heat plot occurred at 

approximately the same concentration of poly(U) for both proteins, suggesting that the presence of Ub did 

not perturb the conditions for phase transition. As an additional characterization, Thioflavin-T (ThT) 

fluorescence spectroscopy measurements performed on phase-separated samples over a period of two days 

showed that complex coacervation with poly(U) did not promote the formation of ThT-positive fibrillar 

aggregates (fig. S12). The polyanion heparin is known to interact with Tau4RD and to promote its fibril 

formation [66ς68]. We found that upon mixing Tau4RD with heparin at a molar ratio corresponding to overall 

net charge neutrality at pH 6, the solution underwent LLPS. Bright field and fluorescence micrographs showed 

the formation of spherical droplets (fig. 3A), somewhat smaller than those observed with poly(U) (Fig. 2). 

Microscopy images taken after 30 min of incubation revealed the formation of larger particles of irregular 

and variable shape, suggesting protein aggregation (fig. 3A). Indeed, the solution turbidity exhibited a bi-
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phasic time dependence (fig. 3B), with decreasing values until ~20 min of incubation, followed by a growing 

trend until ~90 min. Thus, the natural turbidity variation, associated with changes in the number and size of 

droplets over time, overlapped with the increasing absorbance due to aggregate formation. Thioflavin T (ThT) 

fluorescence measurements indicated that heparin-induced droplets transformed into aggregates displaying 

cross-  ̡structure, following a typical nucleation-growth kinetics (fig. 3C). Heparin-induced coacervation was 

also observed for Tau4RD(*Ub), but the size of the formed droplets (~1 m˃) was smaller compared to that of 

Tau4RD droplets (fig. 3A). After 30 min of incubation, the droplets expanded (fig. 3A), however we did not 

detect large irregular particles associated with protein aggregates. Both the monophasic time dependence 

of the sample turbidity (fig. 3B) as well as the absence of ThT fluorescence (fig. 3C) indicated that no major 

protein aggregates had formed. 

 

Figure 3. Characterization of Tau/heparin condensates for enzymatically ubiquitinated tau. A) Appearance and maturation of 
tau/heparin condensates; representative bright field and fluorescence microscopy images of phase-separated Tau4RD (upper images) 
and Tau4RD(*Ub) (lower images); samples contained 25 M˃ protein and 6.25 ˃M heparin in 20 mM sodium phosphate, 30 mM NaCl, 
5 mM DTT, pH 6; images were acquired immediately after the addition of protein (left) or after 30 min incubation (right); scale bars 
are 5 ˃ m. B) Change in sample turbidity over time; turbidity measurements were performed on 25 M˃ Tau4RD (black) and Tau4RD(*Ub) 
(brown) in the presence of heparin (6.25 M˃) under quiescent conditions; the displayed data represent mean ± SD, n = 3 replicate 
measurements; absorbance values are corrected for the blank. C) ThT fluorescence assay on tau/heparin condensates; 
measurements were performed in triplicate on 25 M˃ Tau4RD (black) and Tau4RD(*Ub) (brown) in LLPS conditions; data represent the 
mean ± SD.  

 

Position-specific ubiquitination of Tau affects the macroscopic and molecular signatures of liquid 

droplets 

After establishing the condensation properties of a heterogeneous sample of ubiquitinated tau regioisomers, 

we set out to determine position-specific effects of ubiquitination on the supramolecular interactions of 

Tau4RD. Microscopy images showed that both Tau4RD(311Ub) and Tau4RD(353Ub) were able to form micron-

sized spherical droplets when mixed with poly(U), similar in size to those of the non-ubiquitinated control, 

the cysteine-free Tau4RDɲC (fig. 4AςC)(replacement of native cysteines is necessary for site-directed 

conjugation). The droplet size increased after a period of ~1 h for Tau4RD(353Ub), but not for Tau4RD(311Ub) 

(fig. S10). The median diameter for both ubiquitinated species at 1 h was significantly smaller than that of 
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droplets formed by Tau4RDɲC. FRAP curves recorded on condensates of ubiquitinated samples indicated a 

similar fluorescence recovery for the two ubiquitinated species (fig. 4H), with an immobile fraction <10% and 

half-maximal recovery time constants of 3.5 ± 2.9 s for Tau4RD(311Ub) and 2.2 ± 0.8 s for 

Tau4RD(353Ub)(statistically different from the value of 6.8 ± 0.7 s determined for Tau4RDɲC, *p = 0.0256 and 

** p = 0.0033, respectively, one-way ANOVA with Dunnett's multiple comparisons test). Thus, the condensate 

phase of the ubiquitinated species allowed for rapid diffusion of tracer protein molecules, apparently even 

faster compared to the diffusion in droplets of the non-ubiquitinated control. The thermal analysis of the 

interaction between the tau proteoforms and poly(U) confirmed the non-monotonic trend observed with 

Tau4RD, with endothermic contributions in the first part of the titration and a net negative thermal response 

otherwise (fig. 4D-F). The maximum exothermic signal and the maximum solution turbidity for the non-

ubiquitinated protein were found to occur at approximately the same concentration of poly(U) (fig. 4D,G). 

The slightly weaker heat signals observed for the ubiquitinated species, compared to the control, indicate an 

overall reduced strength of intermolecular interactions. Interestingly, the maximum exothermic signal for 

Tau4RD(353Ub) was found to occur at higher poly(U) concentration than for Tau4RD(311Ub) and the control, 

suggesting that ubiquitination at position 353 perturbed the phase behavior.  

 

 

Figure 4. Characterization of tau/poly(U) condensates for site-specifically ubiquitinated tau. A-C) Bright field (left) and fluorescence 
(right) microscopy images displaying condensates of A) Tau4RDɲC, B) Tau4RD(311Ub), and C) Tau4RD(353Ub) acquired 15 min after 
preparation; scale bars are 5 ˃m. DςF) Isothermal titration calorimetry experiments: corrected heat transfer rates and integrated 
heat plots recorded on 30 ˃M Tau4RDɲC (D), Tau4RD(311Ub) (E), or Tau4RD(353Ub) (F) on addition of poly(U). G) Turbidity measured on 
a solution of Tau4RDɲC on increasing poly(U) concentration; the conditions of the experiment were matched with those of the ITC 
experiment (panel D); data represent the mean ± SD, n = 3 replicate measurements. H) Fluorescence recovery after photobleaching 
(FRAP) curves for Tau4RDɲC (black), Tau4RD(311Ub) (dark blue), Tau4RD(353Ub) (light blue) after 30 min incubation with poly(U) RNA; 
error bars represent ± SD of 5 replicate measurements from independent microscopic fields; solid lines are fitted curves; horizontal 
dashed lines: fitted values of the maximum fluorescence recovery; the inset shows an enlarged view of the first part of the recovery, 
vertical dashed lines indicate the position of the half-maximal recovery time constants. 
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By comparison with an experiment performed on the mutant Tau4RDɲC(353 K/C) (fig. S13), we conclude that 

the reduced heat exchange is primarily attributable to the removal of a positive charge at the site of 

modification, while a horizontal shift of the maximum exothermic response is specifically due to the presence 

of ubiquitin in position 353 and may suggest a steric hindrance effect. In a previous study, we found that 

heparin-induced aggregation of Tau4RD at pH 7.4 is moderately or strongly inhibited by ubiquitin conjugation 

to positions 353 or 311, respectively. In LLPS conditions, at pH 6, the aggregation process exhibited faster 

kinetics, but the relative propensity for fibrillation remained in the same order (fig. 5A). 

The different endpoint fluorescence observed for Tau4RD(311Ub), compared to Tau4RD and Tau4RD(353Ub), 

may indicate differences in aggregate morphology and/or concentration. Similar to Tau4RD, the unconjugated 

variant Tau4RDɲC was found to undergo LLPS, however both absorbance measurements and confocal 

fluorescence microscopy images indicated that Tau4RD(353Ub) and Tau4RD(311Ub) had less propensity to form 

liquid droplets (fig. 5BςE). Thus, site-specific ubiquitination of tau hindered multivalent interactions with 

heparin. Thirty minutes after mixing, droplets of Tau4RDɲC were largely converted into amorphous particles, 

tiny particles appeared for Tau4RD(311Ub), and no microscopic assembly was observed for Tau4RD(353Ub) (fig. 

5CςE). 
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Figure. 5. Characterization of tau/heparin condensates for site-specifically ubiquitinated tau. A) ThT fluorescence assay on 
tau/heparin condensates; measurements were performed on Tau4RDɲC (black), Tau4RD(311Ub) (dark blue), Tau4RD(353Ub) (light blue) 
in LLPS conditions. B) Sample turbidity measurements, as a function of time, performed on samples as in panel B. C-E) Bright field 
(left) and fluorescence (right) microscopy images displaying condensates of C) Tau4RDɲC, D) Tau4RD(311Ub), and E) Tau4RD(353Ub) 
acquired 0 min and 30 min after preparation; scale bars are 5 m˃. Data in A and B represent the mean ± SD, n = 3 replicate 
measurements, error bars are smaller than the symbols where not visible. 

 

Discussion 

Condensation of tau into liquid droplets has received increasing attention due to its hypothesized functional 

role in microtubule assembly and stress response of neurons [34,42], but especially because it may represent 

a critical stage towards the formation of pathological protein aggregates observed in tauopathies [28,30]. 

Phase separation is tightly regulated by PTMs [69,70], however the effects of ubiquitination have remained 

unexplored so far. In the present work, we investigated the behavior of monoubiquitinated tau proteoforms 

towards the formation of condensates. We focused on the lysine-rich, four-repeat region of the microtubule 

binding domain (Tau4RD), which is the prevalent target of ubiquitination in vivo and is critically involved in 

functional and pathological interactions. Polyanionic poly(U) RNA readily promoted LLPS of Tau4RD and no 

evidence of protein aggregation was found in LLPS conditions during the observation period. Hence, 
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ǘŀǳκǇƻƭȅό¦ύ ŎƻŀŎŜǊǾŀǘŜǎ ŎƻǳƭŘ ōŜ ŎƻƴǎƛŘŜǊŜŘ ŀǎ ƳƛƳƛŎǎ ƻŦ ΨƴƻǊƳŀƭΩ ŎŜƭƭǳƭŀǊ ŎƻƴŘŜƴǎŀǘŜǎΦ /ƻƴǾŜǊǎŜƭȅΣ 

coacervates formed in the presence of heparin rapidly evolved into amorphous aggregates and therefore 

could represent a model system for condensation-linked pathological aggregation. Exploring such behavior 

could contribute to shed light into the elusive early stages of tauopathies. The microscopic and molecular 

properties of poly(U)-based condensates, such as ionic strength- and cofactor concentration-dependence, 

and molecular diffusion in the dense phase, were largely unchanged for the enzymatically ubiquitinated 

Tau4RD, compared to the unmodified protein. Site-specific ubiquitination at positions 311 or 353, obtained 

via semisynthesis, preserved the ability of tau to phase separate upon exposure to poly(U). Nonetheless, 

molecular mobility in the corresponding condensates was slightly greater and the thermal response was 

perturbed relative to the non-ubiquitinated control, due to the combination of charge- and steric hindrance 

effects upon modification, affecting the physicochemical nature of the droplets. Proteoform-specific 

behavior was also observed, indicating that intermolecular interactions may be affected by local structure 

and chemistry near the site of modification. Heparin-promoted droplets of Tau4RD were unstable over time 

due to progressive formation of aggregates. By contrast, the coacervates formed by the aggregation-

resistant, enzymatically ubiquitinated protein exhibited increased stability and did not convert into 

amorphous assemblies. Experiments performed on Tau4RD(311Ub) and Tau4RD(353Ub) proteoforms pointed 

out that ubiquitination in specific positions disfavored the heterotypic, multivalent interactions driving 

coacervation with heparin. In conclusion, we demonstrated that ubiquitinated tau can participate in the 

formation of coacervates and influence their physicochemical properties and dynamics. Ubiquitin 

conjugation generally disfavors coacervation but is tolerated to an extent that depends on the site of 

modification and on the chemical nature of the cofactor. A heterogenous pool of ubiquitinated regioisomers, 

which may correspond to a condition found in the cell, is largely compatible with liquid phase separation. 

This finding has crucial implications for tau biology and pathology: incorporation of ubiquitinated substrates 

into cellular condensates could influence intermolecular interactions within the dense phase, and condensed 

tau molecules could be targeted for ubiquitin-mediated degradation or signaling, as dictated by the ubiquitin 

code [44]. The nature of cofactors and the intrinsic aggregation propensity of ubiquitinated molecules further 

influence the stability and phase transitions of condensates, which may play a role in the formation of 

pathological inclusions [6]. 
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4.2.3 NMR study of the interaction of Tau4RD with OTUB1, a potential novel therapeutic target in AD 
 

Due to its role in the clearance of misfolded proteins, dysfunction of the UPS was proposed to be one of the 

key mechanisms of neurodegeneration. The good functioning of a wide range of critical pathways for 

neuronal homeostasis, cancer development and progression, and apoptosis reside in the balance between 

ubiquitination and deubiquitination. Indeed, ubiquitination is a reversible PTM: a variety of deubiquitinating 

enzymes (DUBs) can hydrolyze ubiquitin binding from the target protein, thus remodeling or reversing its 

fate. The impairment of the fine balance between ubiquitinating enzymes and DUBs activities alter the level 

of ubiquitination of proteins and may also lead to their pathological accumulation in cells. Among these 

enzymes, OTUB1 has attracted interest because it was found to be involved in Tau deubiquitination, 

clearance, and aggregation. Studies correlated the inhibition of Tau aggregation with OTUB1 knock out and 

showed the increment of Tau-seeding and Tau aggregation88 and increased levels of phospho-Tau in primary 

neurons with OTUB1 overexpression. Besides the canonical activity which involves the cleavage of K48-linked 

ubiquitin chains conjugated to Tau protein86,87, OTUB1 can inhibits the transfer of a ubiquitin moiety onto 

Tau molecule by directly binding E2 enzyme, this is a non-canonical, catalytic independent activity190. 

Therefore, understanding how OTUB1 binds to its substrate could provide the molecular basis for the design 

of targeted drugs to be used against the aberrant accumulation of Tau in AD. In particular we aimed to 

provide a deeper characterization of the OTUB1 catalytic activity, investigating whether OTUB1 directly binds 

Tau protein. 

 

Results and discussion 

OTUB1 specifically de-ubiquitinated His-Ub-Tau4RD 

OTUB1 is an enzyme which selectively cuts K48-linked ubiquitin from a substrate reversing its proteasomal 

degradation. We tested recombinantly purified OTUB1 wt for the removal of ubiquitin moieties from Ub 

dimers K48- and K63- linked to confirm its natural activity. As expected, purified OTUB1 successfully removed 

ubiquitin unit from K48-linked dimers but was inactive against K63-linked dimers (fig. 1). 
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Figure 1. 15 % polyacrylamide gel displaying the OTUB1 activity in the presence of dimer of Ub. Reaction was incubated for 2 h at 37 
°C in static conditions. 

 

The de-ubiquitination of enzymatically ubiquitinated Tau4RD was almost fully completed after an incubation 

at 37 °C O.N. Our enzymatically ubiquitinated sample is a mix of different mono-ubiquitinated populations, 

for this reason OTUB1 did not act completely (fig. 2). 

 

Figure 2. 15 % polyacrylamide gel displaying the OTUB1 activity in the presence of enzymatically ubiquitinated Tau4RD. Reaction was 
incubated O.N. at 37 °C in static conditions. 

 

In anticipation of investigating OTUB1 interaction with ubiquitinated form of Tau4RD, a mutant in its C91 main 

catalytic site was created, the OTUBC91S mutant. The enzyme inactivation was proven by incubating 

OTUBC91S with its natural K48-linked substrate and enzymatically ubiquitinated Tau: no ubiquitin moieties 

were cut from the different substrates (fig. 3). 
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Figure 3. 15 % polyacrylamide gel displaying the OTUB1C91S non-activity in the presence of dimer of Ub and enzymatically 
ubiquitinated Tau4RD. Reaction was incubated for 2 h at 37 °C in static conditions. 
 

Pull-down assay suggested non ubiquitinated Tau4RD interaction with OTUB1 

After establishing OTUB1 activity in de-ubiquitinating Tau4RD, the direct interaction between the two proteins 

was investigating. For this purpose, different combination of small peptides constituting the MTBD of Tau 

were purified: R1, R2, R3, R4, R2-R3, R3-R4, R1-R4 (corresponding to the entire MTBD =Tau4RD). These 

peptides were adsorbed onto a Glutathione Sepharose beads and after an incubation with His-OTUB1 wt, 

samples were loaded onto an SDS-PAGE gel and then transferred to a cellulose membrane. An antibody anti 

His-tag-HRP conjugated revealed the interaction between R2-R3 and R1-R4 (fig. 4). Surprisingly, R2 and R3 

did not interact with His-OTUB1 without their mutual presence. 

 
Figure 4. Pool down assay. Tau4RD peptides were purified with a GST-tag and adsorbed onto resin beads. After an incubation with 
OTUB1, Western blot was performed using anti-His-tag antibody. 
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NMR analysis of 15N-Tau4RD/OTUB1(C91S) interaction 

Firstly an 1H,15N HSQC spectrum of 15N-OTUB1 was acquired to confirm the correct folding of the protein, (fig 

S1). Relying on pool down assay results, the interaction between Tau4RD and OTUB1 wt was investigated 

through several 1H,15N-HSQC NMR experiments and attention was put on R2 and R3 repeats. 

15N-Tau4RD was titrated with increasing concentrations of OTUB1 wt at ratios 1:0.5, 1:1, 1:1.5, 1:2 (15N-

Tau4RD:OTUB1), peaks signal intensity attenuation and chemical shift perturbation were analysed (fig. 5). 

 

 
Figure 5. Analysis of 1H,15N HSQC spectra acquired on 15N-Tau4RD in the presence of increasing amount of OTUB1, A) relative signal 
intensities, with I = intensity of only 15N-tau4RD, and B) chemical shift perturbation graphs. T: 283 K. 

 

From the signal intensity attenuation plot a decrement of peaks intensity was already appreciable throughout 

the whole Tau MTBD at low ratios. Specifically, the amino acids corresponding to the R2 and R3 repeats were 

mostly affected when OTUB1 was added to the sample with an average decrement in the signal intensity 

above 25 % for low ratios till 50-75 % for 1:1.5/1:2 ratios. Chemical shift perturbations analysis did not add 

further information about the dynamicity of the chemical exchange of the protein. 

An NMR titration of 15N-Tau4RD was also performed with the inactive mutant OTUBC91S (fig. 6). The signal 

intensity attenuation plot resembled the trend observed with wt protein and confirmed the maximum 

attenuation in correspondence of R3 repeat of Tau4RD. 

 
Figure 6. Analysis of 1H,15N HSQC spectra acquired on 15N-Tau4RD in the presence of increasing amount of OTUB1C91S, A) relative 
signal intensities, with I = intensity of only 15N-tau4RD, and B) chemical shift perturbation graphs. T: 283 K. 












































































