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Abstract

Inrecentyears, intrinsically disordered proteins (IDPs) have attracted the interest of researchers due to their
prominent role in the onset androgressiorof several neurodegenerative diseask¥Ps are proteislacking
secondary and tertiary structurevhich regulate fundamental mechanissiwithin the cell however their
disordered character is often associated with abnormal behavior and disease.

h-synuclein and Tau arevo IDPs that became infamowhkie to their deposition in the form of insoluble
aggregatesn Lewy bodies (L4 and inNeurofibrillary tangles (NFTs) in the brain of patients affected by
t I NJAYyazyQa | yR rdspettivephy1&tsar thaknmost Som@dh anfong a larger group of
devastating disorders in whictreversible aggregatioaf those proteinstakes placeThe aggregatedibrillar
state of the proteinsis thought to form via a nucleatiegrowth mechanism, based on vithovestigationsIn
fact, monitoring the aggregation kinetics of aggregafwone proteoformscanprovideuseful insights into
the determinants of aberrant conformational transitians

The possibility to change the aggregation kinetics and redirect aggregation patlswagker intense scrutiny

in the scientific community in a bid to identify diseasedifying agents, which are currently unavailable for

any neurodegenerative disorder.

In this work,we strived to explore the effects of diversefactorsand chemical ageston the aggregation of
h-synuclein and Tau. Specifically, we focused otipigds, ii) coffee and coffee derivativesand iii)
nanopatrticles (NPs).

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

to neurological disorders like AD and Pibnormal levels ofong-chain polyunsaturated fatty acids (LC
PUFASs) correlate with enhanced protein aggregation in general and in particular with Tau protein
aggregation. Indeed, there is the evidence of assion between NFTs and lipids. For these reasons, we
investigated the conformational changes of 1&in the presence ofrachidonic acidnd cis9-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 theileran neuroprotection against oxidativ&ress 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 aggne&aéiding from

these notions, we investigated the influence of an Italian espresso coffee mixture and of trigonelline,
theobromine, genistein, and caffeine on T#aggregatior(chapter 4.1.3.

NPs gained a prominent role in medicine and biotechnolbgpks to the wide range @ossibleapplications,

their emergingproperties andtunablesurfacechemistry Most proteinswill interact withthe surfaceof NPs




indeed, when NPareimmersed in a biological fluid f F @ SNJ 2 F G A IKG {18 NR2 d2RNERLIN.
and an outer layer of weaklgssociatedproteins calledd { 2 T (i @ fdkBgdIHére, weusedsilica
YIEY2LEF NGAOE Sa o{btad aeyidakKSaGAl Ssgucléinm and OX-siinliceis NJ Y S

aggregatiormodulation(chapter4.1.3).

Tau protein like most IDPsjs subjected to several postanslational modifications (PTMs) such as
phosphorylation, acetylation, ubiquitinatiorand others Abnormal PTMs result in changes in protein
conformation, localizationand function.Phosphorylation is widely studied becausau is found to be
hyperphosphorylated iNFTsUDbiquitination is alsgaining interesbecause an impairment in the Ubiquiin
Proteasome systerflJPSyontributesto the pathogenesi®f ADand other neurodegenerative disorders.
Ubiquitin (Ub)is linked to substrate proteinthrough a mechanismmediated by an enzymatic cascade
Moreover, Wiquitin can be attached to another ubiquitin moiety forming a pobyquitin chain. Depending
on the type ofmodification ubiquitinated proteins are degraded or regulatédodification of substrate
residues by ubiquitin can affect conformationaéhavior and interactions(chapters 4.2.1 and4.2.2).
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 ofrpdetgradation
and ubiquitin recycling. Among DUBSs, otubainl (OTpdgificallydeubiquitinaestau proteinandin this
work, we aimedat clarifyingthe TauOTUBL interactiofchapter 4.2.3.

Tau destined for degradation targetedto the proteasomeby the shuttle protein Ubiquilin2 (UBQLN2).
There is evidence of colocalization of UBQLN2 Bauin human ce# but the direct interactionbetween
these two proteins remains uncledoth UBQLNZ2ral Tau undergdiquid-liquid phase separatiorL(PHin
vivoandin vitro. LLPS is a phenomenon causediémixingof a protein solution in two phases: a dilute and
a dense phase. The dense phase, in which the protein concentration is lagpears in tle form ofliquid
droplets observable with microscopy. It is observed that UBQLN2 condenses in merdssioeganelles
called stresgyranules (SGs) when the cell is subjected to stressful conditions. SGs usually conaiimdRigA
proteins with intrinsiclly disordered regions (IDR#)terestingly,it wasshownthat Tauundergoes LLPS in
the presence of polyanianRNAIn vivoand without cofactorén vitroconditionstoo. Tau condensatiomight
representthe initial step of its fibrillar aggregatiomlue to the high concentratiorcharacteristic of the
condensed stateln this workwe started to investigate th&auUBQLNZ2nteraction and theability of these

two proteinsto reciprocallyinfluence their LBSbehavior(chapter 4.2.5.




1. Introduction

1.1.Intrinsically disordered proteir(fdFs)

Traditionally,the structure of a proteinis thought todefine its function a conceptknown as structure
function paradigm. B&sl on thisknowledge the function of a protein can be inferred from its sequence and
structure*?,

Intrinsically disordered proteins (IDPs) are polypeptide chains that lack secondary and tertiary strammture
were consideredassive proteinsvithout specific fundbn. Nowadaysijt is widely establishethat these
proteins take part in several cellulgprocessesas complex regulatory recognition andsignaling
phenomend* Their capacity to play a role in different events arises from the binding with several partners
giving rise higkspecificity/low-affinity interactions andthe ability ofdisorder to order transition when bind
their cellular partnef. IDPs and IDR@ntrinsically disordered regionsie prevalent in eukaryotigenome

and despite wellstructured ones, these proteins are rich in polar and charged amino,atiedsscecalled
disorder promoting residues (piiak, glycine, glutamine, lysine, aspartate, arginine, histidine and threonine),
and depleted inorder promoting residues such asromatic and hydrophobic ones this particular
composition makes sure that no hydrophobic cdigpical of folded globular preins)is presentand the
amino acids are exposed in the polar cellular environrh&ri8hat tandem repeats are present in IDPs and
IDRsand they are mostly subjected to post translational modificasiidTMs}), theseregions areusually
essentiafor the binding with interacting partne?<®,

Proteins naturally undergo PTMs, although aberrant modifications affectirtis¢ability, function and
capability of binding with their partners and their cellular localization. Tesephysiologicakvents take

more relevancavhen influence thébehaviorof regulation andsignalingproteins, as are many |ID¥$3,

1.2.IDPs in neurodegenerative disorgler

Playing numbes of fundamental rols in different biological processes, IBRre often involved in human
pathologies.When these proteins ardysregulatednot properly expressedyr modified, they undertake

unwanted or incorrect interactioswith usual or new partnersausingsignalling pathways imbalancéshat

are associated wht neurodegenerationamyloidosisdiabetes, cardiovasculaiseases, genetic diseases and
cancet>'®. Among these pathologies, neurodegenerative disesasae ofthe most common conditions

affecting elderly populationare considered a threat for human life and a serious secamomical issue and
according with recent studies, moredh 130 million people will be affected by 26%0

wSaSI NOKSNBE 02y OdzNJ G KI { s!disdage §theYrSobtdepresénted) Sihddodhérs t | N
pathologiesshare the aggregation and deposition of misfolded proteins that capeeificinitial symptoms

but inevitably lead to neuronal cell loss in different brain aféakie to the accumulation of fibrillary
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aggregates and amyloidogenic plagudsewadays, advances in understanding the molecelantsand the
evolution of theg pathologies have been made but the mechanisms that lead to progressive neuronal
dysfunction and death are still not fully clarifféd

Here atable of the most relevant neurodegenerative disorders and the prstiewolved in their onset and

coursearereported (table 1).

Disease Lesion Location Aggregated protein
Amyloid plagques Extracellular Amyloid 0! i
LT KSAYSNI Neurofibrillary tangles Intracytoplasmic Tau
(NFTs) (neurons)
. Intracytoplasmic h .
Lewy bodies (neurons) synuclein
Intracytoplasmic
Amyotrophlc_lateral Hyalineinclusions . (neurons_ Tau
sclerosis oligodendroglia and
astrocytes)
Dementia with Lewy . Intracytoplasmic h .
bodies Lewy bodies (neurons) synuclein
Huntington disease Neuronal inclusion Intranuclear (neurons) Huntingtin
, . . Intracytoplasmic h .
Multiple system atrophy Glia cytoplasmic (oligodendroglia) synuclein
i < . Intracytoplasmic h .
tIF N]JAYyazy( Lewy bodies (neurons) synuclein
t A01 Q& R Pick bodies Intracytoplasmic Tau
(neurons)
Prion disease Prion plaques Extracellular Proteaserg&stant brion
protein (PrP)

Table 1: Principal neurodegenerative diseases inclu&ions

The following sectiondescribePD and ADvith their seeding DPsalbeit colocalization and interaction of

different proteins n neuronal lesions occur.

1.2.1h-synucleinandt F N} Aya2y Qa RA&SIAS

h-synuclein is an abundant brain protein of 140 residues, lacking both cysteine and tryptophan residues,
encoded by SNCA gene. Its molecular weight is 1MD®5and it is highly concentraed at presynaptic
terminals andfound in both solubleand membraneassociated fractions of the brairfseveral possible
functions have been suggested, including synaptic vesicle release and trafficking, fatty acid binding and
physiological regulation of certain enzymes, transporters, and neurotransmittezlegsas well as roles in
neuronal survivaP. "-synuclein was shown to physically interact with at least 50 ligands includBg >

proteins*.

11



Membrane binding Ca?* binding
domain (KTKEGV repeat) domain

1 61 95

i
140

Figure 1.Schematic representation 6fsynuclein domain compositiéh

G FYAY2 | OAR &Sl dzS y-9sicldin$dh $d diided Kt thraelrégior®: redztdR012 F N
which contain four 1damino acid imperfect repeats (coding for amphipathic helices) with a conserved motif
(KTKEGV); residues@®5b, which contain the highly amyloidogemon-amyloidbeta component NAG

region and two additional repeats; and the higllyarged @erminal region, residues 2840 (fig. 1). The

first two regions comprise a lipidinding domain, whereas the-t€rminal tail is thought to be a protein
protein interaction motif.The structureand solubilityof this proteinare practicallyunaffected by boiling, pH,

salt, and chemical denaturants and was independent of protein concentfétibhe abnormal expression,
regulation and modification of-s2 y dzOft SAYy Ol dzaS t I NJAyaz2yQa RA&aSFas
PD is the most common aginglated movement disorder and the second most common neurodegenerative
disorder afterAD it is a slowly progressive pathology that affects the neuranhe 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 tepigafter 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 mechanismnd why the loss of the nerve cells is acceleratede not fully clarifiedbut this
acceleration seems to be determined by a combination of genetic susceptibility and environmental factors.
Around 10 million people have the condition worldwidad the probability of sporadic PD development
increases with @gg with an onset of 6570 years of average agejth only a small percentage of patients
diagnosed before the age of B0Approximately 1% of the population at &8 years of age is affected by

PD, whereas the number of PD jeaitts increases to@% in 85yearolds?® andsporadic (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 geveralgenesand these hereditary forms account for ~4% of plients,

who develop earlonset disease before the age of?20Autosomal dominat early-onset P 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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Thehallmarksfilamentous inclusions areewy bodiegLBs) and Lewy neurites (LNehtaining aggregated
h-synuclein(fig. 2) which are mainly found in the substantia nigra but alsother brain regions, such as the
dorsal motor nucleus of the vagus, the nucleus basalis of Meynert, and thedoeudleus®. Structurally,
typical LBs appear astracytoplasmic inclusionscgip >Y Ay RAFYSGSNIJ gAdGK | RS

clearer surrounding halo. Ultrstructurally, they are composed of a dense core of filamentous and granular
material surroudled by radially oriented filaments h-synuclein is abnormally phosphorylated,
ubiquitinated, and nitrated in pathologselated inclusion®.

h-synuclein is involved not only in pathogenedi®® butis also commonly associated with a diverse group
of neurodegenerative diseases, known as synucleinopatit@ish share common pathologic inclusions
O02YLR aSR 2 T-syn@la@iBeinkeniicSnikh LBs (DLB) is one of these.

Finally formation ofh -synuclein prefibrillar oligomers, so called protofibrils, may induce neurotoxtity

1.2.2.Tauproteinand! f T KSAYSNR&A RA&SI a8

Taubelongs to the Microtubule-associatedoroteins (MAPsfamily, a group of proteins that regulate the
assembly/disassembly and the stability of microtubuldsch arethe key components of the cytoskeleton

in eukaryotic cells, a dense network involved in cellular divisionraracellular traffickingtherefore, their
maintenance iessentiafor the regular neuronal functiod%®’,

Tau is a neuronal protein, mainly expressed in the neuronal axant®ded by themicrotubule associated
protein Tau (MAPT gene® Six Tau isoform are expressed in the brain due to an alternative splicing
mechanismfull-lengthTau(hereafter reported as Tau441 or Tasia 441 residuesnd about 4&Daprotein

and comprises anérminal acidic portiona proline rich region and at€rminal basic taf®*! (fig.3). The
Projection Domain(1-243 residues)comprises theN-terminal and the Prolingich domain (PRD) and
protrudes from the microtubule surface and interacts with other cytoskeletal components or avoids

microtubules from the binding with destabilizing elemefit$he Gterminalis known asnicrotubule binding

13



domain (MTBDYr region (MIBR) (244-369 residuespnd comprises four repeat domain R1:R4 highly
conserved 18esidues segments that are imperfectly repeatadd separated by flanking regiofig
required tobind and stabilizemicrotubules.Two hexapeptides motifs are located in this region and play a

crucial role in microtubule polymerization as well aspithological conditiongdriving abnormal self

assembly of Tt
Microtubule
Binding Region (MTBR)
| |
N-terminal I Prolme-l.llch R1 R2 R3 R4 I C-terminal
Domain

Figure 3. Schematic representation of Haligth Tau proteif#.

Tau misregulation and selssembly give rise taDwhich isthe most common neurodegenerative disorder

and is clinically defined by a progressive loss of cognitive functions, resulting in severe d&mdotiathan

95 % of AD cases dege onsetwith the greatest risk factor being the advanced agger risk factors include

the apolipoprotein e4 allef§, cardovascular disease risk factétinflammatiort®and traumatic brain injury.
Memory, visuakpatial, sensorimotor, languagbehaviora] and executive facultieare interested by the
pathology courseThetypical late-life onset phenotype, referred to as typicaDAlementia, beginsvith a
memory-encoding deficit, before slowly involvirlge other cognitive faculties. However, it has beame

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 morpHélegging to a dramatic shrinkage of

the brain of affected patients due to extensive cell loss.

Figure 4. Amyloid plaques (pink) ameeurofibrillary tangles (black) in AD patient bfgin

From a histopathological point of viewD icharacterizedy the presence of extracellular amyloid plaques

O2yidrAyAy3d GKS 3IINBIFGSR FYet2AR LINBOdMZNE2NJ LINE
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neurofibrillary tangles (NFTs) composed of hypkosphorylatedTau proteinin paired helical or straight
filaments (PHFs, SPYfig. 4).

I O0O2NRAY3 (2 GKS IYeft2AR Ol 40FRS KeéeLRiGKSarazr AyO
accumulation of toxic species of this pefsj which further causes brain pathology and dementfds
hypothesisassumedi K| & ¢ dz LJ G K2f23& Ay !'5 A& | NBadZ G 27F
particularly clear in the case of familial form of Alzheimer's disease (WAEE autosomal dominant
mutations in one of three gene®S1(presenilin 1),PS2(presenilin 2), orAPPare sufficient to cause
symptoms of the disease Importantly, some changes MAPTexpression or alternative splicing have also

been suggested to be associated with the riskAdr. However, currently there is no describadtation in

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

L | 3 3 N @i dcdeed that AD pathology is inseparably linked to neuronal deathated by Tau

2f AA2YSNRAT FGA2ykF33INBALGA2yd /fSINIesx ¢ldz Aa Saas
YySdzZNEya NB y2G LINRYyS (2 ySdzaNPRS3ISyYyS NI Théreesgemsdthl? y
0S Iy AYyGdSNLIXIe& 06SG6SSynviedaddinlvifoR C2 NI SENBEE §X2yi 6P
facilitate Tau pathology in a mouse model of AD by accelerating Tau fibrillization and leading to reduction of

density of dendritic spines and cognitive impairment

1.3. Postranslational modification of Tau

Tau is subjected to a several pésinslational modifications (PTMs): phosphorylation, acetylation,
ubiquitination, glycation, nitration, oxidation, sumoylation, methylationrGItNAcylation, and truncation
which result in altered conformation, function, and localization of the protein in the nedfons
Hyperphosphorylation has been thought for a long time to be the determining step ofdgtegation;
recently the hypothesis that a complex network between different PTMs difeesfibrillization gained

relevancé®.

Phosphorylation

Tau protein is found to be hyperphosphorylated in NFTs in AD patients, this PTM evolves in reduced affinity
to microtubules, microtubuledestabilization and Tau sedfygregation.85 Tau residues suitable for
phosphorylation exist (45 Seesidues 35 Thresidues and 5 Tyresidue$ and they are largely detected in

PRI (fig. 8).

15



Phosphorylation S0 s

S191 S214 $238 $404
Y197 ‘ $422
$:: ™ gvg 331 14038409 |
Yis $46 ma 7153 T18: 1 $396 | |S412|T427
m T18% | |$202 121 e 2 . 3400 | 5413|8433
‘ ™3 ‘ ’ nnu 1205 [T21 Is262 I ‘ Y3 |susls4ss
| t L U 1l I 0| [dis
N1 | N2 Prolin-rich domain R1 R2 R3 R4 [C-terminal region

N R T
' c291 ' s

ToyaiNk®™  Syaivyk®!

Figure 8. Phosphorylation sites in human 5Pau

A regular phosphorylation contemplates3Zphophates per moleculehyperphosphorylation occurghen
7-8 phosphatesre attachedat specific residué$®2and it is a consequenas decreased activity of several
Taucorrelated phosphatasé

Moreover, phosphorylation in the MBDs positively regulates acetylation and-aagtylation of Tatf and
negatively regulates Tau ubiquitination preventing the binding witiiquitin ligase @erminus of Hsc70

interacting protein (CHIR)evating the levels of free and pamggregatingrotein®,

Acetylation

Acetylation involved 44 Lys residues and occurs mainly in PRD and MBD of Taulfggeljtralizaton of

the positive charges of Lys is reflected in the detachment of Tau from microtuibuleatholagyical
condition$®. Remarkably, Tau can have an aatetyltransferase activity able to acetylate its Lys employing

MTBD as catalytic site.

K280
Acetylation K150 K163 K180 K225 K234 K259 K298 K311 K331 K353 K370  K39S
| | | K240 | K267 K281 | | | |
Kiag Ki7e K190 K228 || K254 (K274 K2oq  [Ks2 | K369 ‘
| | | | | | | | |
N1 | N2 Prolin-rich domain R1 R2 R3 R4 [C-terminal region

262 73 2A N
29005 204 COS IKCOS 36S

Figure 9. Acetylation sites of human Tau prot&in

Lys are interested by both acetylation and ubiquitination and acetylated Lys cannbidétinated leading

to a dysfunction of UPS

1.4. Theubiquitin code

Pt { A& Iy AGAYGNROIFIGS 2NOKSAGNI ¢ O22NRAYIF G8i@gn T2 NJ
ubiquitin (76 aa) isovalently bound to a target proteih decides the fate of that protein.

Iy Aa2LISLIGARS fAY1F3IS Aa FT2NN¥SR 0804 S Sayindigiogp oD Nb 2
lysine in the target protein or of another ubiquitin molecule formingpdyubiquitin chainPolyubiquitination

mediated by Ly€8 and Ly29 of ubiquitin is translated to signal for proteasome degradation, while
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polyubiquitination at Ly$3 activates DNA repair, transcription factor, and protein regulation mech&hism
Mono-ubiquitination, instead, is requested for other processes including endocytosis, histone regulation, and
virus budding’.

Ubiquitin-E1.  Ubiquitin-E2  Ubiquitin-E3 "
b
Ubiquitination } @ Targeting : > : e
by Ubiquitin Ligases to the P o
Proteosome No "\
© 2016 MyCancerGenome.org Proteosome Peptides

Figure 10. Representation of ubiquitination process and targeting for degraditimquitin is conjugated to a protesubstrate 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 liE&se 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 inthe presence of ATP forming a ubiquil thiolester, with another thiol ester linkage ubiquitin

is transferred to E2 which further carries activated ubiquitin between E1 affd EtsequentlyE3 binds

the E2UDb thiol ester andtatalyzeghe transfer of ubiquitin moiety from the active site cysteine of E2 to the

substrate Ly% (fig. 10).

1.4.1. Ubiquitination of Tau

Increment and dysregulation of Tau ubiquitinatieads to UPS impairmefitthat contributes toneuronal

cell loss in the brain of AD patient§he decreased activity of proteasome results impeded from the
impossibility to process filamentous formsTau, moreover, ubiquitin and various proteasomsabunits are

found to be colocalized with NFfs hence UPS is strictly connected to Tau aggregation and
neurodegeneration in AD brain patieftg®

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

were revealed: Lys48Lys6, Lys11, and Lys63dinked polyubiquitin chainé’® Tau can be monoor poly
ubiquitinated and the principal Tau ubiquitination sites in MBDs are Lys254, Lys311 and Lys353 and they may
first weaken microtubule affinityfig. 1. Notably, Lys311 belongs to one of the Tau hexapeptide motifs

(VQIVYK) located R3 repeat proposed to behe core nucleation site for the formation of amyloid fibrils.
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Figure 11. Ubiquitination sites of human tau protéén.

Enzymebased reaction, exploitingecombinant Elenzyme anda arboxy terminus oHsp7Qinteracting
protein (CHIF, an E3 ligasén a complex with UBcH5B (E2 enzymich are specific for Tau
ubiquitination’8% hasbeen implementedn vitroin order to obtain several ubiquitinated proteins for further
physical and conformational characterizati®hsalbeit the derived product is not site specifilly

ubiquitinated Therefore, lately, a sitdirectedsemisynthetic chemical approaches was achig¥ed

1.4.2.0TUB1

Ubiquitination is a reversible processdeed,de-ubiquitinating enzymes (DUBs) can disassemble-igbly
chains or cleave Ub (or palyb) from conjugated proteins, as well as Aamotein adducts. Deaibiquitination

plays important roles in regulating titependent pathways including processindJif precursors, editing of
poly-Ub chains, release of proteinsofm (poly)Ub conjugates, and recycling of®9. Six classes of
deubiquitinating enzymes have been identified, among them there is otubainl (OTOBUBL1 is a 31.28
kDa proteinandin addition toa ubiquitin-binding at the Cy81 active sitehas a proximal ubiquitinbinding

at Cys23andoccupancy of the active site is needed to enable tight binding to the second site. Distinct binding
sites for ubiquitin may allow to discrimate among different isopeptide linkages (e.g. -485, 'Lys63*-linked
poly-ubiquitin) in polyubiquitin substrates and achieve linkagpecific deubiquitination. A work published

in 2009 found that OTUBL cleaves only K48 linkages, can disassemtittkBd&hains that are conjugated

to substrate proteins, and can remove both proximal and distal ubiquitin molecules from an unattached poly
Ub chaiff®8",

Focusing on Tau debiquitination, OTUB1 was identified as a Tmuwbiquitinating enzyme, indeed was
found to directly affect Lys4lnked Tau deubiquitination andmpair Tau degradatiomand as a corexjuence

it strongly increase AT8postive Tau and oligomeric Tau forms and increased-sSemded and Tau
aggregation in primary neuroffs moreover, OTUBdverexpressiomlemonstrateda significantincrementin

Tau aggregatiorf-urthermore endogenouDTUBIknock out using two siRNAs, significantly inhibited Tau
aggregation, with the level of inhibition correlating with the levelkobckdown efficiencyand immuno-
cytological analysis with AT8 antibody against phosphorylated Tau (Ser202/Thr205) demonstrated that
OTUB1 expression drastically increased phospéuo (pTau Ser202/Thr205) in primary neurons compared

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

Ubiquilin2 (UBQLNZ2) is 624 amino acids an&®®& protein and it is a member of the ubiquditUBQLNS)
family.UBQLNSs are considered shuttle proteinsieed they interact with ubiquitinated proteirdpresert

them to the 26S subunit of proteasorife

UBQLNZ2 haseen recently identified as the UBQLN that regulate Tau to¥ctyBQLN2 structure comprises

a ubiquitinlike domain (UBL) on the-tdrminus involved in the interaction with proteasome, a ubiquitin
associated domain (UBA) on theteZminus that binds ubiquitin and pglibiquitin chains orthe tagged
protein®, four stressinduced protein ilike domains (ST1) which take part in the interaction with heat
shock protein@andaproline-rich (Pxx) domain composed by 12 tandem repeats belongs only to UBQLN2 and

is implicated in proteirprotein interactior??

A Associates with Chaperone Proteins (HSP70)

Proteasome 33-103 (78-247 379-462 | 577-620 Polyubiquitin

Ej 1624 O

491 | PVGPVTPIGPIGPIVPFTPIGPIGPIGPTGPAAPPGSTGSGGPTGPTV ‘ 538

Model confidence:

m Very high (pLDDT > 90)
Confident (90 > pLDDT > 70)
Low (70 > pLDDT > 50)
Very low (pLDDT < 50)

Figure 12Schematic representation of futngth UBQLNZ2\) Characteristic domains, corresponding B) 3D structure and C) domains
confidence score predicted bylphaFold AlphaFoldoroduces a peresidue confidence score (pLDDT) between 0 and 100. Some
regions with low pLDDT may be unstructured in isolathatepted image, AlphaFold codAFQ9UHDY1

' v bu A& O2 YnhelR &SR Tung, an agditional 3k0S f A E  |-sffaddsandl IDRs ale
present in the proteirstructure.Under physiological conditionsis a cytoplasmic protein mainly expressed
in the brain, spleen, heart, liver and pancr&dsut when proteotoxic stress occurs it is ableranslocate to
the nucleus to fulfil several actiol®$®. Moreover, under cellular stress, UBQLN2 basn found to be

colocalized in stress granules (SGs) and to influence the molecular composition in the early formation of
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SG¥. The association with SGs correlates with its capability to form drojpleiso(but alsoin vitro) through
liguid-liquid phase separation (LLE®SBeveral mutations of UBQLN2 were identified, most of them are
located in the Pxx region (P497H, P497S, P506T, P509S and®¥%258Ese mutations unbalance the
ubiquitin-mediated proteasome degradatiand are linked to Amyotrophic lateral sclerosis (ALS) and fronto
temporal dementia (FTB)!°1192 The roles thee mutation play in the pathology onset is clear but the
molecular mechanism through which they cause the pathological state is no fully Kiown

ALS is a neurodegenerative disease which leadsath through a progressive paralysis of respiratory system
in 1-3 years from onset of symptonend in10 % of cases familial, whilein 90 % of themis sporadic.
Historically, ALS is linked to Superoxide dismutase 1 (SOD1) mutdtionisix new ALS involved genes have
beenrecentlyfound, UBQLN2 genis one of themALS is occasionally linked to FIUD the isolated ALS is
the most common form. It is knawthat UBQLN2 mutations are not the main cause of familial ALS but
UBQLNZ2 overexpression, aggregation and neurotoxic effects have been found in patient with ALS without

UBQLN2 mutatiorf8andthis suggests the important role of UBQLNZ in neuronal degenefation

1.5. Protein @gregation

Most of progressive and neurodegenerative disorders have a common root that cause their selfet
assemblynto oligomersand following aggregation of a main soluble protein (several proteins in some cases).
Protein overexpression, abnorm&TMs mutations andunusual interactions are the multipleauses of
protein aggregation which leads to UB@balance and neurons dedff

The aggregation @& intrinsically disordered proteioccurs through a nucleatiedependent polymerization
reactionand itstypicalkineticsis wellrepresented by aigmoidal curve composed of three phases: a) Lag
phase, b) Exponential phasand c) Stationary (or steadphase(fig. 5). a) Lag phasethe formation of
molecular aggregates involves the transitfomm ahomogeneous solution phase 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 coalescenoganfymonomers or through nucleation and
growth. The simultaneous coalescence of thousands or more molecules into an ordered aggregate is unlikely,
and instead, selassembled protein filaments typically emerge through nucleatiod-growth processes
where theformation of nucleiis an obligatory step and bottleeck 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 wated &ence a high free energy per monomer;
therefore, they have a high probability to dissociate into their component monomers. This phase is also called
primary nuckation'%, at a determined pointnonomers associate into small aggregatest 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 nucleatiomna surface (heterogeneous nucleatjmuch
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asthe wall of a reaction vessel, the surface of an assembly of another protein or some other substance such
as a lipid vesicle or the givater interfacé®. b) Exponential phase: ith increasing sizetabilization from
monomeimonomer interactions within the cluster becomes more significant, and the probability of a
nucleus to grow through monomexddition 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 tecnitg;al nucle are thus the species

with highest Gibbs free energy along the aggregation pathway. This phassoisamed secondary
nucleationand usually, this takes the form of monomers forming a nucleus on the surface of an already
existing aggreate. c) Steady phaseafter the exponential phasehere is an equilibrium between aggregated
proteinin fibrilsor plagues andoluble monomers.

Definitely, nucleation is an intrinsically slow event characterized by a high free energy bavhiereas
additional growth occurs at higher rate with a lower free energy barnehnich may in general follow

complicated pathways that populate a cascade of intermolecular metastable species -nugheation

clusters®.
Processes involved in amyloid formation
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Figure 5. Typical sigmoidal trend of IDPs aggregation kinetics. Lag palEseation phase and plateau (steady) phase are
represented, as well as primary and secondary nucleifon
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separation ofneurodegeneratiodinked proteinin biomolecular condensageas the early main event in
pathological aggregatigrhas beerhypothesized®. With the disease progressipthe liquid condensates
becomegeHike protein aggregateshichare thought to be phasseparated bodie'd*12

Oligomerization anéggregation are the main aspects that several neurodegenerative diseases share, great
efforts have been madm the last year®y researchers to understand the undgnlg molecular mechanisms

and to modulate and preverthe conformational transition betwae monomeric protein and aggregates.
Several natural and small molecules arahoparticleshave been and are being experimented witie final

intent to find adisease modifing treatmentwhich still does not exist for thegmthologies.
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In vitro, poly and oligeanions such as glycosaminoglycans (e.g. heparin and heparan) mimic the

hyperphosphorylation modifications and lead to protein fibrillafitht!4

15.1. Lipids and fatty acids

Lipids are the key components of cellular membrane and are especially importahtdor health and
function. The human brain ignriched inlipids and in particularfatty 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 (d@cd6holesterol (10 %)°,

which are crucial for the cell membrane flexibility and functionality. FAs differ in saturated fatty acid (SFAS),
monounsaturated fatty acids (MUFASs) and polyunsaturated fatty acids (PWEASFAshat are onsidered

the most health harmful because could cause atherosclefdsfanong all FAs, longhain polyunsaturated

fatty acids (LUFAs), includindecosahexaenoic acid (DHA) and arachidonic acid (ARA), are abundant in
the brain and deregulation of their levels correlates with enhanced protein aggreddtidh

Indeed, some studies suggested that PUFAs stimulate pathological assemblpaytile andTau protein
stabilizing their hydrophobic domains or an asserdaynpetent form of the protein, shortening the typical
aggregation kietics lag phasé®*?t Evidence of a positive association between neuritic plaques or NFT and
the presene of FAs was proven by different authors as well as a negatively correlation with cognitive
improvements?2 In particular, it is probabléhat Tau forms ceaggregates with FAs indeed FAs were found
colocalized with NF¥8 andlipid-h -synuclein ceaggregates were discovered 66

Despite these findings, the mechanism of influence between Tau and igpitbt clearly understood. For
these reasons, the cdormational changes of Tau the presence of ARA and fsoctadecenoic acid (oleic

acid, OLA), was investigated in this work.

1.5.2. Coffee andNatural molecule

Increasingly, researchers are exploring plants and fookiing fornatural molecule®r derivatives in order

to modulatepathological aggregatioof IDPsAmong all the molecules that nature provides, polyphenols are
the most studied with several beneficial effects: anflammatory, antioxidant, neuroprotective and anti
aggregation activiti¢€>12¢ 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 tirethe capacity to cross

the BBBdue to their high hydrophobicity’.

Being among the mogiopular beverage in the world and with increasing evidence of brain health promotion
with a regular consumption, tea, dark chocolate (cocoa), aapeially coffee are the most investigated.
Brewed coffee is the most consumed beverage in the world and contaetisylxanthinestheir daily uptake

correlates with a decrease in risk of stroke, suicide and depred&d#. Moreover, an inverse correlation
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between methylxanthines consumption and the risk of developing AD aneaBidund (with some reserves

for PD in womert$%135, The content of theophylline, theobromine and paraxanthinevser in coffeghigher

in tea and in cocoa) but these molecules are products of caffeine metabéfisih Caffeine and
paraxanthine have halfves of 2.55 hourd®*4° and 3.34.1 hours respectively theophylline and
theobromine of 6.27.2 hours!®! 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 m&maiyd

acts as an adjuvant of analgesic drdg<Despite of its positive effects on brain welfare, caffeine has not
ANBFG SFFSOG 2y 1 LISLWIWARS |yR ¢Fdz FAONREEATFGA
decaffeinatedcoffee®. Theobromine and theophylline are known for their positive effects as vasodilators,
diuretics and myocardial stimulait§rSOSy Gt @ AU KI & lev8sSAD paflediy dfe invefselyl | 1
proportional with theobromine levels in cerebrospinal fluid (¢8FAnother coffee molecule ishlorogenic

acids (CGAs) which has gain interest inahé-t Y& f 2A R23ISYyAO0 FTASEtRE AYRSSR A
R2Say Qi F2NXY TFAONREA o0dzi NRdzyR A0 NHzOGdzZNBa 2F RATT
oligomerd*. C dzNJi K S NI 2 NB = -sgriictefh dduded teBularkoyidityiwere registeYéd

Another class of newly investigated coffee derived components are phenylindanes, they are able to
O2 YLX Si St &fibrillizetisri in witiy to!partially decelerate Tau fibrillizatiéf? and to inhibit ! i
oligomerizatobn, a property possessedsa by quercetininterestingly, the roast grade of coffee can have a

role to potentiate or decrease the modulation aggregation eff@atrted by these moleculess in the case

of Tau

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

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

PR
)\|N/>H|Q/H )\|N/>
- | @ .

CHs

theobromine trigonelline caffeine genistein
Figure 7 Studiedcoffee derivatives molecules. All the stock solutierere prepared dissolvinthe powder into experimental buffer.

In addition to caffeine and theobromine, trigonelline and genistein were taken into considerdigprvy.
Trigonelline consumption leads to neuroprotective, amikidant and memorymproving
effects!4®14%ndit is also involved in dendritic and axonal regenerati@rGenistein exerts antioxidant
and antiinflammatory activity®<*>* protection against hormoneelated cancer$>**®and cardiovascular
disease®’ YR NBRdzOS& ! i Aafidlazprddphony&idae G 2 EA OA (&

23



1.5.3. Nanopatrticle

Nanoparticles (NPshave acquired a prominent rolédn biomedicine and biotechnologyindeed, their
applications rangen many fielddike diagnostic probesdrug and gene delivery systems, biosensors, and
many other$>*¢! thanks to the varietyof materials they are madef, such asmetals, lipids, organic
polymers and different combinations among théf. Moreover,their surface can be functionalized with a
disparate chaie of materials depending on the requested chemical and biological activityhich depends

the interactions withnucleic acids, lipidaind proteins

Proteirnanoparticle interaction

When a naked NP is injected in a biological flthid,residentproteins interact withthe NP surfacdorming

ad K NR O2NRBVYIl ¢ 61 / 0.TheyfdRnet onedisiadayeii of @e® (grlmblecalds) stbongly
attached to the NP surface, the latter one is an external shell madillbf bound proteins which are in a
rapidly exchanging stateéogether they formi K S & LINE G S A tifat i©fgnNa@ngitakdepéntirig (on
the NP type for proteinsinteraction and for functionalization with specific recombinant proteif®and to

clarify protein conformational changes upon surface interacfitffig. 6)
Soft Corona

Hard Corona
~N 5
. = Y

Kdesorption @'
Kadsorpt!on C@

Figire 6. A schematicepresentation of common proteinanoparticle interactionA ¢hard coron& and adsoft coron are formed
when a naked NP is immersed in a biological ¥id

I

ThoughIDPsNPs 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 patféérsand this
behaviorcan affect thé& aggregation propensitglelaying,inhibiting, or accelerating amyloid fibrils and
plagues formationindeed when aggregation occursihe presence of NPs, their surfacare able to modify
protein functions and redirect fibrils growth and structur@hese effects are mediated by protein
conformational changes upon proteMP bindingvhich arenot fully explored®®.

The knowledge of howll 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 puapasmting material8>1°or as additives in
printer tonersand cosmetts but alsoas biomarkers, biosensor, DNA/RNA or drug delivery systeuh
cancer therapd/. This type of NP has a wide range of applications thanks to its low tokicibpmpatibility,
thermal stability, microbial attack resistance, strong surface enezggy functionalizationwith different
functional groupswith different net chargeshigh bading capacity for drugs and therapeutic molecwdad

water solubility’2 The kinetidbehavioris important to determine target organs, absorpticate and amount

and excretion timé&’>.

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

tetraethylorthosilicate (TEOS), according to the Stéber methodology

1.6. Protein iquid-liquid phase separation

Recently the phenomenon ofiquid-liquid phase separatio(LLPShas attracting interestiue to its rolein
physiological and pathological mechanisriss widely known that cells act the compartmentalization
segregate different molecular machines and to control the timing andbcalization of complex reactions
essential for cellular functionsand differentiation, cytoskeletal regulation, and metabolic contéi*”>
GCompartmentalization is usually associatedth membranerich organelles,but the new discovey of
membraneless compartments has changed its percepti®f”. LLPS indeed, is the mechanism betbase
types ofnon-membrane boundcompartments ands reached when a molecule originafiyesent in one
phase regimén solutionseparatesinto two phase regime characterized by a highly concentratptiase

(condense or dense phase) and a dilute phageng rise to liquid dropletdig. 13).

>

critical point

1-phase
regime
5

2-phase regime

Temperature, pH etc.

Figure 13. Schematic phase diagram of LLHRf&black lineseparates the ong@hase and twephase regire. The phase separation
depends on envbnmental conditions. The system does not undergo phase separation beyond the critical%oint
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This event is guided by the minimization of the global free energy of the molecule solution rehah&d

to the shift from moleculevater interactions to moleculenolecule and watewvater interactions.Each
molecule has its own saturation concentratifild.) that is known asthe threshold concentration for droplets
formation or assolubilization limit’® whena molecule or a protein has a concentrati@)< Ga:the protein

is diffuse in solutionwhen C > & condensates are observablé.C further increases, the volume of the
condense phaséncreases but not theoncentrationof the light phase (¢ which remains constaniThe
concentration of the dense phase is usually referred mardthe Ga depends strongly on environmental
conditions like salt type and concentration,-solutes, pHandtemperaturet’%181,

A widely studied type of membraHdess organelleand liquid condensateare stress granules (SGd)ich
are cytoplasmicmessenger ribonucleoproteimmRNP granules formed in impaired translation and stress
conditiong®, SGs can undergo a liquid to solid transition or can nucleate protein aggregatieed,LLPs
linked proteirs are found to be aggregated in several neurodegenerative diseases like ALS, AD, PD, and
FTD®18 |t has indeed beesuggested that these phase separagtteinaceous bodies originated from
liguid droplets, are able to progress toward fibdind plagues formatiott!112

Commonly, IDPs and IE2Rntaining proteins are subjected to LLPS because of the number, the pattdrn
the particular distribution of hydrophobic, charged, and polar residuethéir amino acid sequencés.
Interestingly, these proteins haop domains for RNA interactigormonfirming the prominent role of RNA in
enharcing LLPS in vitro and in viloreover, protein overexpression, degradation and localization could
modulate condensates formation, as well as REMd mutatbng!!-186.187

The principal techniques to detect @rstudy LLPS arbright-field and fluorescencamicroscopy, optical

density measurementat 340/400 nm andfluorescence recovergfter photobleaching (FRAP).
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2. Aim of the work

With awareness thaa deeper knowledgef molecular mechanisms underlyitige neurodegenerabn and
its associated pathology isf extreme urgencethe focus of this Ph.D. thesisas to investigate the
conformational changeand the aggregation kinetics modulatiof Tau proteininduced by ubiquitination
lipids, Italian espresso coffeeand coffee derived compound@rigonelline, theobromine, caffeine and
genistein. Moreover, the interactiors between Tau anddTUB1 and between Tau auBQLN2and the
influence of this interaction on LLPS ability of the two proteiase studied Thephysical properties ofrah -
synucleindHard Coronaformedon S\NPs surface waasoexploredto understand itdehaviorin simple and
complex mediaand an examination of the effects &Psh-synucleininteraction on oxidized and nen
oxidizedh -synucleinaggregatiorwas performed.

The ultimate purpose is to find new treatments D andPD which are an eveincreasing health and social
problems all over the world.

With these intentionsa multidisciplinary approactvas taken into accourdnd the different aspects were
analyzed througlNMR, fluorescence aggregation assay, CD spectroscopy, TEM micrpflcopgscence

microscopyexperimentsn live cells, SBBAGEand western blotting.
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3. Materials and médtods
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 HO ata concentration of 1 mg/mL and stored-20 °C.

Other reagents are specified in the publicasdar which they were used in Result adidcussion section.

3.2. Material for protein expression

3.2.1 Plasmids anbacterial strain for proteiexpression

h-synuclein

C 2 MNYnlicleinexpressiona pET28a(+) 5369 bp plasmid (Novagen) was U$igd 14) This plasmid
contains a t7 polymerase promoter, a T7 transcription start, twoet&tjscoding sequence, a T7
terminator, a lacl coding sequence, a pBR322 origin, a f1 origin. This plasmid expresses the gene for

kanamycin resistanceThe gene of interesvas inserted employinghole Ncolrestriction enzymes, thus
the gene was expressed without Hiy.

Xho 1(158)
Not I(166)
Eag I(166)
Hind llI(173)
Sal I(179)
Sac 1(190)
EcoR (192)
BamH 1(198)
Bpu1102 I(80) Nhe 1(231)
Nde 1(238)
Dra lll(5127) \ Nco 1(296)
\— 1 Xba 1(335)
- _ Bgl ll401)
< \A903'5358) < SgrA l(442)
o{@‘“ .- Sph 1(598)
YA
/'// ///
Pvu 1(4426) | 16\\
Sqf I4426) -/ // ®
I E Aid
Sma 1(4300) 5, \\\ Miu I(1123)
| & 8 \\ N BdlI(137)
T o\
Clal@117) ] | X —
Nru 1(4083) 4 :“ | | | BStE ll(1304)
W |||
pET—288(+) N Apa 1(1334)
(5369bp) &
N
== |J/BssH li(1534)
Eco57 1(3772) A /[ EcoR V(1573)
\ /" /\Hpa 1(1629)
AN 1(3640) ~\
\ oW
\ 7
A 09&
BssSl33en) 7 ] 6 / PshAl(1968)
BspLU11 1(3224) / << Bgl 1(2187)
Sap 1(3108) - \Fsp 1(2205)
Bst1107 l(2995) / /| ————— — Psp5 11(2230)
Tth111 1(2969)

Figure 14. Schematic representation of plasmid pEBa(+).
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h-synuclein 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

TaufRP

TauRPgene(spanning residues Q242372 plus initial Metcorresponding to RR4 repeas of Tal (fig. 15)
was cloned into a pET22b(+) vector via NglainHIsites with a stop codon to avoid insertion of @€@minal
histidinetag (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 targetingagndstl, amigillin
resistance and many restrictions enzysiges

R1 R2 R3 R4
| | | | |

G244 V275 V306 V337 N368

Figure 15 Schematic representation oépeatdomain (R1R4) of Tau

Ava I(138
Xho I{158)

Bouti02 Iigo) g;fl"li(:ggm
Sac {190
EcoR lj192)

—— Xba 1{326) Bl ligsz)
- Sgra 1i433)
— Sph 1{539)

Sca |(4588)
Pyu I{4478)

Miu 1(1114)
Pst 1j4353)
i

/[ § %_ \-\ HI-BCI li1128)
|I [ =3 Yl l', | =
| I' < —;, 1 BstE ll(1205)
Bsa li41 BDI B | ir;‘lg II([:;?;]}
Eam1105 I{4106) | pET.22b(+) é | |I
T (5493pp) 8| rl |
| ||'ElssH 11525,
‘\ / 'ala l{1620)
Alwi 1{3831) o
ey PshA I[1959)
12
ti’e;;)
BspLUA1 |(32153M\' Psp5 lljz221)
Sap |{3000) I _— Bpul0 li2321)
Bst1107 I(zo8g) | |
Tthi11 Iizes0) / BspG 1j2741)

Figure 16 Schematic representation of vector pEZb(+).
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TauRPsequence:

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
Taul51372

The pTEV plasmid was utilized (fig. ftB)the expression of the Tau mstruct spanning residues 1872

containing the ProlindRich Domain and RR4 repeadomain(fig. 17) inserted viaNdelBamHlIrestriction

enzymes.
Prolme-l.!lch R1 R2 R3 I R4 ]]
Domain
| | (N

151 G244 V275 V306 V337 N368 E372

Figure 17.Schematic representation of Taul:B¥2 construct spanningroline-rich andrepeatdomain (RtR4)of Tau

This6887 bp longvector enables the expression of the recombinant protein with ateNninal HiséTag
followed by a TEYrotease recognition site that allows the cleavage of the His6 tag after purification. The

plasmid contains the AmpR gene and ChIR genes which guarantee nesisigainst ampicillin and
chloramphenicol.

(6849) Xbal Spel (51)

17 Nhel (78)
E Bmtl (82)
(6783) Bglll Nrul * (141)
3) pBRrevBam Sbfl (235)
(6594) Sphi Eco53kl (356)
(6529) EcoNI Sacl. (259)
(6486) PFIMI = Bsu36l (572)
(6385) BstAPI Fsel (586)
i BmgBI (674)
p Mscl (723)
(6061) Mlul MauBl (744)
(5879) BstEll BspDI * - Clal * (753)
‘é‘ lac ODE,E, Agel (957)
(5559) Hpal «° o Aval - BsoBI - PaeR7I - PspXI - Xhol (972)
& BmeT110! (973)
EcoRI (1194)
) Alel (1410)
) Sall - SgrDl (1515)
pTEV5_ RpMatB_3 3= BamHI (1596)
6887 bp a g Notl (1603)
@ I~y »
1 T7 Terr
(4983) FspAl &V
(4955) PpuMi Vs Flori-R 1
(4855) Bpulol Flori-F (2001 .. 2022
Psil (2062)

3 pGEX 3

(4193) BstZ171
417 RS-marker —
(4077) BspQl - Sapl

L4444

Scal (2597)

(3960) Pcil
%) pBR rif Ahdl (3078)

Figure 18. Schematic representation of vector pTEV.
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Taulb1372 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

Taud441l
The pEf3a(Novagen)s a 4640 bp plasmid and was used for Tau441 purificéfipnl9).The pEF3avectors

carry an Nterminal T7-Tag sequence and BamH | cloning site. These vectors are the precursors to many

pET family vectors.he gene was inserted into the cloning vector via NehHI sites.

Bpu1102 I(458)

Ssp l(4449) BamH I(510)

Sca I(4125)

Pvu 14015)

Pst 1(3880) y SgrA 1(687)

Eam1105 I(3645) PshA 1(993)

Eag I(1216)

(4640bp)
Nru I(1251)
ApaB 1(1329)
BspM 1(1331)

HgiE 11(3338)

AWN 1(3168)

Bsm 1(1636)
Ava I(1702)
Msc 1(1723)
Bpu10 I(1858)

BscG 1(1912)

BspLU11 1(2752)
Afl ll(2752)

Sap 1(2636)

Bst1107 1(2523) / Jf

BsaA 1(2504)

Tth111 I(2497)

BsmB 1(2383)

Pvu 11(2343)

Figure 19Schematic representation of vector pBa.
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Sequencef Taud41l:

10 20 30 40 50 60
MAEPRQEFEV MEDHAGTYGL GDRKDQGGYT MHQDQEGDTD AGLKESPLQT PTEDGSEEPG

70 80 90 100 110 120
SETSDAKSTP TAEDVTAPLY 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

oTuR

For the OTUB1 expressionhe plasmid pPROEXTahOtul was usedfig. 20) This4751 bpplasmid is
constructed using vector pProEX and cDNA. The cDNA coding for iQifuBiwas cloned into pProEX
vector usingNcold p Q (BamHy R Qréstrittidn enzymesThe gene was inserted after a His®) followed

by a TE\protease recognition siteA OTUB1C91S mutant was created

trc_promoter
M13_pUC_rev_primer

pTrcHis_rev_primer

e pBAD_rev_primer
} "'l//
rmB_terminator
P -

rmB_T1_terminato
rmB_T2_terminato
AmpR_promoter

4751 bp

pGEX_3_primer

_origin

Figure 20Schematic representation of vector pPROEX HTa.
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OTUBZXequence:

10 20 30 40 50 60
MAAEEPQQQK QEPLGSDSEG VNCLAYDEAI MAQQDRIQQE IAVQNPLVSE RLELSVLYKE

70 80 90 100 110 120
YAEDDNIYQQ KIKDLHKKYS YIRKTRPDGN CFYRAFGFSH LEALLDDSKEQRFKAVSAK

130 140 150 160 170 180
SKEDLVSQGF TEFTIEDFHN TFMDLIEQVE KQTSVADLLA SFNDQSTSDY LVVYLRLLTS

190 200 210 220 230 240
GYLQRESKFF EHFIEGGRTV KEFCQQEVEP MCKESBHIALAQALSVS IQVEYMDRGE

250 260 270
GGTTNPHIFP EGSEPKVYLL YRPGHYDILY K

UBQLN2
UBQLN2vasexpressed and purifiedxploiting pET24b (Novageni the laboratory ofProf. C. Castaneda

from Syracuse University, NY

Bacterial Strains

E. coliBL21 (DE3) cells were used fesynuclein, Tatt®, and OTUBL1 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)pLyalBistvere used for Taulsd72, Taud44l, and UBQLN2 expression.
Rosetta stains derived from BL21 and enhanced the expression of eukaryotic proteins contairygused
codon in E. ColiCodonrPlus strain derived from BLZ3old cells engineered to include extra copies of genes
encoding for rare tRNAs B ColiCodon plus and Rosetta strains require Chloramphenicol for their growth.
All thesestrains contain the<DE3 lysogen that carri¢ise gene for T7 RNA polymerase under control of the
lacUV5 promoterlsopropylci ¢ D¢ 1 ¢ thiogalactopyranosidelPTGis required to induce the expression

of recombinant proteins.

Ubiquitination Machinery

All the enzymes and Ub employediimvitro enzymaticubiquitination reaction of Tau were expressed and
purified:

- Ub with an Nterminal histidinetag genewas cloned into a pET15 plasmid and expresséd {DolRosetta
(DE3) cells;

- Human E1 (UBE1) with ant&minal histidinetag was clone int@ pET21(+) plasmid and expresseéin
ColiRosetta (DE3) cells;

- Human E2N (Ubc13) and CHIP genes were cloned into a pGEX4T1 plasmid and expiesSelBirP1
(DE3) cells. For purification at&fminal GS{ag was employed.
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3.2.2 Heat shock transfmation

Gompetent cells were transformed following the heat shock protocol:

- 50/100pL of competent cells were thawed in jce

- 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 plaeddri@ min
-500pL of LB medium was added and the culturesmaubated at 3 °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 cellwith plasmid coding for proteinf interest were grown in 5 mL LB medium with
antibiotic(s) at 37 °C for 6 BO % of glyceralereadded to the solution which is then frozen in liquid nitrogen

and stock at80 °C.

3.3.2.Bacterial culture mwth media
Selective media were prepare sterile wateraddingkanamycin, ampicillin, chloramphenicol, ampicillin

+ chloramphenicolRecipes for bacterial growth mediae reported insection 6.2. of appendix.

3.3.3. Protein expression and lysis

For proteins expression, 116 mL of a starter culture were added to 1 lgodwth medium. 1 L culture was
then incubated at 37 °C in shaking conditions till an & alue of 0.71.00(0.4 forh -synuclein).

Protein expression was induced adding) €0.5mM IPTG incubating the cultureatemperature andatime
specific for each protein (tab®.

ForN enriched OTUB1(C91SYarau441 the cells (at Oda of 0.6) coming from 2 L of LB medium were
collected and resuspended in 1 L& enriched M9 mediumThe expression was inducéd M9 medium

with 0.4 nM IPTG after a O.8svalue of 1.001.2 was reached.
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Protein Time Temperature

(**b 0 -syhuclein 5h 37°C
(*°N) TayRP 5h 37°C
HisTaul51372 5h 37 °C
Taud41 5h 37 °C
BN-Taud41 O.N. 37 °C
(**N) HisOTUB1(C91S) O.N. 20 °C
UBQLN2 O.N. 37 °C
(*N) HisUb O.N. 20 °C
HisEl O.N. 20 °C
GSTE2N O.N. 20 °C
GstCHIP O.N. 20 °C

Table 2. Incubation temperature and tineinduce the expression of different proteins.

Cells were then collected with a centrifugation step at 100009 for 15 mirttendellet was resuspended in

25 mL of lysis buffeftable shownin section 6.3 of appendixAfter 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 wa kept for further purification processes.

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

resuspending the pellet in Osmotic shock buffeFction 6.3 of appendix).

3.4. Proteirpurification

h-synuclein

The lysate was boiled for 10 min and, once it was cooled, cergdfag 14000gfor 20 min at 4 °C. After
several centrifugation anfirst precipitation step with Ammonium sulphate, all the contaminants and other
bacterial proteirs was removed fronthe supernatant With a second treatment with Ammonium sulphate,
h-Synuclein was precipitated and then resuspended in buffer solufibe.soltion was therfiltered, loaded
onto an anionic exchange column (Resourcé@ershan pre-equilibrated with 20 mM TrigiCl pH 8and

eluted with a linear gradient from &M to 500 mM NaCl

TauRPand Tau441

The lysate was boiled for 428 min and, once it was coolecgntrifuged at 10000g for 20 min at 4 °C.

The soluble part was filteregindloaded onto an SP column peguilibrated with 20 mM Tri$iCI pH 7.6, 25
mM NaCl Tau*®d or 20 mMMMES pH 6.8, 50 mM NaCl, 1 mM EGTA, 1 mM MyCImM PMSFTau441).

The proteinelution was performed with linear gradient from Z® mM to 500 mM NacCl.
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HisTaul51372

The lysate was boiled for 20 min and, once it was cooled, centrifuged at 10000g for 20 min at BheC.
soluble part was filtered, loaded onto a;Nthargedchelating Sepharose (GE Healthcare)-¢ueailibrated

with 20 mM Tris pH B, 500 mM NaCl, 20 mM imidazole, and eluted with a linear gradient from 20 mM to
500 mM imidazole

HisOTUB1(C91S), Hib, and HiEl

After the centrifugation step, the soluble fraction was filtered, loaded onto a. Mhargedchelating
Sepharose (GE Healthcare) fguilibrated with 20 mM Tris pH 7.6, 500 mM NacCl, 20 mM imidazole, and
eluted with a linear gradient from 20 mM to 500 mM imidazole.

After the purification, Hi®OTUB1(C91S) was incubated with TEV protease to removagHis

GSTE2N and GSCHIP

After the centrifugation step, the soluble fraction was filtered, loaded onto a Glutathione Sepharose beads
(Molecular Probespre-equilibrated with 20 mM TrigICl pH 7.6, 150 mM NaCl, and eluvgth 25 mL of 50

mM TrisHCI pH 8, 10 mM glutathione.

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

subsequenuse.

3.41. SDSPAGE
Protein purity evaluation was performed exploiti®SpPSPAGE9 uL sample of ach purification step was
added with reducing loading buffer and heated at 95 °C for 5 thien the samples were loaded onto a
discontinuous 15 % polyacrylamide gatirun at200 V until the bromophenol blue, contained in the loading
buffer,came out dthe gels5 pL of molecular weight marker (GE Healthcare) loaded in one well allowed the
recognition of the protein of interestthen the gels were stainedvith Coomassie brilliant blue and de
stained. Absorbance at 280 nm, detected with Nanodrop spectrometer, allowed to calculate protein
concentration thanks to LambeBeer equation:

O Qi - a0
In which¥ is the extinction coefficient proper of each protein, | is the optical path and C is protein

concentration.

3.5.Cofactors

Lipids,coffee coffeecompounds, andilica nanoparticlesvere tested for tau aggregation modulation
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3.5.1. Lipids
The conformational changes of Tau @ndynuclein irthe presence of ARA and OLA were investigated in

Result and Discussion sectidr.1, where experimental procedures are aldescribed.

3.5.2. Coffee extraction and preparation

The espresso coffee extract was obtained from 15 g of ground roasted coffieenercial branyl using a
coffee machine (Gaggia espresso machine) for a final volume of 80 mL cdidpevEne extraction lasted for
30 s at 80 °C in mQ@®and thefinal product was divided in 15 mL Falcon tube, freéded, and stored a4
°C.

3.5.1. SNPs synthesis and characterization
50 nm SNPs weresynthesizedin the laboratory of collaborator Prof. Prospdrom University Milano-

Bicocca. The SNPs synthesis and characterization are repoRed it andliscussion section 4.1.3.

3.6.ThioflavinT aygregatbn assays

ToassessDPsaggregatiorpropensity, inthe absence or presence of cofactors, several aggregation assays
were set IDPs aggregation occurs whefrshees are formed between monomers and ends wherature

fibrils appear with Thioflavin T (ThThe monitoringof proteinsfibrillization andaggregatioris possibleThT

is a benzothiazole salt obtained by the methylation of dehydrothiotoluidine with methanol in the presence
of hydrochloric acidand it is a fluorescent dyaupon binding of ThT to newly formed-sheets,the
measurement othe fluorescence enhancement allows protein aggregation kinetics monitoring.

Specific experimental procedurese reported in publications in Result adidcussion sectiod.1.1., 4.1.3,
4.2.1, here aggregation assay the presence of coffee and derived coffee compounds are described.
Solutions of 50 uMau*RPprotein in 20 mM sodium phosphat@aPi)buffer at pH 7.4, 50 mM NaCl, 1 mM
DTT, 0.02% Naldnd protease inhibitors with EDTA were incubated in the presence of coffee and different
coffee components in 98vell dark plates at 37 °C for 40 houneparh wasadded to the sample solutions

in order to induce the aggregation cascade and ThTadded to monitor the fluorescence emissjdroth

of them werein a ratio 1:1 with the proteirF-luorescence 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 fluoresoemeading throughout the incubatioRluorescence
intensity and lagphase duration of three replicates of each sample were analyzed with GraphPad Prism 7
software.Any preexisting aggregates were removed filtering the protein stock solutioough a D0 kDa

cut-off filter (Sartorius), before the aggregation reactioegan.
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3.7. Tau*RPfibrillizationfor NMR, CD, TEM

Solutions of filtered 5400 uM Tau*RPprotein in appropriate buffer solution§20 mM sodium phosphate
buffer (NaPi)at pH 7.4, 50 mM NaCl, 1 mM DTT, 0.02%:ldabl protease inhibitors with EDT#r coffee
experiments)vere incubated irthe absence or presence of cofactors in static conditions at 37 °C for 48/72
hours.

Protein and heparin were in a 1:1 ratieibrils were then pelleted and washed with milliQ water to get rid

of NaCl and buffer saltSpecificatiorare shown in chapte4.1.1and4.1.3in Result andiscussion section.

3.8. Ubiquitinationand deubiquitinationreactiors
To study the effects ofubiquitination on Tau aggregation propensity, T8was enzymatic} and site

specific semsynthetically ubiquitinated in vitro.

3.8.1. Enzymatic reaction
TautRPwas enzymatically ubiquitinated exploiting a well optimizgghr comprise&)BE1 E1), UBE2NE2
and CHIP E3 recombinant enzymes.Tau coming from this reaction has differerandomly mone

ubiquitinatedlysins Experimental procedures are fully reported in Resultdisdussion section 4.2.1.

3.8.2. Sitespecific semsynthetically reaction
Disulfide coupling reactiowas used to sitespecifically moneand diubiquitinate Tau in different positions

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

3.8.3. Deubiquitination reaction

OTUB1 is a dabiquitination enzyme responsible for removal of Ub moieties from ubiquitinatedaivo.

To test the activity of recombinantly purified OTUBL] an in vitro deubiquitination reaction was set.

The reaction solution was assembled as f8116.112 mM UbxK48/Ub2Y ¢ 0 2 NJ ahTad"g 1 M a

5¢¢ b c &1 in2a mM TriHCIvbufferand then incubated for 2 h at 37 °C employing a dry
thermoblock! NBI QG A2y az2ftdziazy O2y il Ay Aogbfined sulstitukingheO G A O I
C91 with an $ its main catalytical sites) the presence of substrates was also g&t.the reaction products

were analyzed with SBFAGE.
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3.8.4. Rll-down assay

GSHused expressed R1, R2, R3, R4, R2R3, R3R4 anc&tidds of Tauwwere adsorbed onto GSH
Sepharosdeads and incubated for 2 h with HBETUB1After several washes, the inculegtreaction was
loaded onto @ SDSPAGE gel and transferred to a cellelasembrane. Only th©TUBlboundto GST
peptide wasdetected by an anti Hisag antibody conjugated with HRP.

3.9. Proteinligand andprotein-proteininteraction investigation

3.9.1. Nuclear magnetic resonance (NMR) spectroscopy

NMR is one of the maitechniquesto study proteirligand and protein-protein interactions NMR was
exploitedin 4.1.1. and 4.1.3hapterswhere specifications are shown.

Here,the NMR use to study the interaction between Tau and coffee/coffee compoliadsand OTUBANd
Tau and UBQLNS explaing.

Regarding the project of Taxoffee/coffee compound interactigrifferent types of NMR experiments were
carried out.!H-NMR profile of 5 mg/mlyophilizeditalianespresso coffee mixture with 1 mM D®Sstudy

the blend composition andH-NMR spectra of 400 pug/mL genistein, caffeine, theobromine, and trigoeellin
in the presence of 50 pM heparin or Thd see the possible interaction betweenede elementswere
acquiredwith 32 scans over a spectral width of 9615 Hz and 32768 complex point, with a réelgglef 4
s.Then, aHH-TOCSY spectod 200 pg/mUtalianespresso coffee mixture and of 400 pg/mL genistein were
registeredwith a data matrix consisting of 2048 (FR) and 512 (F1*H) complex point, 4cans and a
relaxation delay of 4 s for a spectral width of 10204 (F2, F1Mblover, Saturation transfer difference
(STD and Water-ligand observed via gradient spectroscqyater-LOGS)of Tau*RPpre-aggregated fibrils

in the presence of coffee, géstein and caffeine were acquired to investigate the interaction between them.
The pulse sequence stddiffesgp.3 were use@dcquireSTD NMR speemwith a train of Gaussiashaped
pulses of 50 mgach to selectively saturate the protein with a 8aturation time, 8 scans were recorded.
The on and offresonance spectra were acquired in an interleaved mode with the same number of scans.
Thefinal STD NMR spectrum was obtained by subtractingtiteesonance spectrum from the efésonance
spectrum. The pulse sequence ephogsygpno.2 were used to aciater-LOGSY spectvéth a mixing time

d8 of 1.5 m, 240 scans, and a spectral width of 7143Allzhe ectra were acquired in 20 mM NgBodium
phosphate) buffer apH 7.4, 50 mM NaCl, 1 mM Datr298 K.

To study the interaction between Tau and OTUdBfferent titration experiments were performed. Several
IHN-HSQC NMR spectra 6fN-TauRP °N-Tau441, °N-HisUb-TauR® and His-Ub-®N-TauR® in the
presence of increasing concentration of OTUBbr OTUB1C91S weaequiredwith a data matrix consisting

of 2048 (F2H) and 256 (FE°N) 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), tabelled proteins concentrations were A00 UM These experiments were
acquired in 50 mM KPi pH 6.8, 50 mM NacCl, 1 mM DP®4d RO at 283 KThe locking solvent, D20, was
added typically at 7% in all samples, a quantity that allows good locking stability in a cryoprobe while avoiding
excessive hydrogedeuterium exchange

Experiments were performed on a Bruker Avance Ill spectrometer operating at 600.13 MHz Larmor
frequency, equipped with a triple resonance a@dl a cryoprobe.

Furthermore, b investigate the interaction between Tau and UBQLINZ’N-TROSYspectra withthree

points of titration of®N-Tau*Pwith increasing concentration of UBQLN2 were acquikith a data matrix
consisting of 4806 (F&1) and 256 (F1N) complex points, 8 scans and a relaxation delay of 1 s for a spectral
width of 12019 (F2) and 2433 (F1), Kibelled protein was 50 uM.

Spectra werecquired ir20 mM NaPi, pi8.8, 1 mM TCEP, 0.02 % Nab¥% DOat 283 K or 298 &n a Bruker
Avance Il HD 800 MHz spectrometer equipped with a cryoprobe.

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

processed with Topspin 4.1.1 software aamthlyzedoy NMRFAMSPARKY

3.9.2. Isothermatitration calorimetry (ITC)
ITC is apowerful technique to studyprotein-ligand and proteirprotein interactions. TadRP and its
ubiquitinated formswere titrated with polyU RNAand heparin to assedheir binding affinity in phase

separation conditiongas deeply reported iRResults andliscussion sectiod.2.2

3.9.3. Circular dichroism (CD) spectroscopy

CD spectroscopy was employed to investigate conformational changes %P Zaldbsyhuclein induced by

FAs as fully described Results and discussion section 4.1.1.

Moreover, CD spectra of T&Rin the presence or absence of coffee and coffee derived compounds were
acquired Tau*RPaggregaing solutionswvere diluted in 260 pL of 20 mM NaPi, pH 7.4 to a final concentration
of 6 uM.FarUV spectra (19260 nm) were recorded at 25 °C at a scan rat0aim mint, with a bandwidth

of 1 nm, and an integration time of 2 s, in 0.1 cm cuvetlésee 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
molecuk) was considered as a blank and subtract€®. measurements were carried out with a Jast50D
spectropolarimeter equipped with a Peltiggpe thermostatized cell holder (Jasco, Easton, MD, U5

were analyzedvith Spectra Manager and graphs weagenerated 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 Tamorphologyin the presence of different cofactor$As, coffee, coffee compounds) or BTM

such as ubiquitination.

For TEM measurementau*RPaggregates were washed and diluted iilli@ HO to a final concentration of

5 uM. 30 uL of diluted aggregates (48 h old) wereaxtled 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,
Munster, Germany) digital camera using FEI TIA acquisition software (Version 4.0). Fibrils characteristics were
analyzedwith the ImageJ software.

Different TadRPfibrils parametersvere 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 almostOl measurements foeach parameter foreach sample were acquireahalyzing

different images.One way ANOVA analysis of variance was performed to find significant differences.
5dzyy St Qa YdzZ GALI S O2 YLI N &s2Afsets of Samipslcdindpisd BitR notmal O 2 Y L
RAAGNROdzIA2Y F2N 5 GDhwerkoidggheoudfof RomCE INRB 2R SG $ R . | NI
aP@l £t dzS X nonp ¢l 4. O2y&aARSNBR aA3ayATFAOlIyi

3.11. Mammalian cells assay

Two differenttypes ofexperimentsn live cellsvere conducted to study the effects of coffee on T&fibrils

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

3.11.1. TatRPaggregation for in cell experiments

Solution of filtered 100 uNrau*RPprotein in 20 mM sodium phosphate buffer at pH 7.4, 50 mM NaCl, 1 mM
DTT and protease inhibitor with EDTA were incubatatiérabsence or presence of 50 pg/mL or 400 pg/mL

of coffee in static conditions at 37 °C for 24 hours. Protein and heparie wen 4:1 ratio After the
incubation, the solutions containing fibrils were centrifuged at 200009 for 45 min and the pellets collected.
The pellets contained only formed fibrils, was usetteat the cells. The supernatant solution of T2Rwith

400 pg/mL of coffee, after centrifugation, were filtered with a 1kDa cutoff filter to separate the
monomeric form from the higher molecular weight amorphous aggregates (shown also with TEM

microscopy of TadRP
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3.11.2 TaudRPfibrils cell transduction and immunoblot

To study the effects of coffee on T&bBcapacity of inducing cell endogenous Tau441 aggregatiek293

cells stably expressing human fidhgth Tau P301Guo et &, 2016)fused with GFP were cultured in a
humidified atmosphere of 86 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 @80 % confluece was reached, cells were collected using trypsin,
counted, and seeded for the experimenittuman fulllength Tad41expressing cells were treated wiihuM
Tau*RPfibrils aggregated (pellet) ithe absence or presence of different concentration of coffee extract and

with the eluate and the retentate of 1kDa filtered TatR®+ 400 pg/micoffee solutionsupernatant for 48

hours, using 0.86 Lipofectamine LTX.

Forimmunablot analyss, 10000 cells/well were seeded in 24 well plate. After treatment cells were first
scraped into Triton lysis buffer ¢b Triton XLOO in 50 mM Tris, 150 mM NaCl, pH 7.6) containing protease

and phosphatase inhibitors and incubated on ice for 15 mysates were centrifuged at 2138fdr 30 min

Fd n ¢/ ® {dzLISNY | GFyida 6SNB (1SLIWG Fa a¢NRG2Y ™M FNIF Oi
(again with centrifugation), and finally the pellets were resuspended in SDS lysis buffer (%68 DgV
¢CNRAEAE LI T1dcO +G F @2fdzyS GKFG Aa mMVvo 2F GKS ¢ NJ
OSYGNATFdAlI GA2y i wHmoynE3 & dzLISryin coriceftiationséoBM®Bn 11 S LJi
fractions were determined with thd8CA assay (Sigma Aldrich). According to Triton 1 quantification, a
properly amount of SDS fractions were separated by soddD8PAG and probed with Tatb antibody,

specific for the humanTau44l Immuncreactive proteins were detected using an enhanced

chSYAf dzyAySaoOSyO0S NBIF3ASyid o6DS 1 SFHEGKOINBO FO0O2NRAY

3.11.3. Cellular viability assay

APPRswe expressing cells (k¢dve cells) were a generous gift from Prof. Mario Buffelli. The cell line was
cultured in a humidified atmgshere of §2 / huw YR LI} aal 3SR Ay O2YLX SGS
Y2RAFASR 91 3ftSQa YSRAdzZY 65a9al I[%Afa@d bobnke deBu@naFBS)o ! dzN
(Aurogene) supplemented with antibiotics (1% penicillin/streptomycin) atddlutamine (Awgene). Once

70¢80% confluence was reached, cells were collected using trypsin, washed, and counted. Cell viability after
TautRPfibrils treatment was evaluated by the reduction of the tetrazolium salt MT#,3Dimethylthiazol
2y)-35RALIKSY @t F2NX¥I Ty ¢KAFT2f&t o6fdzS F2NXIT Ly {A3
Briefly, 1000 H&we cells/well were seeded ifeir exponential growth phase in a flabttomed 96well

plate and were incubated at 37 °C in a 5% CO2 incubaftar 24 h cells were treated with pM Tau*RP

fibrils aggregated (pellet) ithe absence or presence of different concentration of coffed aith the eluate

and the retentate of 10&Da filtered TatRfP+ 400 ug/mL supernatant. After 48 h of treatment, cells were
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AyOdzo I SR 6AGK ndp Y3IkYE ac¢¢ F2NJ o K Id ot ¢/ Ly
DMSO. Reduced MTT was evédakby 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 (TecanOne way ANOVA analysis of variance was performed to findiségnitlifferencesA RPvalue

X nonp o6+Fa O2yaAARSNBR AAIAYATAOLylG®

3.12. Fluorescenceicroscopy

The influence of ubiquitination on T&Y ability to phase separate in liquid dropleits the presence of
cofactorswas investigated with fluorescence microscdpg experimentaprocesses are deeply illustrated

in in Results andiscussion sectiod.2.2

Here, the experimental procedures to study théluence of coffee, caffeine and genistein on f&phase
separation are addressed. T&Bwas mixed with a percentage (122 of total protein) offau*RPlabelled with
fluorescein isothiocyanate, FITC (Sigma) or with Alexa Fluor 488 (Thermofisher Scientific) to report-its liquid
liquid phase separationTau*° condensates were induced using heparin the presence of different
concentrations (35280 pg/mL) of Italian espresso coffee, caffeine and genistein. In some cases, coffee,
caffeine and genistein were added to already formed droplets (after 5 minlB8g)M protein was mixed

with 6.25 uM heparin, 5 mM DTT, 30 mM NacCl in 20 Ne®j pH 6.0.7 uL 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 wa
performed with FIJI Image J software.

Moreover, the ieraction between Tatf® Taul51372 or Tau441 with UBQLN®@as studied through
fluorescence microscopyhe sample mix solutions were assembled in ice as follow:

50 uLof buffer (+ 400 mM NaCl) were added to a 50 uL mix in whach(different constructs) and UBQLN2

in the same buffer, had the double concentration in respect to the final concentration requeStay.
UBQLN2, only Tau, and UBQLNZ2 + Tau (in diffeaeo} mixes were testedLabeékd proteins with mCherry
(UBQLN2, magenta in the images) and a#8®& (Tau, in green in the images) dyes were added as 1/50 of
the finalunlabeledprotein concentration.50 uL of proteins sample mix were spot onto a cavity slide and
covered with BSA&oated coversligsquare in shape) and observed with inverted Nanoimager microscopy
(Oni)over time at a mgnification 100X with oiSamples deposited on the slides were incubate at least 10
min at 30 °C before the first acquisition with the coverslip facing d@&uffer composition ofthe sample

mixes was20 mM NaPi, pH 6.8, 1 mM TCEP, 0.02 %.Nabiges sale bars are fim in length.
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4. Results and discussion

4.1 Modulation oproteinsaggregation by cofactors

4.11. Unsaturatedfatty acid-induced conformationaltransitions andaggregation of therepeat
domain ofTau
Published with DOI: 10.3390/molecules25112716
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Abstract

Background: The intrinsically disordered, amyloidogenic protein Tau associates with diverse classes of
molecules, including proteins, nucleic acids, and lipittaunting 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 fattyaatidssub
molecular level, we carried out a variety of solution NMR experiments in combination with circular dichroism
and fluorescence measurements. Our study shows that®Patine highly basic fourepeat domain of Tau,
associates strongly with araclaidic and oleic acid assemblies in a high lipid/protein ratio, perturbing their
supramolecular states and itself undergoing thalependent structural adaptation. The structural signatures

of TaR9fatty acid aggregates appear similar for arachidonic aaidi @leic acid, however, they are distinct
from those of another prototypical intrinsically disordered protéirsynuclein, when bound to these lipids,
revealing proteirspecific conformational adaptations. Both fatty acid molecules are found to invariably
promote the selaggregation of Tafi’and of"-synuclein. Conclusions: This study describes the reciprocal
influence that TatRPand fatty acids exert on their conformational states, contributing to our understanding

of fundamental aspects of Tau/lipid-@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

physiologicakole 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]e Hifficulty 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 postanslational modifications [6], and the occurrence ofisoforms [7].

The longest human Tau isoform (441 amino acids) is subdivided into two major dossaE®¢ 1) [8]. The
assembly domain in the carbotgrminal part comprises the repeat domains and flanking regions; it is
referred to as the microtubule bding domain. The projection domain is the amieominal 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 d@wrexhibit 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 hydropba and have propensity to formi astructure [9].

\/\/ C
PHF core

Scheme 1lllustration 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 naidignverting
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 partnerglf]l
However, the most prominent conforational transition of Tau is the formation of supramolecular structures

in a selfassembly process that eventually leads to the accumulation of insoluble deposits, containing
hyperphosphorylated Tau, known as neurofibrillary tangles (NFTs) [15,16]. NfStguted by paired helical
filaments (PHF) and straight filaments (SF), are pathological hallmarks of a range of neurodegenerative
RAAZ2NRSNES AyOfdzRAYy3a ! f1T KSAYSNNRA RAaSF&aS o6!503% 02
aggregation 6Tau 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 thaeawork of transient longange contacts contributes

to the prevention of protein seldssembly [10,20].
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Indeed, truncated forms of Tau that lack these intramolecular interactions are more prone to aggregation
[21] and the fousrepeat domain, Tatf® (schemel), is widely used as model polypeptide in aggregation
studies. Point mutations that strengtheénpropensity and specific chemical modifications were reported to
accelerate the fibrillization of Tau in vitro, however, the inducers of Tau aggregatioruionmseand the
structure of the aggregaticnompetent 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 aggmgon-resistant or preaggregating 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 abundantithe cellular environment and accessible to cytosolic Tau, and interactions between

f ALABR YSYOGNIySa yR ¢ldz KIS 6SSy LINRPLRASR G2 LI} I
however, their influence on the conformational dynamics of Tamnains poorly characterized. Beyond
plausible interactions under normal conditions, ljpitcbmoted 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 (Fe) can
increased in pathology [28]. Elevated concentrations of saturated FAs, which are able to cross tlge blood
ONI AY oO0FNNASNE O2yadAddziS I aA3IyAFAOLYyG Nxal 7T O
rich in polyunsaturated FAs, suah 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 @ggregates with lipids, in analogy with the formation of such
assemblies bYy-syniclein, another disordered amyloidogenic polypeptide, implicated in neurodegeneration
[31,32]. This hypothesis is supported by the observation of Tau filaments associated with lipid membranes
wooB YR o0& (KS RA&A0O20OSNER 2F Cl!a Ay !''ftT KSAYSNRA R
The importance of lipighrotein coassembly 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 dramaticallyfffect the structures and physicochemical properties of these
biomolecules and to modulate their interactions with other molecular partners and cells [36,37].

Thorough investigations of lipigrotein coassembly are necessary to deepen our understanditgthf 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 unsaturate@®Ae submolecular level.

We focused on the interaction of T&{with arachidonic acid (ARA,-alk5,8,11,14eicosatetraenoic acid),
representing an abundant polyunsaturated FA in the brain, and oleic acid (O9Aat&decenoic acid), a
representtive longchain moneunsaturated FA stheme 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. GEasorements were also
performed onh -synuclein in the presence of FAs to be able to point out pregpecific behavior. Fikduced
protein aggregation was monitored by thioflavin(ThT) fluorescence and transmission electron microscopy

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

Materials and Methods

Reagents

Heparin (H3393), dithiothreitol, thioflavii (T3516), sodium oleate (O7501), sodium arachidonate
(SML1395), X{Dansylamino) undecanoic aqidAUDA, 39235), and protease inhibitors, were purchased
from Sigma Aldrich (St Louis, MO, USA).

Recombinanprotein expression angburification

Recombinant T&f® corresponding to the 24872 sequence of human Td41, was expressed and purified

as desdbed 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 (8@100 °C) and SiBn exchange chroatography.

To label TatfPwith °N, or'*N and'*C stable isotopes, the Escherichia coli culture was grown in M9 minimal
medium supplemented witF®NH.CI (1 g/L), of®NH,CI (1 g/L) an&C glucose (4 g/L).

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

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

Fatty acid samplespreparation

Sodium oleate, OLA, was dissolved in GfD@f mQ H20 to a final concentratiohd®0 mM.

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

Sodium arachidonate, ARA, was prepared by adding H20 (fluxed with nitrogen) directly to the vial obtained
from the manufacturer to a concentration of 15 mM [63he solution was aliquoted in Wheaton glass serum
bottles (2113948) in 2@®00puL and clamped under nitrogen in a glovebox.

Aliquots were stored at20 °C until needed.

NMRspectroscopy

NMR experiments were acquired on a Bruker Avance Ill spectrometer (Bruker, Karlsruhe, Germany),
operating at 600.13 MHH Larmor frequency, equipped with a triple resonance TCI cryogenic probe. NMR
data were processed with Topspin 4.0.6 (Bruker) and aedlwith the software NMRFABPARKY [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
TaudRD concentration was 2500uM. The FA concentration was @0 uM.

The samples were prepared in 10 mM potassium phosphate buffer at pH 6.8, also containing 1 mM DTT,
protease inhibitors with EDTA, 0.2 NaN3 (Sigma), and/82H20.

OnedimensionatH-NMRexperiments were acquired at 37 °C, with a standard pulse sequence incorporating
the excitation sculpting water suppression scheme. A total gb4Gransients werecquired over a spectral

width of 9615 Hz, using a recycle delay of 4 s. The spectra waregsedy applying an exponential window
function prior to the Fourier transformation. Protein samples were aliquots taken from a concentrated
solution (100uM protein solution mixed with 30@¢tM FA) and diluted to a final concentration of p§

protein and 75uM FA.

H15N 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 816 transients were acquired feéach 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.
Pused field gradient NMR diffusion experiments were performed at 37 °C, using the standard Bruker
ledbpgp2sldwsseulse sequence, which implements the stimulated echo and longitudinal eddy current
delay schemes, as well as bipolar gradient pulses for difiusVater signal suppression was achieved by pre
saturation and Watergate. The gradient was set to values in the range98f6 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
MM protein solution with 30QuM FA under magnetic stirring at 37 °C. At various time intervals, aliquots were
taken and subsequently diluted for NMR aseirements.

BN-spin transverse relaxation raté’l§-R.) measurements were carried out at 25 °C, in gradistéected
sensitivity enhanced mode and in an interleaved fashion acquiring 2B8& 256 °N) complex data points

for each relaxation delay ovespectral widths of 12'H) and 26 ®N) ppm. Water signal suppression was
obtained with optimized fligpack pulses. The recycle delay was set to 1.5 s afwRT) relaxation delays

were 0.01696 s (x2), 0.1696 s, 0.2035 s (x2), and 0.2374 s (x3)n Beotgiles were prepared with 1QM

[2*N] Ta#RPmixed with 60uM ARA.

Sequencespecific 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 spaciea ria

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.

Congant time (CT}H-13C HSQC spectra and CON spectra were acquired at 37 °C on samples containing 100
UM [N ,BC]TadRP mixed with 50uM FA. For GHSQC, acquisition parameters were optimized for the
observation of the aliphatic resonances and spectra weoerded in a matrix of 2048 x 676 complex points

on spectral windows of 16 ppm and 70 ppm in theand®*C frequency dimensions, respectively, with the
carbon carrier placed at 40 ppm, the recycle delay was set to 2 s, and the constant time evolutdhwaer

53.2 ms. Carbodetect CON spectra were recorded with IPAP virtual decoupling [66], 896 x 256 complex
data points, 40 ppm*{C) x 48 ppm*{N) spectral windows, 64 scans, and a recycle delay of 2.5 s.
Onedimensional 13@MR experiments were perfored at 37 °C to examine the carboxyl signals of
[**G]OLA, as described in previous work 69]. Samples contained §iM [*3G]OLA in the absence or
presence of 2M Tau. Experiments were acquired with invegaged 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 accumulationmeMroadening factor of 10 Hz was used in data

processing.

Fluorescencegpectroscopy

DAUDA fluorescence measurements were performed using a Jasco FP8200 spectrofluorometer (Jasco,
Easton, MD, USA) with a 1 cm pdg¢hgth quartz cuvette, as described pigusly [70].

The excitation wavelength was 335 nm (slit width 1 nm) and emission spectra were collected in the range of
350¢650 nm. Samples contained 1AM TauRP 300uM of lipid (OLA or ARA), anduM DAUDA in 10 mM
potassium phosphate buffer, 2 mM DTpfptease inhibitors with EDTA, and pH 6.8. All experiments were

performed at room temperature.

FarUVcirculardichroism (CDgpectroscopy

CD measurements were carried out with a Jas@éQD spectropolarimeter equipped with a Peltier type
thermostatized cell holder (Jasco, Easton, MD, USAUYapectra (19260 nm) were recorded at 25 °C at

a scan rate of 50 nm mifpna bandwidth of 1 nmand an integration time of 2 s, in 0.1 cm cuvettes. CD spectra
were recorded on samples of T&landh S, in the absence or presence of inducers or lipids. Five spectra
accumulations were averaged for each sample, and the spectrum of the buffer waseredsad a blank and
subtracted. The protein concentration wagil!.

To monitor timedependent spectral changes, samples were incubated in 1.5 mL glass vials at 37 °C under

magnetic stirring at 250 rpm. Aggregation reactions were prepared iuZ@@ueouspuffer (10 mM KPi, pH
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6.8, 0.5 mM DTT, protease inhibitors with EDTA, 0.02% NaN3) and were composetioafad TautRPor
h'S, and 306600 uM of lipid or 25uM heparin.
Data plots were generated using the software GraphPad Prism 7 (GraphPad Softwaee Jolia, CA, USA).

ThioflavinrT aggregationassay

TauRPsolutions were filtered through a 100 kDa aff filter (Sartorius Stedim Biotech GmbH, Gottingen,
Germany) before starting the aggregation assay to removeegigting large oligomers and fibril3he
aggregation was induced by incubating the soluble protein in the presence of FAs at various concentrations
(protein:FA was 1QM:30 uM, 10 uM:300 uM, 100uM:300 uM) in 10 mM potassium phosphate, pH 6.8, 1

mM DTT. Control reactions were carried authe presence of heparin (protein:HEP waul02.5uM and
100puM:25 pM).

The kinetics of aggregation was monitored by measuring the fluorescence of the thidflé2QuM) added

to each sample in a 9%ell dark plate (10QL final volume for each welllFluorescence measurements were
performed using a microplate reader (TECAN Infinite M200 Pro, Tecan Group AG, Mannedorf, 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 tlorescence 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.

Transmissiofdectronmicroscopy (TEM)

For TEMneasurements, samples were prepared as described for the ThT assay at the final volumpglof 100
and incubated for 24 h at 30 °C under intermittent shaking. Subsequently, 80TatRPaggregates (uM)

in mQ H20 were adsorbed onto 400 mesh holey filid; gfter 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, Minster, Germany) digital cargera us

FEI TIA acquisition software (Version 4.0).

Turbidimetry

Turbidity measurements were performed in a plate reader (TECAN Infinite M200 Pro, Tecan Group
AG, MannedorfSwitzerland) by recording absorbance at 350 nm ina@6dark plate (10QL final volume
for each well) at 30 °C. T&Horh S (1QuM) were mixed with FA (306M) in the polymerization buffer. Error

bars in the displayed data correspond to the starmtideviations 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 aqueoufebisolution 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 fieftNMR translational diffsion
measurements. At a concentration of i@, OLA was largely in aggreg&em, as inferred from the lack of
signal attenuation after a 200 mdffdision period in pulsed fielgradient NMR experimentsig. S1A). At the

same concentration, two distinct sets of sighals webserved for ARA, one corresponding to fastuging
molecules, another one to slowlyfflising largeassembliesf{g. S1B). At higher concentrations, the slowly

diffusing species were gvalent for bothOLA and ARAig. S1C,D).

Association of T&GPwith fatty acids

A preliminary investigation of the interaction between FAs and®Pavas performed byacquiring simple 1D
'H-NMR spectra on protein/FA mixtures. All of the samples invatstibinthis work contained excess sodium
dithionite to mimic the reducing environment of a neuronal dmldy. The addition of a threfold molar
excess of FA to TP produced minor perturbations of therotein *H-NMR profile: virtually no chemical
shift changes were observed and intensities were alightly reduced f{g. 1) to an extent that was
dependent on the ionic strengthfig. 1B andfig. S2). On the contrary, the signals of the FAs became
undetectable ad they did not add to the proteirsignals (Figure 1). Based on translationdiudion
measurements, the observable protelid-NMRsignals could be attributed to Té&tYmolecules, which were
freely difusing in solution and weneot part of larger aggreges {ig. 2B,D). Thus, a small portion of protein
molecules appeared toteract with the bulk of FAs, determining a major change in lipid aggregation state
and/or dynamicslt is noteworthy that the addition of T4t to a solution of ARA determined a rection in
sampleturbidity measured at 350 nnfi. S3A,C), likely due to a decreased size of assemblies preskeat in
mixture compared to lipiebnly solution. The ffect was similar, although less pronounced widhA fig.
S3A,C). For comparison purposes investigated the interaction of FAs with anotirinsically disordered
amyloidogenic protein? -synuclein {S), which is known to associate willular lipids [38,41,42]. Indeed,
the turbidity of FA solutions was significantly decreased inghesence ohS {ig. S3B,D), as observed
previously [31], indicating that both intrinsically disordeq@ateins (IDPs) tend to disperse lipid aggregates
to an extent that depends on the chemistry of thelypeptide chains.

To further examine the changes the chemical environment experienced by the FAs, we recotfieiG
NMR spectra offCxenriched OLA, which allowed us to observe the FA without ovéndap protein signals.
The single sharp peak observed f6€[L]JOLA alone in solutiofig. 3A)indicaes that the carboxylates of OLA
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molecules experience a unigue, homogeneous environnagwk exhibit fast rotational dynamics. After the
addition of TadRP the signal was considerabsttenuated and broadened, suggesting that the protein
perturbed the orignal aggregated state of OLAetermining changes in mobility and/or establishing
heterogeneous noftovalent interactions.

To gain independent evidence of the Temediated reorganization of FA assemblies, we performed
fluorescence measurements in the prese of the environmensensitive fluorescent fatty acid analogue
DAUDA. In a solution of OLA (without protein), the DAUDA fluorescence emission peak exiildisdatial
increase in intensity and a blghift of the maximum emission wavelengt{x= 532 nm)from its position

in the absence of FA{ax= 552 nm)f{g. 3B). In the case of ARA, the changmiansity was smaller and the
shift of the peak was largerfax= 517 nm)fig. 3C), suggesting different supramolecular organization of
the FAaggregates (in the absence of protein) oritiedent mode of interaction with the fluorescent probe.
In a solution of Talf® the DAUDA fluorescence peakhibited a modest increase in intensity and no change
in wavelength compared to DAUDA alone.

A secou, unassigned peak appeared at shorter wavelengths. Interestingly, the fluorescence spélaera of
TautRIOLA and TAFfPARA samples were remarkably similar both in intensity and maxireaorission
wavelength €nax= 504 and 505 nm for ARA and OLA, respelglivThus, fluorescenagectra indicate that
TauRPperturbs the FA supramolecular organization and mediates the formati@ygregates with similar

properties for both FAs.

A B
— Tau
— Tau+FA
OLA ARA —EA
T T T T T T T T
25 2.0 1.5 1.0 ppm 2.5 2.0 1.5 1.0 ppm
H H

Figure 11H-NMR profiles of T&f#Pand fatty acids. Higfield portion ofl1H-NMR spectra of 2fM TauRP(black), 75uM fatty acid
(FA, blue), and 26M TauRPmixed with 75uM 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 21H-NMR measurements of T&Pmonomer depletion and translational diffusion. Hifield region oftH-NMR spectra (A)

and translational diffusion experiments (B) recorded on*Fain the presence of OLA. Hidjeld region offH-NMR spectra (C) @n
translational diffusion experiments (D) recorded on *R&in the presence of ARA. Samples contained 25 pMRPand 75 pM fatty

acid. Spectra in (A,C) were collected on samples that were incubated for 0 h (gray), 24 h (dark gray), and 48 h (Bl|&)k}thin
normalized intensity of a selected signal is shown as a function of the square of the fraction of gradient used; eradrtepsties

were smaller than the size of the symbols, as estimated from duplicate experiments; samples were ihdobaleh (empty
circles/diamonds), 24 h (gray filled circles/diamonds), and 48 h (black filled circles/diamonds); asterisks denote déed oolle
TauRPin the absence of fatty acid; lines are fitted exponential curves. Protein samples were alickersftam 100 puM protein
solutions incubated with 300 uM fatty acid under magnetic stirring. Samples were kept at 37 °C during both incubation and
measurement.
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Figure 3. Perturbations of the chemical environment of fatty acids in the presence of Tau.8)sdectrum measured on 80 pM
[B3G]OLA in the absence (top) and presence (bottom) of 20 uMRPalihe intensity of the bottom spectrum is increased ffald

compared to the top spectrum for better visualization. Measurements were performed at 37 °C. (B) DAUDA fluorescence spectra
recorded on samples containing 300 UM OLA in the absence (gray solid line) or presence of 100R2bl@ak solid line). (C)

DAUDA fluorescence spectra recorded on samples containing 300 pM ARA in the absence (gray solid line) or presence of 100 pM
TauRP(black solid line). Spectra of control samples containing buffer (dotted line) dR(dashed line) without FA are displale

in both (B,C). DAUDA was 1 uM in all samples.
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Siteresolvednvestigation offatty acid-inducedperturbations of TatRP

OnedimensionaltH-NMR profiles provided readily accessible information on*f#eA interactions, albeit

at low resolution. To analyze the interactions in greater detail, we acquaredmber of twedimensional
(2D) heteronuclear correlation spectra. The-HRQC spectrum &N-enriched TatRPdisplays fairly well
resolved resonances from individual amino acid resgtlue to the significant dispersion of chemical shifts
in the **N frequency dimension and the narrdime shapes. After the addition of an excess of either OLA or
ARA, the protein peak pattern appearedmodified, with no signals exhibiting chemical shtianges nor
residuespecific intensity variationig. 4A,B). It should be noted that the HNSQC spectra were acquired
at 25°C, a condition invhich the sensitivity of the experiment was acceptable. At higher temperatures, the
HN resonancesvere strorgly attenuated due to fast amide proton exchange with the solvent, a major

limitation of disordered polypeptides [43].
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Figure 4. Fatty acithduced NMR signal perturbations monitored at single residue/atomic resolution. (A, B) Osaladaied regions
of HNNHSQC spectra recorded dAN]TauRPin the absence (black) or presence of OLA (A, red) or ARA (B, red); measurements were
performed at 25 °C; protein concentration was|#8 and fatty acid concentration was 8/. (C) Overlaid, setted regions of HC
HSQC spectra recorded dAN,13C]TadRPin the absence (black) or presence of ARA (red); the measurement temperature was 37 °C;
protein concentration was 10AM and fatty acid concentration was %M. (D) Overlaid, selected regions d®& spectra recorded
at 37 °C on samples as in panel C.

To explore whether an increase in temperature could facilitate the observation of FAs bindipgcific

protein sites, we performed alternative experiments based on-agchangeable atoms.
Both HEHSQC and CON spectra were recorded &C3@n'°N Genriched TatRP(fig. 4C,D).

The former experiment is very sensitive and displays signals from ev€ratdm pair, although certain

regions appear quite crowded. The latter is less sensitivekiibits excellent singleesidueresolution [44].




Careful comparison of the corresponding spectra acquired in the absence and preséiRé&evealed that
no atom pair of the observable protein state was perturbed by the preseh&&s.

In principle, tke formation of transient, small protein/FA complexes may escape direct detduayiall ofthe
above NMR methods, however, additional experiments may reveal the preselme-pbpulated states and
dynamic associatioaquilibria [45]. For this reason, waried out'®N-spin transverse relaxation raté&N-
R2, measurements, which are sensitive to local motional properties 26JR2 values were relatively
homogeneous throughout the polypeptide sequertfig. 5), consistent with the disordered nature ofura’
and appeared essentially unperturbed aftbe addition of ARA, definitively supporting the conclusion that
the observable protein state was nperturbed by FA molecules.

Two-dimensional*C spectra anéPN-spin transverse relaxation data were catied with excesgrotein, at
variance with most other experiments in this work, in order to ensure adequate signal/bgissgtigating
the signal attenuation caused by the presence of excess FA. Both types of expedimedsatdetecting
intermolecular nteractions and exchange based on the perturbations of the-$taée signals, as opposed

to other experiments performed to directly observe conformational transitiand aggregation.
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Figure 515N transverse relaxation rate¥N-spin transverse relaxation rate values measured on dMJN]Tau#RPin the absence
(gray dots) and presence of M ARA (black triangles).

Measurements were performed at 25 °C and a magnetic field of 14.1 T. Err@rbditsing errors. Dotted vertical lines indicate the
position of separation between distinct repeats. Gray horizontal bars indicate the position of the hexapeptide motifsiridhacadh
residue numbering is based on fidhgth human Tau.

Timedepenant TadRPmonomerdepletion andranslationaldiffusion

TaufRPis known to undergo sekissociation in the presence of aggregation inducers. To mahigoprogress
of protein aggregationtH-NMR spectra were recorded on T8HFA samplesmmediatelyafter mixing and
after 24 h or 48 h of incubation under reducing conditions. We note that no nk&jooxidation products
were detected by the NMR analysis of FA samples incubated for one alatygo In the presence of OLA, the
spectrum intendly decreased by 6% after 24 h and 7% after48h ig. 2A), indicating that the population
of free protein was reduced due to formation gifrotein-containing aggregates. Unexpectedly, the
translational difusion of the species observed in tepectrum ddl not decrease, but instead was slightly
faster (~10%) compared to that measured on theshly prepared mixturefig. 2B). This result can likely be

attributed to the structural compactiomnduced by the formation of intramolecular disulfide bridges [47]
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upon the progressive decreaseDTT reducing activity. In the case of ARA, the protein spectrum displayed
reduced intensity afte24 h (30% reduction) and after 48 h (8@) €ig. 2C). Agai, it was remarkable to
observe that theprotein difusion codficient became larger (~2 at 48 h) after prolonged incubation with
the FA(fig. 2D). Thus, the timescale of monomaggregate exchange was larger than the pulse separation

delay (200 ms) dfanslational difusion measurements.

FAinducedprotein secondarystructure perturbations

We used circular dichroism (CD) spectroscopy to gain insight into changes in the secinddawe of
TauRP induced by the presence of FAs. TheUat CD speatim of TadRPis characteristiof a largely
disordered protein, featuring a deep minimum centered at 198 nm and the absence of sgative signals
above 205 nmf{g. 6E,fig. 7A). On the addition of a threld molar excessf OLA, the proteirspectrum
remained unperturbedf{g. 6A), however, after incubation for 24 significant changes were observed. The
line shapewvas characterized by two minima, at 201 and 218 anal positive ellipticity below 195 nm, which
can be attributed to amixture of protein molecules irdisordered states and in partially ordered
conformations, however, with no uniquely defined secondstrycture elements. In the presence of a larger
excess of OLA, the strong negative peak at 19®&eoame significantly athuated {ig. 6C), suggesting the

progressive depletion of free disordergdotein molecules.
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In analogy with OLA, the addition of ARA did not immediately perturictepectrum ofau=® but changes
were observed after a longer incubation. The spectrum recorded after 24imcobation exhibited two
minima, centered at about 200 and 221 nifig(6B), which became legwonounced after 72 h. In the
presence of a 2fold excess of ARA, the negative ellipticity peakhef disordered state was essentially
canceled and no other major peak appeared during the courgleeoincubation fig. 6D). Thus, under these
conditions, the protein partitioned, to a greater extentfo aggregates.

To better understand the structural perturbations induced by FAs, experiments were also perfaithed
the anionic aggregatiomducer heparin and the ampHigic detergent SDS. The transition TR from
the disordered state to &-sheet structure after incubation with heparin for 24aas clearly evident from

the CD spectrunfi@. 6E), in agreement with previous studies [48].
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By contrast, the addition d6DS produced the quantitative conversion tohahelical structure(fig. 6F), as
reported previously [49]. The spectrdine shapesf Tau#RPin the presence of FAgere clearly distinct from
those observed in these two limiting cases of moktlyr h secondarystructure conformations, supporting
the view of mixeehature secondary structure content and partlisordered states.

For comparison purposes, we also performed measurements WithThe latter can easifgrm amyloid
fibrils in vitro without the addition of inducers, and the corresponding CD spectreagrded after 72 h of
incubation, was consistent with the presence of-aheet structure fig. 7B).

After the addition of a thredold molar excess of OLA or ARA, ttieracteristic strong negative peak,
centered at 201 nm, remained unperturbed, indicating that partitioning into FA assemblies dmahet a
significant contribution to the spectréihe shapdfig. 7C,D). However, after 24 h, the peais considrably
reduced and negative ellipticity increased at wavelengths close to 217 nm. The battelr became
progressively stronger with increasing incubation time, while the peak of the disordéaesl disappeared
(fig. 7C,D). Interestingly, upon the exposuof h'S to a 25old molar excess oFA, the protein turned
immediately into art -helical state fig. 7E,F) but transitioned rapidly toi asheet after 24 h, in agreement
with the results of Klenerman and coworkers for the ARdIcedstructural rearrangerant ofh S [50]. Taken

together, the data indicate that OLA and ARA had the seffieets on the conformational properties bf.

FAinducedfibril formation

After having ascertained that botBLAand ARA promote the progressive depletion of fegduble TaufRP
molecules, its association to lipid aggregates and the transition towards conformationsmixidattype
secondary structures, we set out to explore the formation of fibrils. We used the thiofla¢irhT)
fluorescence assay to follow protepolymerization over time. The ThT fluorescence intensitgarfiples
containing 1QuM protein and 3QUM FAs did not increase significantly during the incubagieriod €ig. 8A),
as opposed to the rapid increase observed when the protein was inculvgtacheparin. When the same
concentration of protein was presented with a large excess of th&sfluorescence rapidly increased,
reaching a maximum, after ca. 12 h of incubation, of similar inteffisitthe case of ARA) to that observed
with heparin {ig. 8B). The fluorescence decreased during fibiéiowing incubation period until it reached a
constant value after about 30 h. The observed treswgested the formation of THJositive protein
polymers. The ThT fluorescence curves measurethore concentratedlradR®samples displayed a rapid
increase during the first few hours of incubatidallowed by a slower but constant increment during the
following hoursfig. 8C). Although thduorescence change was significant, the maximum observed intensity
remained much lower than thatmeasured upon incubation with heparin, suggesting that -pbditive

polymers were produced ismaller quantities or that the ThTifanity was reduced in the presence of FAs.
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Figure 8. Thioflavin T (Thfluorescence assays. ThT fluorescence intensity was monitored over time on samples containing: (A) 10
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dissolved in phosphate buffgpH 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 curve®m freupresence

of heparin (HEP) ardisplayed 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 durifatrmruwith FAs. The
micrographs obtained on samples of 1B protein/30 uM FA displayed the presenasf amorphous
assembliesfig. 9A,B fig. S5 and S6), similar to those found in the absence

of protein ig. S4). The images of samples obtained fronuDprotein/300 uM FA mixturesevealed the
presence of a few poorly resolved filamentous structures, covered by lipid aggréfigt&€,D fig. S5 and
S6). Welresolved filaments were instead observed for samples prepéied 100uM protein/300 uM FA
(fig. 9E,Ffig. S5 and S6), consistent with the larger increasehin fluorescence observed during incubation.
TauRPdid not form fibrils in the absence of inducs=M data, not shown). The slightly bent, unbranched,
and untwisted single filaments obtad withARA were thinner (¥0.8 nm width, n = 16) than those obtained
with OLA (1& 3 nm, n = 25).
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Figure 9. TEM analysis of protein/FA aggregates. TEM micrographs were takerfSiFAResamples incubated for 24 h at 30 °C

under intermittent shakig. Samples contained: (A,B) 1@ protein and 30uM FA; (C,D) 1AM protein and 30QuM FA; (E,F) 100
UM protein and 30QuM 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 d&s FAs are concerned. In a bid to elucidate the
association of Tau with unsaturated FAs at the-suddecular level, we carried out a variety of solution NMR
experiments in combination with CD and fluorescence measurements.

Solutions of both ARA and OlmAthe concentrations used for NMR experimentsd@@0 uM) contained a
major fraction of seassembled lipid molecules, as determined from translational diffusion measurements,
while unassociated ARA molecules were also detected at the lowest concentratio

After mixing TatRPwith the FAs, the NMR signals of the latter vanished anditiseMR profile was almost
coincident with the spectrum of the proteifig. 1).

Thus, in the presence of T&f 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 supportetiebpbservation of a
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dramatic attenuation and broadening of tA#&NMR signal of'fG]OLA in the presence of T&G compared

to the corresponding signal in a protefiree solution {ig. 3A).

Interestingly, the fluorescence emission band of the fluoeesd-Aanalogue DAUDA exhibited a stronger
intensity and lower maximum emission wavelength in“faBA mixtures than in FAnlysolutions fig. 3B,C).

The fluorescence data indicated that the fluorophore was exposed to a more hydropfrobionment in

the coaggregates than in the lipid assemblies, suggesting that the pritdirced reorganization of the lipid
aggregates allowed the Faalogue to better approach the hydrophobic hydrocarbon chains. The similarity

of the fluorescence spé@ measured on the protein/ARA and protein/OLA systems suggests that the two
types of ceaggregates shared the same supramolecular organization, which was therefore independent from
the degree of unsaturation of the FAs.

Previous studies [52] indicated that fléingth 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 T&u An analogous behavior was observed with another prototypical
FYe8f2AR23ISYAO LINRBGOSAYZIZ h{ dndutedl deprésSionbof tliekcHicalZhdicBllar 2 F
concentration might be too simplistic: the physical states of lohgin FAs are rather compleand
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 T&f® Previous stuigs 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 TatfPand fulHength Tau induced morphological changes in pihadipid vesicles [36] or
disruptions to membrane lipid packing and structural integrity [54]. Therefore, it appears that a
polyelectrolyte, such as T4, can strongly perturb both phospholipids, as well as FA supramolecular
organization, presumably thr@h a combination of iofairing attractive forces and nonpolar interactions

Ay @2t @Ay3 GKS LINPGSAYQa KE@RNRBLK2O6AO Y2U0ATaod

The presence of T&RP in proteinlipid coaggregates was initially inferred from the proteiduced
perturbations to FAs and from a sith 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
TauRPafter the addition of FAdi(. 4). None of these reporter groups wasifid to experience chemical shift
perturbations nor changes in relaxation properties or translational diffudign?, 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 liggdund 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 experimentahtescale. The negligible changes in theUat CD spectra of T&W

recorded shortly after mixing with FAs (1:3 molar ratiig. 6) support the view that a small fraction of
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protein molecules was involved in the initial-aggregate formation. Only aftethe 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 pan 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 lorghain FAs: indeed, the adidin of the detergent SDS induced the rapid
transition of disordered TdG°( 2  thefixcontaining conformational state and the binding of a single
cysteine mutant of Taf&to lipid micelles was earlier shown to induce the formation of short amphipathic
h-helical structures [49].

The initially formed aggregates were not stable but evolved over time: upon prolonged exposure to FAs, the
fraction of unbound TatfP species decreased, as indicated by the attenuation of tH&IMR spectral
envelope after 24 rand 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 notdase 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 timelependent evolution of the system was also particularly evident from CD spectra

(fig. 6): in the presence of either OLA or ARA in tHi@d 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 shiffects 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 exposur&df Tau

to heparinfdNJ I FSg K2dzNAE AYyRdzZOSR | ljdzr yGAGEF GABS GNI yail
aKSSG aAradyl GdzaNBd ! &AYAEFNI AA3AyF Gdz2NBE OKF NI OGSNRT S
or in the presence of FAs in either slight or laegeessfig. S3). Thus, the two similarly sized, but chemically
distinct, polypeptides, Tdi°r y R h { = SELISNASYOSR ljdAGS RAaAGAY Ol O2
exposure with OLA and ARA. Although*fa& & OF LJ- 6 £ S -h&liErichl cBr@riiitiang #herh
AYGSNI OlGAy3a gAdGK {5{ 2N LK2aLK2fALAR YSYONIySasz i
I -rich conformation, while the conformations of T&Bappear structurally heterogeneous with only the

partial formation of seconary structure.

The absence of unique secondary structure signatures fof*Tauthe 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-aggregate particles (resulting in absorption
flattening).

Our aggregation kinetic experiments and TEM measurements revealed that ARA acts as an aggregation
inducer of TatRP albeit less potent than heparin. Since earlier studies demonstrated this effect on diverse
constructs of Tau, including fd#ngth Tau, ON4R, 1N4R, and 2N4R [25,28,57], together these findings allow
the confirmation of the central role of the microtubule binding domain in the ARl&iced seHaggregation

of Tau. Here, we further showed that, despite differences in the propertiépidfstates, distinct longhain
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 exeption of a slightly different filament width, OLAnd ARAnduced TatRPfilaments appeared
morphologically similar, and comparable to those of-fetigth Tau assembled with ARA [25]. PHFs,
analogous to those found in AD brains [17], were also obsauped the exposure of fulength Tau to ARA

for long periods [57]. Thus, single filaments may represent precursors of PHFs. Recegieargm
microscopy developments, which have begun to shed light onto the diversity of the filamentous assemblies
of Tauwith unprecedented resolution [18,58], could clarify whetheriRduced filaments morphologically
resemble those found associated with distinct tauopathies.

The influence of OLA and ARA on the secondary structure formation and aggregation of Tau isdymarked
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 @0I0during pathology [29,59]. Thus, the
conditions used in this work are gerdly 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 talbonvdance. 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 diittrse 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 hae hindered our thorough understanding of their interactions.
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Our in vitro study shows that T4i%, the highly basic fourepeat domain of Tau, associates strongly with ARA
and OLA assemblies in a high lipid/protein ratio, perturbing their supramolec¢atas$ut itself undergoing
structural adaptation in a timelependent manner. The nature of TRHARA and Taif7OLA ceaggregates
appears similar and are therefore not influenced by the degree of unsaturation of theclaig FA, but
aggregates differdm those formed with the detergent SDS.

The structural signatures of T&IFA aggregates are further distinct from those of another prototypical IDP,
h'S, when bound to ARA or OLA, revealing prespecific conformational adaptations. Both FAs invariably
accelerate the seliggregation of Tafi®and ofh S.

This study highlights new aspects of the “R@&A interactions by providing insights at a sublecular level.
Although it is not yet clear whether and which lipids form functionahggregates in the cellular context, or
which are actually involved in neurodegenerative processes, our results agettid our understanding of

the fundamental aspects of Tau/lipid interactions.
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4.1.2 Investigation of interaction betweefau and natural coffee compounds and their effects on

Tauaggregation

Natural compounds areecognizedas powerful playersin the fight against aging and neurodegenerative
diseases Thanks to their high contenis polyphenols, their beneficials properti€sand their ability in
crossing Blood Brain Barrtéf they are deeply investigated as an alternative waylézelerate andlock
pathological mechanisms in neurodegenerative disedssgecially tea, coffee and their derived compounds
are widelyexplored in natural drug discovery fidb@ingthe most widely consumed beverage in the world
There is evidence that coffee consumption ameliorates cognitive abilitiesreshaces oxidative stress
suppresss aggregation of amyloid and Tauand in cell experiments showed signifitaresults about
amyloidi | 33ANB Al G A offedL Rdzf | GA2Y

Although the most relevant effects on delaying IDPs aggregation and accumulation have been attributed to
a synergistic action of all coffee componespme individualmolecules were investigatedo better
characteize their properties For example CGAgedirecs the fibrilization of A 2 £ A I@ardS oifh
pathway round organization&'®, phenylindanestotally A Yy KA 6 A G ! | FAONREEAT FdAZ2Y
fibrillization' Yy R Ay KA 6 A (i ! andgRefcatilrndes NJoligémérizatioh>

Starting from thes&ery promisingpreviousfindings,in this work we aim to study the effects Tau protein
aggregation ad conformational transition®f an Italian espresso coffee mixtufleereafter coffeeandfour
coffee constitutive elements(previously proven to have benédial effects on brainhomeostasis)
Trigonelline, Genistein, Caffeine and Theobromifriggonelline has neuroprotectivantioxidant memory-
improving*®14® and dendritic and axonal regeneration capacitiésGenistein is powerful antioxidantand
anti-inflammatory molecul®’* and was found toLINR G4 SOUG | relrdtoKidityi and iTau
phosphorylatiod®®, and Caffeineexerts neuronal protection and ameliorate®gnitive performance4..
Finally, ecent studies inversely correlated tHei nlevelsin AD patients CSF with theobromine levels
attributing a prominent role to thisaffeine metabolité*.

Understanding how Tau behavedlie presence of these easily and readily available compound is of extreme
urgency in an attempt to findruitful interactors to delay and block progressive neurodegeneraearly

and late eventsjn the brain of affected people.
Results and discussion
NMR characterization of coffesetabolites in an Italian coffee mixture

To investigate the effects of treelecteditalian coffee mixturewe started withanalyzinghe NMRprofile of

the blend. We acquireeH-NMRspectrum of 5 mg/mL afoffee inthe presence of 1 mM DSS8Vell defined
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peaksidentifiers ofmost important coffee bean metabolites were observalilg. 1) Peaks corresponding

to trigonelline (Trigo) have a typical chemical shift in thgion 7.89.1 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. Moppover,

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 ggimally lactate corresponding peaks with minor
intensitiesat 4.5 ppm and 1.23 ppmand choline Cho) only one peak with a chemical shift of 3.12 ppm

were observable.

x4
Caff Caff

/I

Trigo

\ CGAs

La< Cho CGAs Lac
Trigo \ﬂ\ﬂ / /
j)u ]
I I T T I T I T I
9 8 7 6 ppm 4 3 2 1 ppm
H

Figure 1'H-NMR profile of 5 mg/mL lyophilized Italian espresso coffee mixture with 1 mM DSS. The spectraliidibra is

increased fowfold compared to the right siddPeaks of composing molecules are highlighted with arron203K.

Analyzinghe coffee profile, we selected Trigonelline and caffeine as highly represented metabolites for our
further investigationsThe choice fell also on theobromine as main catabolite of caffeine in human body and
on genistein(even if the content is lowjue toits high potential in decreasing oxidative stress and because
it is poorly investigated as protein aggregation modolatPeaks corresponding @enistein have a typical
chemical shift between 4 and 3 ppm but due to the poor content in coffee beans it was not observable in
NMR profile.To find proof of genisteiin the selected mixture, we acquired and compateidH TOCSY NMR
spectum of 200 mg/mL blendvith *HH TOCSY NMR spectr@in400 ug/mL genistein(fig. 2). Peaks of

genistein were identified.
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Figure 21H-1H TOCS3pectra of 200 pug/mL Italian espresso coffee mixture (red) and of 400 pg/mL genistein (black). On the right,
the spectral width 0.5 ppm (F1, F2) is magnified. T: 298 K.

Investigation of the interaction between T&tPfibrils and coffee/coffee compounds through
STDNMR and WatetLOGSY spectra

Our interest was focused on the role of coffee and coffee metabolitepratective agents and auRP
aggregation modulatorgror this purpose, STD NMR spectra aviater-LOGSY NRI experimentswhich
allows the identification of interacting compounds with a selected proteiere acquired on 8@M TauRP

pre-aggregated fibrils ithe presenceof 5 mg/mLcoffee mixtue solutionin deuterated phosphate buffe
(fig. 3).
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Figure 3. STDIMR (A, B) and WatérOGSY (C, D) spectra acquired on 5 mg/mL Italian espresso coffee mixture in absence (red) and
in the presence (black) of 80 uM T&&fibrils in deuterated phosphate buffer, pH 7 8pectral width @ ppm is increased fotfold
(left). T: 298 K.

CGAs=nd caffeine resonances appeared on both STD and Wa&E&SY spect(as shown in blackassessing
binding to the TatRPfibrils.

Caffeine bindingo fibrils was confirmedepeating STD and WatklOGSY ithe presence of 80Qug/mL of
pure caffeine in deuterated phosphate buffdig( 4). As shown in black, resonancescaffeine peaks were

enhanced.
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Figure 4. STDMR (A) and Watet OGSY (B) spectra acquired on 800 ug/mL caffethe absence (red) andresence (black) of 80
UM TauRPfibrils in deuterated phosphate buffer, pH 7.4. T: 298 K.

Moreover, to assess the direct binding between Téufibrils and genistein, STRMR eyeriment was
repeated with 8QuM TauRPfibrils inthe presence 0800ug/mLgenisteindissolved irdeuterated phosphate
buffer andits binding to the fibrils was confirme(ig. 5).

All the informative STINMRspectra care out from thesubtracton ofthe on- and offresorance spectra

|
MM.‘ " '(|\ | ‘lw "'\‘* ,J“’,"‘(\N b ‘;”r

I I I T | T T 1

85 80 75 70 65 6.0 ppm
H

Figure 5. STMMR spectracquired on 400 pg/mL genistein in absence (red) arttierpresence (black) of 80 uM T&&fibrils in
deuterated phosphate buffer, pH 7.4. T: 298 K.
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Study of conformational changes of Traducedby coffeeand coffeederivativecompounds
A multidisciplinary approach was exploited to study the aggregation propensity and conformational changes

of TadRPinduced bycoffee and coffeeonstituent molecules

IH-NMR spectraof coffee compounds inthe presence of Heparin and ThT

To assss ifthe selected metabolites were affected by the presence of ThThaparin @n inducerf TauRP
aggregatiol, severatH-NMR spectra of 400g/mL compounds were acquiredthe presence of 5uM ThT

or 50uM heparin(fig. 6). Chemical shift perturbationsf peaks wereanalyzedand no perturbations were
observedwhen heparin or ThT was addetierefore,tK S O2 YL}2 dzy Ra 2F Ay (iSNBad R
heparin and ThT, hence the following results can be addressed by the direct interaction between coffee

metabolites andrauRP

A B
| | TN
—L‘ *’Iﬂ\«ﬂqu‘u_dmm
R - IR
8 7 6 5 4 3 ppm 9 8 7 6 5 4 3 2 ppm
1H lH
C D
L 0, |

, . I
| | J_;_ L ‘

T 1
8 7 6 5 4 3 ppm 9 8 7 6 5 4 ppm

Figure 61H-NMR spectra of 400 pg/mL caffeine (A), genistein (B), theobromine (C), and trigonelline (D) in the absence (black) and
presence of 50 pM heparin (red) or 50 pM thioflaifir{blue). All the spectra were acquired at 600 MHz at 298 K.

ThTaggregation assay

TaufRPaggregation kinetics was monitored employing ThT fluorescent dye which recoigrsibests formed
during protein aggregatiom vitro.

We analyzed the fluorescence enhancement over 40 h of a solution éf°Tiaua ratio 1:1 withheparin in

the presence ofwo different concentration®f the selected compounds
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Figure 7. Kinetics of filament formation. THillorescencebased aggregation kinetics curves measured on 50 mMRPau the
presence of A) coffee extract andE selected compounds at 50 or 400 mg/mL concentration. Measurements were carried out on
four replicates and data are reported as mean +.s3blid lines correspond to the best fit curves determined using an empirical
sigmoid function.

We observed an unquestionable effect of coffee over*faaggregation with a reduction in fluorescence
intensity, enormously reduced especially at 469mL of concentration. Moreoverthe lag phase of the
kinetics idengthened with a value of 7.26 + 1.04 h for 50 ug/mL of coffee and 12.72 + 1.38 h for 400 pug/mL
of coffee in respect to 5.80 + 0.39 for the control (F&in absence of coffeefig. 7A).

Inthe presence of trigonelline (figD) and theobromine (figrC) little or no change in fluorescence intensity
or lag phase length was reported for both concentrations.

Inthe presence of caffeine (Fi@B) no significative variations in lag phaseglénwereobserved however, a
great decrement in fluorescent intensity of the sample with the highest concentratamregistered.
Concerning Tdfi°aggregation kinetics ithe presence of genisteitfig, 7E)a remarkable doselependent
fluorescence intensity decrement catches the eye

These datasuggested thainainlycoffee but alsogenistein and high concentration chffeinemodulatethe
aggregation of TP disadvantagingThTpositive fibrilsformation, acting on the length of the lag phase
and/or on quantity of Thipositive fibrils Further confirmations through CD spectroscopy and Tkdde

necessaryAll the aggregation kinetics measured parameters are reported in table 1.
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Compound

concentration tos(h) -(h tiag(h)

Tauro / 7.95+ 050 1.07+0.06 5.80+ 0.39
50pg/ mL 1155+ 1.36 2.14% 0.40 7.26+ 1.04
RD.
Tauo+ coffee 400pg/ mL 18.72+2.08 3.00 + 0.50 12.72+ 138
. 50ug/ mL 7.07£0.86 0.93+0.14 5.21+ 0.84
RD.
Taufo+ caffeine 400pg/ mL 7.06 + 0.60 0.64 +0.12 556+ 0.63
- _ 50pg/ mL 8.84+0.38 1.10£0.29 6.63+0.24
Taue+ theobromine 400pg/ mL 8.30%0.21 1.23+0.04 5.85+ 0.25
50pg/ mL 8.35+0.59 0.80£0.13 6.76+ 0.65
RD4 tri i
Taufe+ trigonelline 400pg/ mL 1053+ 1.13 1.35 +0.22 7.83+ 1.06
50pg/ mL 9.18+0.19 1.30+0.16 6.58 £ 0.50
TauRo+ genistei
adrr genistein 400pg/ mL 14.45+ 9.85 287+288 5.34+ 1.44

GnopY YARLRAYOG 2F GKS ONI pagsbAzy® _Y St2y3alrdazy GAay

Table 1. Kinetic parameters for the aggregatio aéfRb determined based on ThT fluorescence assays.

FarUV CD spectroscopy

CD spectroscopsnalysis of unfolded profile of Td?in the presence of the selected compoungdavean
important overviewaboutthe conformational state of the protein over 72 h of aggregation reaction.

Inthe presence of coffee TatPretained its unfolded naturgith a negative band near 200 remboth coffee
concentration all over the incubation at 37 (figy. 8A) Opposite is thdehaviorexperimented by the control
(TadRP in the presence of only heparin) with an evident shift tawai -sheet conformation in 72as
witnessed by appearance of negative band at 218 nm.

Theobromine fig. 8D and trigonelline fig. 88 induced a conformational transition towardssheet
reorganization in a comparable degree to what the control did.

Moreover, TaufRPis subjected to a partial transition from the characteristic unfolded conformation to a
LJ- NJ-Helix conformation with distinctiveegative bands at about 208 nm and 222 wien incubated
with both concentration of caffeinéfig. 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 cledthe effects of coffee, caffeine and genistein were undeniable.
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Figure 8. Conformational traitens. FarUV CD spectra recorded on 6 ndu*RPin the presence of A) coffee extract aneER
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 prote§0andi00 mg/mL compounds) in quiescent

TEM morphological analysis of T&H fibrils aggregatedin the presence of coffee/coffee
compounds

The irrefutable proof of TGP fibrils presence or absence and of their morpbgy came from TEM

Aggregation reactionsn which protein concentration was constair,the presence or absence of coffee
and other compoundsvere set up and after 48 analyzedoy TEMThe control (TatfPand hepari images
show a very high density of long and intact fibrils at different magnificatiorogiglin the presence of coffee
at 50pug/mL few short and fragmente@auRPfibril are formed, thus retaining the original morphologfig.

9B) but at a concentration of 40Qug/mL round shaped Thhegative aggregates were observalflig. 9C)

Caffeing(fig. 9D,E)andgenistein(fig. 9,G)largely reduced the high density of fibrils in respect to the control,
moreover, the observable fibrils had the same morphology but were highly fragmehteddensity of fibril
decreased with the concentration incremefitheobromire (fig S1AB) and trigonelline (figS1CD) had a

minor effect on reducing the numbeand changing the morphologyf the fibrils.
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Figure 9. TEM images of F&®fibrils. Samples containetau*RP(A) with 50 pug/mL (B) or 400 pg/mL (C) coffee extract, 50 pg/mL (D)
or 400 pg/mL (E) caffeine, 50 pg/mL (F) or 400 pg/mL (G) genBtetein was 50 pM. Samples were incubated for 48 h at 37 °C in
static conditions. Scale bars are 200 nm (red) andrB@light blue) long.

Typical parameters of Tau fibrils (narrow width (NW), large width (LW), and cross over distance (COD)) of
each sample werextrapolated Theparameters of each sample were compared with the control sample
usingoneway ANOV = 5dzyy S Qa YdzZ GALX S -QOG¢)LD.OAR.A1Z*Y), 00ME (i 6 K ¢
0.001 (***) and <0.0001 (****) From these analysis, high concentration of coffee resulted general
enlargement othe fewfibrils that were present(NW = 9.9% 1.31 nm, LW 16.94 £ 2.60 njrin respect to

the control(NW = 8.451.41 nm LW=13.91+ 1.59 nnm). The COD was minor in coffee sampk& 12 + 7.35

nm) than in the control{7.76+ 9.40 nm).Genisteinand caffeineat 50 pg/mL shortenedthe CODwith an

average valueespectivelyof 58.44+ 16.90 nmand 61.10+ 8.30.Moreover, incubation with trigonelline

resulted innarrower and shortefibrils with an average NW,gmi=6.54+ 1.38 nm NWagopugm= 6.89+ 1.06

nmM, L\Wbogmi=11.60+ 3.14 nm, L\Wbopgmi= 12.20+ 2.41 nm CORygm= 41.62+ 10.22 nm, and CQRyugm=

49.23+9.74 nm(fig. 10)
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Figure 10. Measurements of T&Gfibril parameters: distribution of A) narrow width, B) large width, C) cross over distaribe in
absence or presence of coffee or different bioactive molecules. D) Distribution of spheroidal aggregates fahegqueésence of

high concentration of coffe. Mean values and SD are indicated. The parameters of each sample were compared with the control
sampleusingong @ ! bh+! 3 5dzyySiidQa YdzZ (A LO0S(*),0P0MLOL (¥, GODGL0.0015(%iand K S NB
<0.0001 (****).

Tau liquidliquid phase separation ithe presence of coffee, caffeine and genistein

It is known that TatR® in the presence of polyanions such as heparin and RiNdergoes liquidiquid phase
separation, here the effects of coffee, caffeine and genistein orf*Pahase separation propensiip the
presence of heparimas been addressed.auRP droplets induce by hepariwere very small and round
shapedat 0 and 5 mirand after 30 min droplets degenerated in amorphous structu(gg S2AE).In the
presence of coffee T4TF, droplets formed aresmallerbut their behaviorwas like the contro(fig S2BF).
Moreover, caffeine did not alter the size and the transition from round shaped to amorphous drd(figts
S2C,G) Finally,Incubation with genistein slightly reduced the droplets sigwl after 30 mindifferent

structure were formed: droplets were still round in shape buagmgregated (Fig S2B).

Analysis of coffee effects ogll viability and endogenotiau aggregation

MTT-Viability assay

Firstly, a viability assay MTT based was performed to assess the percentage of vitalihsaefdXpressing
cells (H4swe cells) after treatment with uM TaufRPfibrils aggregated in absence (grey) anthiapresence
of 50 ug/mL (orange) and with the 400 ug/mL of coffee +*Afaatentate (red see the methods sectionifo
retentate obtainment), fig.11). Oneway ANOVA statistical analysis and Turkey Multjplmparison test

were performed, the most significant recovery of vitalfiyb0 %)s obtained with the 400 pg/mL of coffee
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retentate containing spheroidal and amorphous aggregate€omparison with TP pure fibrils (100 %

vitality).

200 :
> 1501
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% Vitalit
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0

Tau'RP fibrils
Tau*R0 fibrils aggregated with 50 ug/mL coffee

® High MW fraction of Tau'R® + 400 pg/mL coffee
solution

Figure 11 Cell viability assay performed by the MTT assay on H4 neuronal cells treated wiRRfifails preaggregated irthe
presence or absence of coffee. Gway statistical analysis ANOVA and Tukey Multiple Comparison test were performed (*P < 0.05).

Endogemus Tau441l induced aggregation analysis

For testing the ability of coffee to interfere with the seeding of the aggregation of Tau441233ekells
stably expressing human Tau441 P301L fused with GFP were treated for 48 h Witidrds aggregated

in the abenceor presence of 5Qg/mL or 40Qug/mL coffee. Due to the difficulty to recover a large amount
of pellet from the solution of T&@Pwith 400ug/mL coffee, the supernatant was further filtetevith a 100

kDa cuttoff filter in order to separate high (upper fraction) and low (lower fractions) molecular weight
aggregatesPellets and filter fractions were loaded onto a SEXS5E (fig. S3Jells were lysed and unsoluble
fractions of different samples, contaimg potentially aggregated endogenous Tau441, were collected and
then loaded onto a SBBRAGETau5 antibody, specific for human fdéngth Taurevealed that onlyrauRP
fibrils aggregated in absence of coffee induced endogenous Taud44l aggregation (bands 2A,fig) 1
confirming the potential protective role of coffee in inhibiting the seeding activitglefady formed Tau

fibrils in human cells.
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Figure 12. Western blot analysis induced aggregation of endogenoué4lam Hek 293T cells stably expressing humadeigjth

Tau P301L fused with GFP (REF) withRPfibrils aggregated ithe absence or pesence of different concentration of coffee for 48

hours, using 0.5% Lipofectamine LTX Agpregatesvith high concentration of coffee cannot be precipitated therefore the sample

was filter with a 10&kDacut-off filter and the cells were transfected with the upper and lower fractions separatelWM@&hbrane

probed with Tatb antibody, specific for #n human fullength Tau. Immuneeactive proteins were detected using an enhanced
OKSYAf dzyaAySaoOSyO0S NBIF3ISyd o6DS 1 SFHEGKOFNBO FO0O02NRAYy3 (2 GKS Y

Conclusion

In vitroandin cellinvestigation confirmed the potentigirominent role of coffeeand some coffee derived
compoundsn inhibiting TadRPaggregationindeed STD and WatetOGSY NMR experiments confirmed the
direct interaction between TGP in fibrillar state and coffee, genistein and caffeinfowing further
characterizationgfig.3-5). ThT aggregation assay of pure T&in the presence of coffederivativesresulted

in a remarkable reduction ithe fluorescence intensity when the protein was incubated with higher amount
of coffee, caffeine and genisteirsuggesting a loviormation of Th¥positive fibrils.Moreover, coffee
lengthened the lag phase of the aggregation kinetics by a noteworthy dLe&).From CD spectroscopy
measurements, coffee inhibits the conformational transition of“F&from its natively unfolded td -sheet
form, instead, genistein and caffeine induced the transiticlowards a mixed random coik h-helix
conformation(fig. 8). TEM microscopy measurements confirm thatria presence of coffe no more typical
TauRPfibrils were formed but spheroidal aggregates which were about 20 nm in diametdeir@@afind
genistein induced a decrement in F&Rfibrils formation, indeed, less, and fragmented fibrils were present
in thosesamplegfig. 9, 10) Liquidiquid phase separation propensity of T8was not affected by coffee,
caffeine and genisteh AYRSSR (KS&@ RARY QU I (ig S$2)BuNderin&e, eoffe LI S
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recovered H4 cell viability and inhibited T&efibrils seeding capacity towards endogenous Tau441 in Hek
293cells as deduced fromxperimens in live cell¢fig. 11, 12).

As largely investigated, besidavery promising and great impact on the field of neurodegenerative diseases
treatment, some limitations concerninghe administration of natural available molecute emerged:
bioavailability absorption, biodistribution, metabolisnand clearanceThe binding to or the incapsulating in
different types of nanoparticles coulsvercomethese problematis and enhance the beneficialffects of
natural molecules in the brain areavoiding undesirableepercussions on other organ$his approaclis
recently named as Bug delivery syste (DD$'%8189

Taking into account these considerations andlgzing all these resultsonsdering the propensity of coffee
and derived componentsof binding preformed Tl fibrils, a suggestion of maemploying ofthesenatural
coffee derivatives compounds designingnolecular scaffold$o treat Tau-based diseasis outlined.

Thus,this research gives aimportant insightabout the promising and powerful rolef coffee and its
analyzedderivativesin the diseasenodifying treatment researchidld against neurodegenerative disorders

exploring a wide variety of techniques.
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Abstact

The notion that nanoscale surfaces influence protein conformational transitions stimulates the investigation

of fibrillogenic polypeptides adsorbing to nanomaterials. Agha y dzOtf SAy 6h {0 Aa | LINERI
protein whose aggregation is assated with severe neurodegenerative disorders. We explored the
AYGSNI OlGAzy 2F h{ 6AGK AAfAOF ylIy2L}l NIAOfB@too{ bt &
protein-rich media. We found that the SNPA Y RAY 3 NBIA2Y 2 Tte-résgivEd NRIB G S NJY
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 fpéeific

manner. The interaction dadn oxidized, fibrillatiofresistant protein form with SNPs was similar to that of

dzy Y2RAFASR h{®d {btasz K2gSOSNE RAR y24 abdayvydzZl 4GS
fibrillation incompetent. CD experiments revealed SNP induced perturmtibthe structural properties of
oxidizedandno® EARAT SR h{®d ¢KdzdaX 6KAfS h{ OAYRAYy3I (2 {bt
interaction perturbs the distribution of conformational states populated by the protein in the colloidal
susByaizyd® ¢KAa &dddzRe aKSRa fA3IKG 2y (GKS ReylYAO vyl
AYLI OGa 2y 2dzNJ FoAftAGe G2 O2yGNRBf | 3IANBAFGAZ2Y 2F

Introduction

With the aging of the population in western countries, neurodegenerative disorders are becoming
increasingly common and an understanding of their evolution at the moleteNat is urgently demanded

in view of developing effective treatments3]. Amongthese disorders, synucleinopathies, which are
characterized by the abnormal accumulation and spreading of the synaptic protein@lphg dzOtf SAy o h

the brain, constitute the second leading cause of parkinsonism and dementia in the elderly population [4]
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DA@SY GKS LINBYAYSyid NRtS 2F h{ Ay GKS 2NAIAY IYR
f SFRAYy3 (G2 h{ I O00dzYdz A2y OFy o©S GFNHSGSR FT2N RA
h{ Aa (1y2ey (G2 0SS FtoftS G2 {NJI yiginfoRoMafs, digoinets, avidifibrilsA LI S
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 nanopatrticles (NPs),
possbly redirecting aggregation towards species with reduced neurotoxiaithyZB In recent years, NPs have
attracted increasing interest as aggregation modulators and were found to either accelerate or inhibit
fibrillogenesis, depending on NP properties,usioin conditions, and protein aggregation propensitiesq13

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 aeadina, which play a key role in defining NP
properties and interactions with cells and other molecule;l0]. The hard corona is empirically defined as

the protein layer(s) that is not removed by rinsing cycles, thus being apparently irreversiblpedisothe

NP surface [21,22].

However, recent reports suggest that the hard protein corona is not static and it may evolve under the effect

of proteinprotein interactions [23,24]. The soft corona represents an external layer of rapidly exchanging
molecuks forming a more loosely interconnected agglomeration of proteins [25]. Investigating the nature of
these structures is crucial to understand prot®i? interactions and to design effective nanoconjugates for
medical applications [24,26,27]. The developm@f NPs of interest for Parkinson's disease requires

St dzOARFGAY3I (GKS Y2RSa o0& @6KAOK h{ AYGSNFI OSa 47
O2yF2NXIFGA2yFE GNYYyaAdGA2ya YR GKS F2NXIFGAZ2Y 2F |
abundant in the neuronal cytosol of a healthy brain [29]. Its peptide sequence consists of three distinct
regions: an amphipathic lysinich amino terminus (residues;@0), a central domain (residues®b) that

includes the amyloidogenic NAC region, amdacidic @erminal domain (residues 2840) [29]. The first

two regions comprise a membra#d®nding domain, whereas the-t€rminal tail is thought to contain
proteincprotein and proteigsmall molecule interaction sites [29]. The conformational plasticit2 ¥ M { A
NEYINyIofS wonéz GUKS @Fad Yre2NARGEe 2F GKS-ordlei dzRA S 3
a0 NHZOGdINBa KI @S faz 6S8Sy LINE LR & S&nuckeio anfglt existk dza =
physiologically, depending on its ceflulocalization and interactions. Several factors, such as oxidative stress
andposti NI yaf FGA2y+f Y2RATAOIFI(GAZ2Y&asS 6SNB aKz2gy (2 LIS
Nonnative protein conformations may be increasingly populated underssireluced conditions or upon
interaction with other proteins, ligands, or biological surfaces. Interestingly, certain NPs appeared to induce
2EARIFIGAGS aiaNBaa yR h{ [33INB3IALGA2Y AY Y2RSt OS¢t ¢
pathod Sy Saira 2F tINJAyazydya RAaSIFaSE 2EARAT SR &aidl 4S5
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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 polarignd hydrophobicity of the polypeptide chain and it was

found to affect the aggregaton ¢f { | yR (2 afA3IKGf& KAYRSNI GKS F2N¥
wopZocBd ¢KS AYyiGSNI OlAzya 2F 2EARAT Grexplodd. MupHYXa 6 A
YR O262N] SNAE KI @S Ay@SaidAaAdardiSR GKS FRaz2NLIWiA2y 27
application in biomedicine [3b h8 ® h { Gl & &aK2¢y G2 Ayl SNRE@imulg A G K
layered adsorption, consisting the formation of both a hard and a soft corona [37]. Stefani and coworkers
observed that citrateOl LILJSR 3JI2f R bt a LINPRAzZOSR | adNRy3a | OOSt
opposite effect was observed with charged superparamagnetic iron oxide NP$n40bid to understand

the behaviorof disordered proteins at NP surfaces, earlier work focused on the conformational properties of

h{ o62dzy R (2 &aAtAOl -bwaanfSoiupidaywd oSEBSMNWVRSCEE A
mostly disordered conformation in the context of a hamrana consisting in a single layer of protein

Y2t SOdzZ Sa3 640K -KS{YAMB 200 yAlySONIS | G2SY LAyNB'R (2 G KS TNB
served as a model to validate a new method for the quantitative analysis of intrinsically disordetethgr

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 increasingiged 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,llagswsaturation transfer
experiments, could provide useful information on the orientation, structure and dynamics of proteins
adsorbed onto NP surfaces [39¢83].

In the present study, we used NMR spectroscopy to provide insight into the adsorptionyhéchay” 2 ¥ " {
SNPs, at singlleesidue 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 dissociat®if h { Y2 f SOdzZ Sad ¢KS O2YLISGAGA2Y 0o
for binding to SNP surfaces was further assessed by use ¢t/SBS.

CAylLftfes GKS |33aINBILGA2y 1AYySGAOa | yR &iNUzOG dzNJ f
performing TH 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 anl methods
Materials

Defatted bovine serum albumin was purchased from Sigiaaich.
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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 wéeetedl directly in serum separator

tubes without anticoagulant, they were allowed to clot for at least 30 min, then centrifuged at 1100 xg for
Mn YAY (2 &aSLINIXGS GKS Of2G0 . f22R aASNHzy FfAljd2{a

Protein samples preparation

wSO2Yo0AYlYyl KdzYly h{ 61 & LINRPRddzZOSR I'a RS&aONAROGSR LI
Uniformly 15Nisotopelabeled protein was produced from cells grown in M9 minimal medium containing 1
Ak[ 2F wmpbln/f® hEARAIT SR h{ udhdilified g@raiein inyPBRsoldtién, 4%y O dzo
(viv) H202, for 45 min at 25 °C, followed by multiple dialysis steps to remove the excess of H202.
Recombinant Tau4RD, which corresponds to residueg344 of human Tau protein, was produced in
Escherichia coli BLZAE3) strain. The soluble fraction of cellular extract obtained by sonication was boiled

for 10 min, centrifuged, and then subjected to cation exchange chromatograpt§g(@tarose). Purified Tau

protein was then dialyzed in the final buffer with the adalitiof 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 KCI), pH 7.4, also containing 0.02% sodium azide. For experiments in blood serum, the latter
was diluted to 80% of itimitial 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 dianfi&gge8() were obtained following the Stéber method

[53]. Briefly, to an aqueous solution of 0.58 M NH40H (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 mixtulieredhs st
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),
equippedwithaHéd S f 1 AaSNJ 6< I couHdy VYyYO 62NJAy3I 4 n Y20
O2yOSyidNYr GA2Y 2F wmnn >3 Y[bwm AY dzf (NI LIzNEEingdini S NJb
Sljdzr A2y O2yaARSNAY3 | QA aFdendid vakes défe caldllSted B\StReA dzY
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 SNB was inspected by TERiy 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 deysosited on a grid and the solvent left evaporating on

air. Experiments were carried out as previously described [28].

Protein coronacoated SNPs were obtained by incubation of the particles in prateiraining solutions for

60 min at 4 °C under mild igtion.

Pellets were then collected by centrifugation at 20,000 xg for 60 min and washed by three cycles of
centrifugation at 20,000 xg for 15 min at 4 °C and resuspension in 1 mL PBS solutionrsagtimRtation.

The final pellet was resuspended in appriate volumes of PBS solutions.

¢ & LIA @oafed 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
electrophoresisProteins 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 staingth Coomassie brilliant blue.

Nuclear magnetic resonance (NMR) spectroscopy

NMR spectra were recorded with a Bruker Avance Il 600 spectrometer, operating at 600.13 MHz proton
Larmor frequency, equipped with a triple resonance TCI cryoprobe-ani madient. Measurements were
performed using 5mmregular or Shigemi glass tubes. The sample temperature was set to 15-°C. One
dimensional'H NMR spectra were acquired with a standard pulse sequence incorporating the excitation
sculpting water suppression sahne [54]. The number of scans was 32 and the recycle delay was set to 4 s.
Typical'H®N 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) oslaexgberiments were
measured with an interleaved CagPRurceltMeiboomcGill (CPMG) pulse program in gradisetected
sensitivityenhanced mode (64 transients, recycle delay of 3 s). T2 relaxation delays were set in the interval
0.016;0.237 s and the CPM@Id was 550 Hz. Relaxation constant values were determined by fitting peak
volumes to a single exponential function with the RELAXFIT soft@&ire [

1D NMR signal intensities were obtained as the total integral ofthMR spectral envelopes in the @i

6.5¢9.0 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 segaespecific NMR resonance assignment was based on the data
deposited in the Biological Magnetic Resonance Bank (BMRB entry 258R7) [

Data plots were generated using the software GraphPad Prism 7 (GraphPad Software Inc., La Jolla, CA, USA).
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MassSpectrometry

¢KS Y2tS8S0dz NI YIaa 2F AyidlrOG h{ YR h{2E 61 & OSNJ
acidified with a 0.1% TFA solution, then diluted with sinapinic acid (10 mg/mL in acetonitrile:H20 1:1 with
nom: ¢C! 0d ndp trix polutbd weike Kidtted ih trplidat& onts B Ground steel MALDI target

plate (Bruker Daltonics) and allowed to dry at room temperature. Experiments were performed on a Bruker
UltrafleXtreme MALBTOF/TOF instrument (Bruker Daltonics). Mass spectra ealected 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 isomechange were performed on an
Orbitrap Fusion instrument coupled to an EA®¥0 naneLC UHPLC system (Thermo Fisher, Waltham, MA,
USA), using a 5€mC18 column and a 60min gradient (solvent A: 0.1% formic acid; solvent B: 80%
acetonitrile, 0.1% formic adj. Samples were first analyzed by S¥&E. Protein bands were cut andyel

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 injectioyff.lidk T A OF G A2y 2 Fo &t I 6 S
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 he 5 most intense peptides.

Aggregation assays

The aggregation reactions were carried out inv@él plates (Sarstedt Lumox muitiell) in a total volume of

Hnan >[® 910K ¢Sttt O2ydGFrAYSR ndtH YIAKY[ LINEMWEAY AY
variedintherange2Zmcn >a (2 2LWGAYAT S SELISNAYSyYy Gl f fio@e/ RAGA ;
y 6SNB 200l AYySR dzaAy3 mcn >a ¢K¢I | O2yRAGAZY |
compared to lower concentrations, withoghanges 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 ratio;#0~+2103. Reactionsere performed
incubating the samples at 37 °C, in the presence of emar3glass 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 fluorescea 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 follgwigmoidal function [57] to each

individual experimental data set:
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where, y is the fluorescence intensity as a function of timeand y are the intercept of the initial and final
baselines with the yaxis, tsA a4 GKS GAYS ySSRSR (2 NBIFOK KFfFgle
elongation time constant. The apparent rate constagieX F2 NJ G KS 3INER g (i K, agdfhe F A 0 NRA
lag time is defined ass§=tosb H_ ® ¢KS @I fdz§&8 NBLRNISR Ay (KS &SI
individual values computed separately on each curve. Analysis and figure production were carried out with
GraphPad Prism 7 (GraphPad Sofewvdnc., 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 i value, as previously proposed [58].

Samples of proteimaggregates for CD spectroscopy and AFM measurements were prepared by incubating a
az2fdziAaz2zy 2F pn >a LINRGSAY YR noy Y3IkYE bta i or

None of the samples displayed visible precipitates or sediments.

Atomic force microscopy (AFM)

C2NJ ! Ca YSIadaNBYSyidas aenn >a0 2% DMNR G Shy sBNBdzRS2 & A
YAOI ST 41 &aKSR 6A0GK pn >[ Yv I HhX YR Ffft286SR (G2 RNJ
Pro microscope (Zehdgrad, Moscow, RU), with single crystal siliemtimony doped probe and a gold

coated base (NSGL from NFMDT) used in sengdontact mode. The hysteresis of the instrument was
adjusted by a software correction of the data using calibration grid (TGQ@1 XNeMDT) before analysis.

Images were processed aadalyzedwith the Gwyddion software [59].

Circular dichroism (CD) spectroscopy

CD spectroscopy studies were performed with a Jasi&00 spectropolarimeter equipped with Reltier

type thermostatiecontrolled cell holder. FadV spectra (196260 nm) were recorded at 25 °C at a scan rate
of 50 nm mif!, a bandwidth of 1 nm and data integration time of 2 s. Three spectra accumulations were
averaged for each sample, and the sppam of the buffer was considered as a blank and subtracted. The

L A L LA

LINEPGSAY O2yOSYidiN}(GA2Y 6la ¢ >a Ay nom OY Od@@SiGiSa

Results

58yFYAO Raz2NLIIA2y 2F h{ 2y &aAftAO0F ylIy2L} NIAO
In this study, we used 50 nm SNPs (hydrodynamic diameter measured by dynhanscditering, DLS) with

' yS3FrGAGBS &adz2NFIF OS OKFNHS I NRdzy R b o fig. ¥} ProtdinHS®S (i S N.
NMR spectra were recordedofj 8 h { Ay (GKS 1 04aSyO0OS YR Ay G(GKS LINBA
SNPs. The additiaf SNPs did not cause significant changes in peak positions, however peak intensities were

perturbed. The plot of normalized intensitiesafunction of residue numbefig. 1A) shows a regiespecific
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effect: the signals of residues in thet&fminal redgon 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 amphiphilitekminal stretch appears to adsorb to the NP surfaceaevtie

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 igoximity to the Nterminal 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 peeg&iimates of surface
coverage [28]. At a protein/SNP molar ratio of 50, the signals of both-leenNnal domain and NAC became

undetectable {ig. 1A, black bars), indicating that protein molecules were mostly adsorbed to SNPs.
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Figure 1. ARelative signal intensities obtained from HSQC spectra measurétho p { RA &&42f OSR Ay t . { a2t dz
{bta 6LO 2NIAY UGKSANI F0aSyOS o6Ln0® tNRGSAY O2yOSyiNIdimlzy g1 a
(black bars). B}®N 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 Pak%2, which

report on local and global protein dynamics. The plot®™fR2 versus residue number displays a relatively

dzy A ¥ 2 N NBf | E | fig.XB, grayldhd®), WhoseSmall 2aNds aré corsistent with the dynamically
disordered state of the protein.

After the addition of SNP$N-R2 values for the first sixty amino acids become much larger compared to the

Gl tdzSa 2F h{ It2ySd wStl ELl (A 2 ermMbsiafdabecanblessentiaflyft @ R
coincident with those of the free protein for thiast 1G;15 residuesf{g. 1B, green dots). The observed

increase of'®N-R2 values can be attributed to chemical exchange broadening (arising from differences in
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chemical shifts between free and bound states), exchaageraged relaxation or lifetime lideroadening
(arising from differences in correlation time) [60,61]. Thus, under the reported conditions, dynamic
FRaA2NLIIA2Yy 2F h{ (2 btad 6la 20aSNBSR®

tfradAO0OAGe 2F GKS h{ KIFENR O2NRYIl YR Y2t S0OdzZ |
¢2 SELX 2NB (KS yI {dzNBwekeTncubake8 with éxce&sth SR { G2 NK\BIlyS &{Llozy 3
high rotation speed, and the resulting pellet washed andlissolved in the desired solution (see Section

2.3). After dissolving the pellet in simple buffer (PBS), most protein signalsimapeervable, and-@&rminal

residues were only barely detectablfig( 2A). Apparently, the entire polypeptide was involved in a direct
interaction with the NPs, with different affinities for the Bind the Gtermini. However, the @erminus did

not dispk @ O2YLJ SiSté& dzyNBAGNAOGSR Y20GA2yX RATFTFSNByYI(f
without further sample processing. HSQC spectra collected after 24 and 72 h were almost unchanged,
AYRAOIFIGAY3 GKIG h{ RAR y2G RA&2&a20AFGS F2NJ I f2y3
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Figure 2. Signal intensities obtained from HSQC spectra measured on a sample containing SNPs coated with a hard*bo6oha{of]
RA&&a2t SR AyY 10 t.{ az2fdziaz2ys .0 ¥beaf ddiSRYNE T4 I dyyLibkSF SLEINPRO &
dzyt 1 6 St SR h{s 61a mnn >ad ¢KS O2yOSyiNrdA2y 2F {bt& @& o1 Y
after dissolution of proteircoated SNPs.

Interestingly, the picture definitely changed if the pellet wagligsolvedn a solution containing unlabeled

h{d Ly GKAA& Ol &S-Ermiaa anho écils b&Ecam olis&n&blgl 2B)dndicating 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 Nterminal region was apparently still in (transient) contact with the SNPs. This result suggests a
LISNIdzZNb F GA2y 2F G4KS h{ o62dzyR aidl 4S5 | FilSidhladediiedt | RRA
2T 02dzy R h{ o6& GKS TNBS LNRGSAYOD

The distribution of isotopically labeled variants in competition experiments was further investigated by mass
spectrometry. Preformedfo 8 h { KI NR O2NRyl 61 & YAESR 6A0GKddzyftl o
centrifuged after different incubation times. The resulting pellets were washed (same procedure as described

in Section 2.3) and analyzed, along with the supernatants, byP3IBE followed by-gel digestion and mass
spectrometry fig. S3). The superrdaty 1 & aK2gSR (KS LINSASYyOS 2F 0620K f
protein dissociation from the corona. The amount®b[8 h { Ay a2f dziA2y Ay ONBI aSR
reaching about 20% of the total protein concentration aftertv2ncubation. Tie pellets showed strong

I OO0dzydzt F A2y 2F dzyfl 60StSR h{> gKAOK AYYSRAIFLGSte& |
finding completes the evidence of molecular exchange in both directions. The high fraction of adsorbed
unlabeled protein is proldaly 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 ifigilelg. 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
Aa2St SOGNRO LRAYy:d LIL ' ponz Oft2al8 G2 GKIFIG 2F h{o
very small and limited to the last twenty residues at thée@ninus, an effect like that obtained after
dissolution in simple bufferfify. 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
2F h{Z YIF{1Ay3a & i-corohaiedrgdnidation. By douist aft& adiifon ¢ thédsordered

peptide TadRP(the fourNB LIS § R2YIF Ay 2F ¢ dzZ LdppeBreddnde spEctrdmt | {
gAGK GKS alryYS NBfFGAGS AydSyaade Fa Ay (GKS TaNBS LI
The prevalence of basic residues in the sequence offfauggests that this polypeptide can effectively
O2YLISGS G6AGK h{ F2NJ OAYRAYoHSNB® (GKS yS3araArgsSte OKL
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Figure 3. Signal intensities obtained from HSQC spectra measured omple samtaining SNPs coated with a hard corond®fp h { =
RAaazft @SR Ay o0dzFFSNJ 60t 01 TFTA{ESR o6FNBROI | &%PN(daivd #ang). TAeF  dzy f I
intensities (1) are divided by those measured 8b[8 h { F NBS(I0OR y & 2
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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-bidund protein species, thereby complementing the NMR data.

¢tKS KFENR O2NRYIlI TFT2NX¥YXR{®e o1 IONBdaNR &{ RtSa SOHBR o8
molecular weight of the proteirfig. 4A, lane 4). Analogously, both T&and BSA also formed a hard corona
around SNPHi@. 4A, lane 5 antlg. 4B, lane 2)H-NMR spectra recorded on T&iand BSA immediately

after exposure of the proteins to SNPs indicated that both proteins partitioned onto SPS4).
5Aaaz2tdziaz2y 2F { bt Xh{ “*Oyglded a e dontmin XoBnéd abrdst éxtlusiyely yyd ¢ |
TaffPfA3d n! ¥ fLyS c0d |1 26S5OSNE | FGSNI AyOdzot GAzy 27F
GAGK AAYATI NI AyGSyaade O gig 4BKlangs 324h WISINiIIsSikbs tRak f8deO (1 £ &
.{! T Ra2NBSR G2 {btXh{3Z RdzS G2 GKS LINBaSyoS 27
2F GKS h{ oFyR AYRAOF(GSR GKIG .{! O2df R y20G NBLKL
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Figure 4. SDBAGE analysis of hard corona composition. A) Lanes were Igalléil K (1 KS F2ftf 26Ay 3 &I48LXK S&Y
reference; 3. BSA reference; 4. SNPs incubated with G2 @AStR | LINBGSAY O2NRBYLl 48{bt Xh{
(SNP@QTEBD T c® {bta FTANRG Ay Odzo huihBrincubated With TafRC Trakes df Xflitdifer roprefent{ = | Yy R
inthe laneswith Taff@® . 0 M@ . {! NBFSNBYOST Hd {bta AyOdzml SR gAGK . {!
FANRG AyOdzml GSR AGK h{ I y/RO awoS SijldzbFai f 62 NYPDa1a2 Vi RI P Al KS . T2 f
KdzYly o6f22R &SNHzZYT od {bta AyOdzmlIiSR Ay t.{ AGK h{ 6{bt Xh [
ASNHzY 6AGK " {T cd {bta FTANBROG IAYGdRo FOMNE KSYWI A N5 i EREAFER. { b
profiles derived from the gel shown in panel B; each plot is marked by the number of the lane corresponding to panel B.

ProteirNP interactions in blood serum
The potential application of NPswivo requires an understanding of their interactions with biomolecules in

biological media, which are generally replete with macromolecules that could undergo transient-tiv&xhg
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associations with either the NPs, the biomolecule of interest, or Hdére we selected human blood serum

Fa I Y2RSt aeaidSy (2 aiddzRe GKS STFSOG 2F ol O1 ANR dz
2F 1 {v/ LISr1a 2F¥ h{ RA&Zaz2ft PSR Ay o0f22R aSNUzy AYyR
correspnding to the 111, 122123, and 128134 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 co@ddlated to an increased viscosity or ionic strength of

the medium, the regiorspecific effects can be attributed to changes in protein local mobility or to the binding

2F h{ G2 YIFIONRY2ftSOdzZ I NJ O2a2f dzi Sad | { Rs/andzdnifared NI &
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 domdigs §B), with larger

intensity attenuations mostly aeciated with the Nerminal domain (average reduction of about 67%, and

high data dispersion due to reduced sigt@noise), somewhat less strong attenuations in the NAC domain
(average reduction 5%), and finally a moderate perturbation in the acidiminal domain (426 reduction).
¢Kdzax h{ FLIISFNER G2 AYydSNIXOG 6A0GK {bta Ay of22R

| 26 SOGSNE 6KSy h{ RA&Za20AIGSa FNRBY (G(KS bta Ay of:
macromolecular codates. 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.
LYydSNBaldAay3atesr G4KS baw &A3Iyl fo SNBS WihiciziNdd pieduBayed in Y S| & «
blood serum for 24 h, were essentially unmodified with respect to those measured withotmgubation

(fig. S5). This observation implies that a preformed protein corona, as that produced wiithcpletion in

serum,fh & fAYAGSR AyTFtdzSSyOS 2y (GKS Y2RS 2F h{ O0AYRAY:
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Figure 5. A) Relative signal intensities obtained from HSQC spectra measut@d ®m[{ Ay KdzYly of 22 R). a S NHzY
t NEGSAY O2yOSYyiaNIGA2Yy g1 & wmiesmeasuredontip 6 WSt R {A B8 yvotazrRyESNEY
not containing SNPsgll @ t NP G SAYy O2yOSYy iGN} GAZ2Y 61 & wmpn SpectralwgB redotlad O2y O
immediately after mixing the components, without pirecubation of SNPs in serum. Data are shown as diamonds instead of bars for
better visualization.
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SDSPAGE analysis of human serum revealed the presence of multiple proteinsspeitiea dominating

band corresponding to serum albumifig; 4C, D lane 2). The hard corona formed by serum proteins around
SNPs (SNP@serum) resulted in multiple bafigs4C lane 4) in approximately the same position as those
detected for serum, howear with different relative intensities and a strong attenuation of the HSA bfigd (

4D lane 4), in analogy with previous reports [25].

2KSy {bta 6SNB AyOdzol SR Ay &aSNHzy Ay (GKS LINBaSyoOs
observed SDBAGEbY R& ¢SNB GKS alFyYS Fa GK2aS ARSYUGATASR A
I RRA UA 2y I fig. 4T lageR). Th&reldtife intensities of some corresponding bands for protein coronas
gAOK YR 6AGK2dzi N fig. 4D3aNG). Tad idcibatiant of SNRsA pFetdatbidSmwthiserom
LINPGSAYyas Ay | aztdziazy O2yGlFAyAy3a h{s> F2ft26SR 0
unchanged band patterninSBS! D93> | f a2 Ay OfzRO»y A/ EKS & nySocigtd o £ K
with SNPs and contribute to the formation of a complex hard corona in combination with many serum
proteins.

The combined evidence from NMR and $DSD9 A Y RAOF Sa GKFG h{ | aaz2o0Aal i

formed corona is present, suggestithat it is able to displace part of the bound serum proteins.

hEARAT SR h{

h{ dzyRSNH2S& OKSYAOIt Y2RAFAOFIGAZ2Y dzy RSNJ 2EARI GA O
to MetO by incubation in the presence of hydrogen peroxide. Here, summical modification was verified

by MSand HSQCNMR @ ® {c0® hEARAT SR h{s O2ydlAYyAy3I T2dzNJ
NEFSNNBR (G2 +ta h{2E0 SEKAO6A(GA NBRIdZOSR KE&RNRLIK20A
modified residues blong to the Nterminal 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 recordingH NMR spectra on both protein species atréasing concentrations of SNPs. The
AYGiSaANIrfta 2F ALISOGNIt Sy@St21LI5a Ay NBIA2YyE RAALX L
IyR h{2EX NBGSItAy3 GKIFIG 2EARFGAZ2Y 2F aSi NB&ARIS
(fig. 6).
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Apparently, noncovalent interactions involving these residues provide a small contribution to the overall
binding energy. Indeed, by inspection of signal intensities asthgleresidue level, we observed that the
AyliSyariage FGddSydzZ GAz2zy LINRPFAES Ofz2asSteée YIGUOKSR GKI
was not affected by oxidatiori§. 7A). Finally, the exchanbehaviorof protein molecules fornmig a hard
O2NRYl INRdzyR {bta é6la If&az2 Y2yAiz2NBRO® by h RIEf AFE
simple buffer did not result in appreciable dissociation of protein molecules, while after dissolution in buffer
O2y il Ay Ay3 h {dspayed méasurableislgitld éoidsponding-ter@inal residues, indicating
that the acidic domain was released from the surface of SNPs, presumably with an attendant dynamic

partitioning of the Nterminal domain between the NP surface and the solutitmn 7B).
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Figure 7. A) Relative signal intensities obtained from HSQC spectra measutéd 8 [{ 6 3 NJ b &N {NBE &N ywd S o
the presence of SNPs (l) or in their absence ([p). B) Signal intensities obtained from HSQC spectra memsaraglertontaining
SNPs coated with a hard corona®Bb[é h { 2EX RA&daz2f OSR Ay 0dzFFSNJ 6oflF O]l oFNBRO 2N I
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Protein fibrillation in the presence of NPs

The in vitro aggregation of amyloidogenic proteins to fofilirils is conveniently measured with the
CKA2FE I OAY ¢ O0C¢CKE¢O Ffd2NBaOSyOS Faaleé wcHB8dD h{ A
however fibril formation is accelerated if subjected to mechanical agitation [63]. Based on a
phenomenologral interpretation of ThT fluorescence curves, it was previously suggested that SNPs may
A0AYdzZ S FAONREELIGAZ2Y 2F h{ GHyB8® | SNBE=Z ¢S | Olj dzA
to quantitatively assess the occurrence of-MBuced peti dzZNH I G A2y a (2 FAONRE F2N
fluorescence curve displayed a typical sigmoidal growth prdfde §A), corresponding to a nucleated self
FaaSyofe LINRPOS&aa wptZcnéd . & O2yGNIadGs GKSBfthRFE G 2
modified form to convert into Thpositive fibrillar aggregatesig. 8B), in agreement with previous findings
wcpBd® LY (GKS LINBaSyoOS 2F btaxz h{ aidraftf SEKAOAGSR
individual experimental cues with an empirical sigmoidal function (see Methods section), kinetic

parameters weraletermined.
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CA3dz2NB yo ! 3aANBIAFGA2Y 1AYySiAOa | yR 02y T 2obdd ajgredafidn kinetichduryes A (G A 2 y
measured on A) unmodified { YR .0 h{2E Ay (KS [ 06a8SyO0S o6fA3aK({i 3ANBe& ftAySao
orange: 0.8 mg/mL SNPs; light red: 2 mg/mL SNPs). Measurements were carried out on four replicates (represented with differen

line patterns). Contrbexperiments 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 €@dinmodi

h { | yR 5the alisdné ibladk yines) 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 (Table3I A G | LIJSFNB GKFd Ay GKS LINB2
fibrillation did not change significantly (within experimental uncertainty). However, at the highest SNP
concentration, norrandom residuals from the sigmoidal fitting indicate multhge fibrilation 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 fierent 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.

tos(h) tiag (N) . 0KDVU
h { 43.0+2.0 259+4.72 8.6 +3.7
h { b nodén Y 40.7+ 2.9 29.1+ 3.1 58+1.1
h{ b ndy Y 41.2+52 30.3+53 5.4+ 0.4
h{ b HbPn Y 39.8+ 1.7 30.3+ 2.8 47+2.2

GndpY YARLERAY(G 2F GKS GNI pawgsbAay® _ Y St2y 3l

¢FofS M YAYSGAO LI NIFYSGSNB T2NJ GKS F33aNB3AFGA2y 2F h{z

AFM images acquired on protein/NP samples at the endpoint ofnanbation period of 72 h, under
F33aINBIAFdA2y O2yRAGAZ2yar O2yFANNXNSR (G(KS LINB.BBALO0S 27
K26SOSNI y2 TFTAONRE & figi STBP FURHBin& <€) &S SpectFazrétbrded ¢h tprotéin/NP
samplesati KS Sy RLIRAYG 2F | IAINBIFGA2y |aaleéa oT1TH KO AYR
ailr S G2 O2y T2 NXKBf A BEsfidenstauktiire as Wndidat&diby the positive ellipticity at 200

nm and the composite negative band betweddB82and 220 nmfig. 8C). The CD profile after 72 h was similar
F2NI h{ Ay GKS LINBaSyOS 2N oaSyoS 2F noy Y3IkY[ {t
ellipticity around 200 nm vanished, presumably due to scattering effects, and the regatid was reduced

AY AyidSyaAride FyR LSNIdAdNDBSR Ay &KIFILSo® Ly GKS Ol as
negative peak at 205 nm and a shoulder at ~220 fign 8D). This profile indicates the partial transition of
h{2E Y2f EQAREBSOD2F@NNVI GA2ya 0SFENAYy3I 2NRSNBR &S02yR
helix component likely derives from the intrinsic molecular recognition elements (MoRE) [66] and the hard
LIN2 G SAY O2 NRsfidet stustyred candbié hter@retddsaa product of protein aggregation (non
FAONRE € F NI &dzLINI Y2 SOdzf  NJ F 3aSYoftASa F2NIh{2E wcpb

propensity, they do affect the conformational states of the protein.

Discussion

9 E LJ2 & dzNB 2 ¥ soljtiort résultd i rapid{adsargfion 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 8ScBna 3 S YSNHSR
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 daysaA). It follows that the

entire polypeptide expaenced 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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SEOSaa h{ 6AlGK NIBaLIS Odpecificepeak imhsiyZatteRuatdrisIfigh BAS RvhicNB I A 2
indicated that the amphipathic aminterminal domain was the primary contact with the NP surface and the
carboxyterminal domain instead behaved like in the free protein. Residiselved°N-spin transverse
relaxationrates €ig. 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 asgption of a twastate exchange process occurring in the

fast exchange regime, the difference betwe€N-R. 6 jp)vobserved in the presence and absence of SNPs is
directly proportional to the population fraction of the bound state, which is expected tpds#ion specific

RdzS (2 GKS Tt SEA0pk,$= itilarinzNgSd in2pslypépiide).6Tp attempt a quantitative
AYGSNIINBGFGAZ2Y 2F 2dzNJ SE LISNAussQying lthe FréelRésidde Ineectign A Y dz
Model (FRIM) [67]. In FR, 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 gateral agreement between experimental and

& A Y dzft Iprofilés fign 88) allows us to quantitatively interpret the relaxation data in terms of amine acid
ALISOATAO O2y (i NRAOdzi A 2y a sdvaldeKi®m thiNEBANKE@mE 8 inR@EEaB | a4 S
attributable tofavorableelectrostatic interactions by the abundant lysine residues in tkterishinal region,

and electrostatic repulsion by acidic residues in théei@inus. In addition, nomegligible attractive
interactions are established by residues in regions around therfNinus and positions 38, 50, 7fig; S8A),
attributable in part to hydrophobic contacts. The observed differences between experimental and calculated

n wvalues in certain regions could be ascribed to differences in ionic strength used in this warkthed
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 labelleda unlabeled® { ' YR YSI dadzZNBR GKS RA&GNROGdzi A 2
on the surface of NPs. After resuspension of SNPs coatedatB[" { Ay I & 2 Gnidieled® ¥ 02 y
the signals of @erminal residues became obsehla 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 pamuttisotopic
homologues in both the pellet and supernatants obtained during processing of the samples by centrifugation
and subsequent washing of NP deposfig.(S2). The capability of free protein molecules in solution to
facilitate the dissociationfoN\R6 2 dzy R h { gl & F2dzyR (2 0SS &LISOATFTAO 27
{!'S by FodzyREYGd LINRGSAY Ay &SNHzYsE sl a yzia STFSO0
to form a hard corona around SNPs. Instead, the basic disordenbggptide TatR® was found to

completely displace NB 2 dzy" Rig. B){as apnfirmed by SIPAGE analysis of protedoated SNPSi(. 4A).
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¢ KS & A Y dzf,valuds 2oy Tat®PBindimgio SNPs indicates that the binding strength of this protein is

simt I NJ 42 GKFG 27F ¢20{amifoyatids in BahN@qliekcsdis ( $8B)NAftér thia stretch, the

binding strength of T&{i° decays slowly towards the-t€rminus. On average, more than half of the
interaction force is ascribed to electrostatittraction of lysine residues to the SNP surface, as indicated by

the simulated effect of amino acid substitutions. However hydrophobic interactions also play an important
roe fA3d {y. 0d ¢KS; valssNdcayRraflécts the impeffect repeatsmposition of the
polypeptide chain. Thus, the widespread presence of positively charged amino acids (prevalently lysine) and
hydrophobic residues (particularly proline, valine, isoleucine and methionine) itt°Taompared to the
clustering of basicand OA RA O NBAARdzZS&a Ay RAaAGAYOl R2YFAya 27F b
2T KS RATFSNBYyd RAaALIFOSYSyd FFOGA@GAGASEA 2F h{ TN
The results of our competition experiments support the view that charge distributions on theipsurface,

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, thereforesm&l SNJ G KIy GKS &AT S 2F . {! ® ¢KdaAaX ¢6KAtS SE
establish more effective interactions by exposing all positively charged residues. Another factor that could
contribute to active displacement of protein molecules frtm hard corona are proteiprotein interactions

mediated by the soft corona. It is interesting to consider that prof@iotein interactions in a non
F33aINB3IFGSR adlrdS KIS 0SSy R20dzYSydSR T2NJ kS 60 43/
h {Tau [71]).

Although singleprotein 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 proteiANP interations 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 $SIX&E band migration profiles of proteingsarbed to SNPs in
aSNHzYs ¢S F2dzyR KId h{ o0SOIFIYS AyiduSaN: Gg&R Ay (GKS
Changesinthe SBS! D9 YA INI GA2y LI GGSNY AYRAOI (SR -forkedi h {
protein corona. Besides ambvious dependence of the observed molecular replacements on the relative
affinity of the proteins for the NP surface, it is likely thmbtein-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 importantonsequences because it allows the molecular composition of the
adsorbed layer to change depending on the identity and abundance of protein cosolutes encountered in
42t dziA2y OHNIHCIHTITNG® LYGSNBaGAYyIt & nthe frondedl t S O dzt
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SY@ANRYYSyYy(li 2F o0ft22R aSNM¥zy FyR (KS O0AYyRAYy3 ¥2RS 2
terminal domain, was similao that observed in PBS. This result may prove useful for understanding the
possible influence of SNPs on te2 Y F2 N F GA 2y I f LINBFSNByOSa |yR | 3=
biological context. It appears that electrostatic interactions involving the Iysife Nterminal segment
R2YAYIGS GKS Y2RS 2F 0AYRAYy3 27T hingludingcitrate cgeteNgols G & 2
NPs [39], lipid membranes [60], and SNPs [41]. Importantly, therinal domain constitutes a key
AYGSNI OdA2y aAaxasS y20 2yte FT2NJ GKS Y2y2YSNAO LINRGS
bta YI& {LISHINNDIIINSE i RATFSNBYyU fS@Staod {GdzRAS
peptide, have shown that the protein corona composition and the type and concentration of biological fluid
strongly influence the fibrillation process [@B]. The presenexperimental 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 NPsurface in distinct biological media (e.g. plasma or CSF).

{2 FINE GKS Ay@SadaAaalrirzy 2F GKS AyGSNI OlAzy o0Sis
the protein. Yet, mutations and po$tanslational modifications are known to expand tHemical diversity

2F h{ aLSOASad Ly LI NIGAOdzZ I NE 2EARAT SR h{ TF2NXa |
[35]. Mild oxidative conditions convert all methionine residues into sulfoxides and oxidation of the four
methionine residuegMet 1, 5, 116, and 127) determines an increase in local hydrophilicity without altering

the net electric charge.

hdzNJ SELISNAYSyiGa AyRAOFGSR GKFEG GKA&E Y2RAFAOIFI(GAZY
binding to SNP4ig. 6, 7).

Given he observed association bf{ & LISOASa 6AGK {btazz ¢S SELX 2NBR
conformational transitions and aggregatibehavior2 ¥ h { | yR h{2E® ¢KS | 3aNB3
protein in the presence of SNPs followed a glaigmoidal growth revealing only modestly perturbed overall
aggregation kinetics and the appearance of more complex profiles at short incubation times with higher SNP
02y OSYy NI GA2yad h{ 2 E-poditde fibris 2n yhis yezuliaritii @anain@ined in th& ¢
presence of SNPs. The structural response of the two protein forms was different also in terms of protein
O2y F2NNIFGA2yd 2KAES baw SELISNARYSyida AYyRAOFGS (KL
revealed more modestpérdzZNb I G A2y Ay h{2E aSO2yRI NBE & NHzOG dzZNB
its altered folding and aggregation properties [36,65].

Conclusions
¢KS FRA2NLIGAZY 2F h{ (2 {bta 200dNAE & F-icRBYIYAO
terminal domain. Sing®lB a A RdzS NX az2f dziA2y RIGF akKz2g¢g GKFG h{ IR
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similar conformation in either simple buffer oicamplex biological medium like blood serum. In the absence

2T FTNBS LINRGSAY Ay (GKS odzZ |1 az2fdziazyr (GKS | Raz2NDb
interactions with the NP surface. Exposure to protein solutions perturbs this organizatidngimg total (in

GKS OFasS 2F ¢Fdz0X LINIGAIFE 6h {0 2NIy2 o.{!0 RSl Of
specific dynamic interactions and exchange between the hard corona and the bulk.

The four methionineoxidized form of thd INR § SA Yy Z h { 2EX RA & L¥bindng prépartesS y G A |
Fa h{d I 26SOSNE y2 SOARSYOS 2F TFAONARE TF2NNIGAZ2Y
perturbations at the level of secondary structure indicate that SNPs affect tie2oNY I G A 2y I £ & i @
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 transitiepatbarto fibril formation,

but SNPs a& 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 predittipicorona 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 Nfdediated protein conformational transitions.
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Abstract

Ubiquitin, a protein modifier that regulates diverse essential cellptacesses, is also a component of the
protein inclusions characteristic of many neurodegenerative disorders.

Ly !'t1T KSAYSNR& RA &SI aTakproteiid &ccuridlaiesl Rithinzamdzged ndurdrs b éd + G S
form of crossbeta structured filamentsBoth mona 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 edsdribute 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 disulfidecoupling chemistry to modifffau protein at position 353 witlhys48 or Lys63inked d
ubiquitin, two representative polyubiquitin chains that differ in topology and structure.

Aggregation kinetics experiments performed on these conjugates reveal thabigliitination retards
filament formation and perturbs theblftil elongation rate more than monabiquitination. We further show

that di-ubiquitination modulates taumediated microtubule assembly. The effects on tau protein aggregation
and microtubule polymerization are essentially independent from polyubiquitiinctogpology. Altogether,

our findings provide novel insight into the consequences of ubiquitination on the functional activity and

diseaserelated behavior of tau protein.

Introduction
Ubiquitination is a prevalent pogtanslational process that regulagessential eukaryotic cell functions such
as protein homeostasis, signaling, and cellular localizatiq8][1t consists of the covalent addition of the

small protein ubiquitin to the side chain of lysine residues in a target protein. The reactiorirnsllegnby
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the coordinated action of a ubiquitiactivating enzyme (E1), a ubiquiinnjugating enzyme (E2) and a
ubiquitin ligase (E3), which catalyze the formation of an isopeptide bond between the carboxyl group of the
Gterminal glycine of ubiquitined thes- YAy 2 3INRdzLd 2 F (0 K5. UbiglaGirdatioiNaf & S Q 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 hamed polyubiahitims [2,5]. Polyubiquitin chains

have different biological functions depending on the type of linkage that connects the ubiquitin units: Lys48
and Lysldinked chains regulate proteasommediated protein degradation, Lyséi®ked chains are
involved inendocytosis, 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 biologicactivities [7,8]. Prototypical polyubiquitin chains with
Lys48 and Lys63linkage display distinct structures: prevalently compiacthe case of Lysdiéhked chain

[9] and extended in the case of Lysliiked polyubiquitin [10].

Differences irpolyubiquitin 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 ckllupathways, 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
disordersA y Of dzZRAYy 3 ! T KSAYSNRa RA&SIFaAS o6!50% OKIF NI OGS
The understanding of the molecular mechanisms of UPS malfunction in relation to protein aggregation has
been the target of intense and recent research aimefiraling 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 datiamaf 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 agggates 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 majoréncie 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 pomeins 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 &ittes via distinct recognition mechanisms unfeasible for
rigid proteins [2%23]. Tau protein controls the stability and assembly of microtubules, a function that is

finely regulated by phosphorylation [18]. The extensively studied;rédiue isoformf{g. 1) includes an N

109



terminal half that projects from the microtubule surface and-gefininal half that promotes the assembly

of microtubules. The four pseudepeats RIR4 spanning residues 2849, together with their flanking
regions, constitute the miotubule 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 theretibules and undergoes a
complex aggregation process characterized by a conformational transitiorskeet rich structures and
formation of straight and paired helical filaments (PHFs) that accumulate in neurofibrillary tangles (NFT)
[19,20]. PHFs isdled from ADbrain or obtained from recombinant tau protein have been shown to be able
to inhibit the proteasome [17]. The solved structure T#u filaments purified from Adrain revealed
residues 306378 as the ordered fibril core, with the-Bnd C ternmi forming the fuzzy coat [25].

In addition to being heavily phosphorylated, tau protein isolated frorrPAFs was found to be ubiquitinated

at several lysine sites within the MBD {28]. Specifically, monabiquitin was foundo be linked toLys254,
Lys257, Lys311 and Lys317 [27], while polyubiquitin chains were foundcmnpegated to Lys254, Lys311
and Lys353 [28]. PHE&u is modified by three polyubiquitin linkages;s6, Lys11, and Lys48 with the latter

one being the most prevalen28]. Recent cn«kEM studiesevealed that, besides a proteasorsrgeting

role, ubiquitination ofTau filaments could be structurally involved in mediating specific iptetofilament
packing [26]. Thus, it is plausible that ubiquitination severely &fftlte assembly and stability dau
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 mechanismTafi protein aggregatio, detailed biophysical
experiments necessitate highly homogenous and uniquely maodified protein samples. However, homogenous
ubiquitination of lysine side chains is rarely achieved with the use of ubiquitin ligase enzymes.

Indeed,we recently showedhat CHIPan E3 ligase of taprotein [29], ubiquitinates the protein anore

than ten sites [30]. To overcome the inherent limitation of #reymatic approach and to obtain sépecific
ubiquitination oftarget proteins,chemists have developeal vast array of semisynthetioethods that are
based on the chemical conjugation of protein precursors [31].

Chemical ubiquitination strategies based on fmtive isopeptide bond formation are often easier to
implement and give high yields of the product conjugates. Among these, disadigaing chemistry has
proven to be highly versatilefficient,and robust, and has already been applied in many studies3[E0

As a replacement for isopeptide linkaghis semisynthetic method generates a disulfide bond betwaen
Cys residue placed in a specific position of the target protein and #teen@inal aminoethanethiobf a
ubiquitin derivative obtained by intein processing. Recently, we described the producnd

characterization offau protein moneubiquitinated at three different positions using disulfideected
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methodology [30]. With this approach, we obtained novel insight into the diverse effects that iysine
ubiquitination at different sites exerts ofau protein aggregation.

Here, we introduce a method based on directed disulfide bond formation in combinationewityimatic
synthesis of ubiquitin chains to obtain controlled polyubiquitination of taugirg thusadding a further level
of complexity in the study of ubiquitinatedau protein. We produced andharacterized the aggregation
process of tau protein species homogenously modified withkdguitin molecules at position 353, one of
the ubiquitinated sites found in Abrain filaments. The versatilitgf the method allowed us to incorporate
two types of diubiquitin chains (Lys4®r Lys63chains)characterized by different structures, and to explore

the impact of these prototypical ubiquitin peherson Tau protein aggregation.

Materials and methods

Materials

Cysteamine, Tris{Rarboxyethyl)phosphine 5,50Dithiobis(2nitrobenzoic 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, Ci@/|iksAistributor

Societa italiana chimici (Rome, IT).

Proteinexpression angurification

In this work we used the followintautRP(Q244E372 plus initial Met) protein variantfau*"PC291A, C322A
(here namedlrau**™DC) andrau*RPC291A, C322A, K353C, here namadt®{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 ftypeildbiquitin
that isdescribed in [44].

The recombinant enzymes human H#hgged E1, GSagged E225K, yeast Hilagged Mms2, yeast GST
tagged Ubc13 were produced as previously described [45]. In the present work, the GST tag was removed
from the E2,25K protein by incubatinthe clean fusion protein attached to the G&$in with thrombin.

To obtain a ubiquitin bearing an aminoethanethicte@minal group (UBSH) required for the disulfide
coupling reaction, we first produced a chimeric protein where ubiquitin was clonecetditerminal of the
GyrA intein in a pET22 vector. In this way, the chimeric protein hatean@al Histag. The Ubntein-His
protein was produced in BL21(DE3) cells at°G7overnight in autanducing mediumand purified by
immobilized nickel affinitghromatography (IMAC) according to standard protocols. Cleavage-8HJkas

obtained by incubating the clean fusion protein in a buffer at pHt@r&aining: TridHCl 20 mM, EDTA 1 mM,
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cysteamine 40 mM, and Tris€arboxyethyl) phosphine (TCEP) 3 mM férat 10°C. UbSH was further

purified by reverselMAC and a superdess gel filtration column when required.

Production ofdi-ubiquitin chains

Diubiquitin chains (Ub2) were obtained from Whriants through enzymatic reactions, with tkrategy
describedn [46,47].The reaction bffer contained 50 mM Tris HCI pH 8.0, 5 mM Mg@d2nM ATP, 3 mM
TCEP, 0.02% NaN3 and protease inhibitors. The ubiquitin variants K48eDRA8R+UbSH were dsas
building blocks for the reconstitution of Ub2(48) and Ub2{88)\respectively. For the assembly of these
K48linked chains, we usedidM E1 and 2uM E225K.

The ubiquitin variants K63R+D77 and K63R+UbSH were used to assemble Ub2(63) andSHb2(63)
respectively. For these K8&dked chains, we usedidM E1, 25uM Ubcl3 and 25M Mms2. Afterreaction,

we incubated the solutions with 0.2% perchloric acid to obtain precipitation of most aérikgmes. Then,

SP catiorexchange and superdess gel filtraion were performed to obtain th@ure di-ubiquitin chains.

Disulfidecouplingreaction

First, Ub2(48/635H chains were activated with 5;B@thiobis (2nitrobenzoic acid) (DTNB).

Typically, 46 mg of DTNB were dissolved in 3 mL of 100 mM Hepes buffer pH 7.0 containk&HU#i2a
concentration of 322 mg/mL. After incubation at 10 °C overnight, the obtained Ub2(4882)nitro-5-
thiobenzoic acid) (hereafter Ub2(48/63$)TNB) distdide adducts were purified by desalting. The activated
proteins were verified by MALd. 4a,b).

Then, the Ub2(48/63%TNB disulfide adducts were incubated withu*f{353) in equimolar amount in
MmannYal SLIS& o6dzFFSNJ LI 1 &n =3) TALRRBE3) dis@ifidé dbnjugapes were ¢thent K S
purified by SRon exchange chromatography and verified by MAEDI4c,d).

It is important to note the thiol containing proteins Ub2(48/63) andrau*Rr{353) were first incubated with

a large excess of DThat was then properly removed by size exclusion chromatography just before the
disulfide coupling reaction.

The procedure to obtain monuobiquitinated tau protein at position 353 (JmauwRR353)) by a similar
disulfidecoupling strategy is described in]3

Thioflavin Taggregationassay

Thioflavin T aggregation assays were carried outiw@bdark plates in a Tecan Infinitd200PRO Plex plate
reader at 30°C with cycles of 30 s of orbital shaking at 140 rpm and 10 min ahrestghout the incubation.
ThT fluorescence measurements were taken every 11 min, using excit@eelength of 450 nm and

recording fluorescence emission at 480 nm.
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Samples contained 0.01 mM proteins in 20 mM sodium phosphafiebat pH 7.4 and 50 mMaCl (with
0.02% NaN3 and protease inhibitors with EDTA), incubated with equimolar amotwepafin and ThT.
Samples containing tau protein variants were filtered through a 100 kDaftfilter (Sartorius) to remove
pre-existing large oligomers. Each nseeement was performed in threeeplicates. The aggregation curves
were analyzed by fitting each individual experimental data set thighfollowing sigmoidalunction [48]:

AR

p Q
where y is the fluorescence intensity as a function of timeang y are the intercept of the initial and final
baselines with the yaxis, 6sA & G KS GAYS ySSRSR (2 NBFOK KIFfFgle
elongation time constant. Thiag time is defined as§=ts-H _ ® ¢ KS @I f dzZSa NB L2 NI SR
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 Softwéuee Jotia,

CA, USA).

TEManalysis

Ub2(48Yau*Rq353) sample was further purified by HPie@erse phase C18 done with TBRA%/acetonitrile
gradient, before bffer exchange to the aggregationfber.

Samples of Ub2(48/63au*R353) conjugates, Tau'"'DC, and UJau*R{353) were incubatedat
concentration of 0.05 mM in 20 mM sodium phosphatdfbuat pH 7.4 and 50 mM NaCl (with 0%NaN3
and protease inhibitors with EDTA) at 32 without agitation, with the addition afquimolaramount of
heparin as aggregation initiator. After 48 h of incubation, we used 100 kBgaffditers (Sartorius, Aubagne,
FR) to exchange the fier to H20 mQ.

For TEM measurements, we used a Techai G2 (FEI, Hillsboro, OR; USA) transmissiomnméteazscope

operating at 100 kV, with the procedure described3@]. Images were analyzed withe ImageJ software.

Dotblotting
Dot blotting of Ub2(48J)au**q353) and Ub2(63putRi353) conjugatesTau'"'DC, and Uau*RR353) at
different aggregation times, using the asgiigomer antibody A1l (ThermoFisher, Waltham, MA, USA), was

carried out according to the protocol described39].

Tubulinpolymerizationassay

The tubulin polymerization assay féau**™DC, Ub2(48pu*RR353) andUub2(63Yau*R*q353) was initiated by

mixing in a 9évell plate 25uM protein with tubulin (36uM, in 100puL total volume) in MT assembly buffer

(80 mM PIPES pH 6.9, 2 mM MgCI2 and 0.5 mM EGTA) supplemented with 1 mM GTP. The plate was
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incubated at 37 °C fat min. Then, the polymerization was monitored by measuring the absorbance at 350
nm every 30 sec, using a Tecan Infinite M200PRO Plex plate reader (Mannendorf, CH) at 37 °C. Each

experiment was performed in triplicate.

Massspectrometry
Maldi TOF MS analysis was performed on a Bruker Ultraflextreme MEQREITOF 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 optiized a semisynthetic strategy based on disulidepling chemistry to
covalently attach a dibiquitin molecule to theTau protein. Ubiquitirsubstrate 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 condmutt® which
represents a short form of the protein, spanning residues Q2342 plus an initial Mefig. 1). Tad?°has
been widely used to study the aggregation behaviorTafl protein as it includes the majority of the
microtubule binding region and ast of the residues involved in the assembly of the cfossructure
forming the core of theTau filaments [35]. To obtain sitgpecificity, we used #au**Pmutant devoid of the
endogenous cysteines and where a single cysteine was installed at thed@sisition. We chose to
introduce the modification at position 353 because this site was found polyubiquitinated HTd&®HE6,28],

it is part of the fibril core found in different tauopathies [26], and marimquitination at this position had

an observale 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 chai@wriilament

assembly.
PHF motifs
N1| N2 PRD R1|R2|R3 | R4 Taudd1
1 151 244 275 306 337 368 441
N-term. projection Pro-rich Repeat domains C-term
353
{1R1|R2|R3 | R4+ Taud4RD

244 372

Figure 1Schematigepresentation of Tau441 and T&Gproteins with their domain organization. The position of residue 353, that
is, the conjugation site with dibiquitin molecules used in this work, is highlighted in red.
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The method of preparation of dibiquitinated TauRPis illustrated infigure 2. First, using linkaggpecific
enzymes, we assembledalbiquitin molecules with Lys48nd Lys63inkage {ig. 2b and 3a,b). We used the
ubiquitin mutants Lys48Arg or Lys63Arg as distal units ar8HJta ubiquitin derivatézbearing a @erminal
aminoethanethiol linker obtained from intein cleavage with cysteamine, as proximal figit 2@).
Homogenous dubiquitin chains ending with a-&rminal thiol (Ub2(48/63)SH) were then purified and
allowed to react with 5,5@ithiobis (2nitrobenzoic acid) (DTNB) to produce asymmetric activated disulfides
(fig. 2c and 4a,b). Finally, the activatdidulfides were incubated withau*R®, modified with a unique cysteine

at position 353, to producéhe disulfidelinked conjugates Ub28Tau**{353) and Ub2(63pu*R{353) fig.

2c). The protein conjugates were obtained at purity of >95863c) and their identity was verified by mass
spectrometry fig. 4c,d. These samples were then used to perform aggregation experiments and their
behaviorwas compared with that of monrabiquitinated UbTawtR{353) and of the unconjugated cysteine
free protein Tau*RDC).
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Figure 2. (a) Scheme of cysteamimediated cleavge of UBSH from a ubiquitiintein fusion protein. We produced a chimeric
protein where ubiquitin was cloned to the-fdrminal of the GyrA intein. A ubiquitin with at€rminal aminoethanethiol linker (Ub
SH) was obtained through a trattsoesterification reaction between intein and cysteamine, followed by-t-8l acyl shift. (b)
Scheme of production of Ub2(48H and Ub2(633H diubiquitin molecules by enzymatic reaction.
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For the controlled assembly of KdiBked chains, the enzymes E1 andZ5K wereused. For the K6Bnked chains, we used E1 and
the complex Mms2/Ubc13. (c) Reaction of Ub2(48/68) with 5,5eDithiobis(2nitrobenzoic acid) gave an activated asymmetric
disulfide. This was then allowed to react with the unique cysteine placed in pp&888 in TatRPto obtain the disulfideinked

Ub2(48)TatRR353) and Ub2(63)Ta4tH353) conjugates.

Ub,(48)taudRD(353)
| Ubi(63)tau4rD(353)
0h 2h 6h Oh
- 66 - 66 -
GST-Ubc13 —> ] - 45 s =83
. -4
- E2 = =i - 35
His-Mms2 —> e = 21.5 - -215 ”- 25
Ub,(63)SH => ™% - 144  UDby(48)SH —> ‘ - - 144 - - 20
K63R/UBSH => M =65  K4gRIUDSH => -65 -1
-1

(a) (b) (c)

Figure 3. SDBAGE showing the enzymatic reaction to obtain the Ub2868Ja) or Ub2(4&H (b) dubiquitin molecules. In (c), the
purified Ub2¢8)TadR{353) and Ub2(63)T4RR353) are shown.
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Figure 4. Maldi TOF MS analysis of protein samples. We obtained mass values of 17,393 and 17,396 for th& TNR(&8) and
Ub2(63}STNB (b) adducts, respectively (expected mass 17397), where TNB fari2nitro-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)TatR353) (c) and Ub2(63) T 353) (d), respectely (expected mass 30923).
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Figure 5. (a,b) Thioflavin-ased aggregation kinetics experiments. Error bars of fluorescence curves correspond to standard

deviations of at least three independent experiments. In (a), aggregation data #fdD&uare eported, 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@&63) w

produced with a distal D77 ubiquitin mutant, to avoid insertion of free thiol groups)Jadigregation data of dibiquitinated forms

Ub2(48)TatR{353) and Ub2(63)Ta4tR353) are reported in comparison with PEEDC, and monabiquitinated UbTautR{353). (c)

On the right, dot Blot of Ub2(48)T&R353) and Ub2(63)TatR353) at different tnes of aggregation induced with equimolar

heparin, probed with the A11 antibody. On the left, deposited proteins were stained with Ponceau. Sample$&dTand Ub

TauRQ353) were used as controls. (d) Microtubule assembly in the presence pfdéin samples was measured monitoring the

absorbance at 350 nm. Error bars of absorbance curves correspond to standard deviations of three independent experiments.

Ub2(48)TatR{353) sample in the absence of tubulin was used as control.

The kinetics ofilament formation of the prepared proteins was followed by monitoring changésiioflavin

T (ThT) fluorescencdid. 5a,b). In this assay, the fluorescence emission of ThT increases upon its specific
binding to the -sheet rich structure characteristif tau filaments. The sigmoidal profile of the kinetic curves
reflects the cooperative nature of the nucleatiolependent aggregation process. The initial flat portion of
the curve, corresponding to the lag phase, is followed by a steep transition @hgtgor elongation phase)

and a flat terminal part (plateau phase). As shown previously [30], aggregati@/GfDC in the presence

of heparin is very rapid, characterized by an early transition midpoint at ~5 h, and a fast fibril growth, with
an elongaibn time of 0.7+ 0.2 h {ig. 5a,b, Table 1). The addition of unconjugatediliquitin molecules
(Ub2(48/63)) at an equimolar ratio wiffau*R"™DC did not affect the aggregation curvéig.(5a), excluding

the possibility that significant taubiquitin inter-molecular contacts interfered with filament formation.
Moreover, in the experimental conditions used, neither Lysé# Lys6dinked diubiquitin formed fibrils by
themselves ffg. 5a), thereby allowing us to interpret the experimental data in termsubiguitination
induced perturbations of the aggregation of tau protein.

The sigmoidal aggregation profiles obtained with Ub2(46Y*4353) and Ub2(63au*RR353) indicate that

di-ubiquitinated tau protein samples were capable of formiilgmentous aggregates
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(fig. 5b). From visual inspection of the aggregation curves measured on all dathprotein samples, we
noted a significant difference in the maximum fluorescence at plateau for the mbiguitinated Tau
protein in comparison Wh 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 mondbiquitinated Tau protein was likly 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 unggatied protein, as deduced by
the longer lag phase and elongation time of theudiquitinated proteinsfig. 5b, Table 1). Additionally,-di
ubiquitination was found to specifically affect the transition midpoint @ahmhgation time more than mono
ubiquitination.

Indeed, Ub2(48)au*fR353) and Ub2(63pu*R{353)displayed a similar transition half time of ~21 h, which
was significantly shifted with respect to thalue determined for UTau*fj353) (b5~15 h), and all the
values of modified tau proteiwere larger compared to that ofauw*R®DC (§5~5 h). Likewise, the elongation
time showed an analogousend for the investigated samples (Table 1). By comparison of the aggregation
curves, it emerged that the kinetics of the twoubiquitinated proteins was similar.

Ub2(48Yau*Rq353) and, to a lesser extent Ub2(B&)*R{353), produced aggregates thatacted with A11

(fig. 5¢), an antibody capable of recognizing prefibrillar oligomers of diverse proteins [36].

Thus, the ability of th@au protein component to fornintermediate amyloidogenic speciagasmaintained

after modification, as shown previously for monobiquitinated Tau*P [30]. The ability of both
Ub2(48Yau*Rq353) and Ub2(63pu*Ri353) to form mature fibrils was confirmed by the THiages(fig.
6a,b), which showed the presence of wigiimed twisted filaments. The morphological analyssealed

that filaments were characterized by a large width ot20nm and a narrow width of 136 nm,and a twist
crossover repeat of 588 nm (Table 2), indating that the overall morphology dau*R™DCfilaments was not
heavily modified by dior mono-ubiquitin conjugationffg. 6acd, Table 2).

Taken together, the obtained data clearly indicate that the incorporation of protein modifiers in the
microtubule binding domain ofTau protein at position 353 interferes with the aggregation mechartisin
does not abrogate the formation of mature fibrils. The addition of one ubiquitin moietyaioprotein
determines the inhibition of fibrils formation. The inhibijoeffect is even stronger whensecond ubiquitin
moiety is attached to the proximal ubiquitin unit, as it resulted from the substamitaéase of the duration

of both midpoint transition and elongation time for the-dbiquitinated species.

However, dspite their known structural éfierences, the topology of the investigatedubiquitin molecules

(Lys48or Lys63inked) did not influence the process of fibrils formation. Thus, it appésatsthe inhibitory
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effect of di-ubiquitination at the 353 site is caused by the increased steric hindravitieh impairs

microscopic events that lead to fibrils formation.
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Figure 6. TEM representative images of (a) Ub2(48¥R@53), (b) Ub2(63)T4RR353), (c) TatRDC, and (d) UhauRR353), after

48 h of incubation at 37 °C under static condition. 30 pL of sample at a concentration of 2.5 pM were deposited. Distabg&pn
crossover distances and (f) widths of the twisted filaments measured from TEM images of Ub2(8gBE3) (1),
Ub2(63)TatR{353) (2) and UFautRR353) (3) conjugates and T&EIDC (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 blgelnmtas.

After having established how-dbiquitination 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 Lys48and Lg63linked diubiquitin on taumediated tubulin polymerization. The assay was
performed using Ub2(48au*f{353) or Ub2(63auRR353), and in the presence dau*R™DC as a control
(fig.5d). Microtubule (MT) polymerization was monitorieg following the increase in absorbance at 350 nm.
The kinetics of MT assembly in the presenc&aaf*™DC resembled previous results reported on*t&{37].

The data acquired in the presence of Ub2{@8)f*{353) or Ub2(63au**R353) indicates that the presence

of the dtrubiquitin 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 obseffig#h of

MT formation (referredto 100 % for Tau*R®DC). This effect was independent from the topology of the di

ubiquitin chain, as thebserved curves were almost superimposable.
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tos (h) tiag () _(h)

TadRthC 5.2+ 0.1 3.8+ 05 0.7+0.2
Ub-TauRY353) 14.8+ 1.0 12.4+0.1 1.1+ 0.6
Uby(48) Tau*Ry353) 20.7+ 1.2 12.1+ 1.1 4.3+0.1
Uby(63) Tau*ry353) 21.1+ 3.3 15.1+ 1.4 3.0+ 0.9

tos: midpoint of the transition, Y St 2y 3 (A 2ty=tdsR2YS O2yadlyaT

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
TauRhC 22 +2 nm (n = 14) 12+ 2 nm(n=13) 74 £ 8 nm (n = 24)
Ub-TauRR353) 19 + 2 nm (n = 20) 12+ 2 nm(n=22) 56 + 6 nm (n = 31)
Ub(48) Tau*R{353) 20 £ 2 nm (n =19) 16 + 2 nm (n = 19) 58 + 6 nm (n = 27)

Ub(63) Tau*R{353) 20 £ 2 nm (n = 26) 15+ 2 nm (n = 24) 57 8 nm (n=37)

Table 2. Morphologicalroperties of the twisted filaments of tau protein samples obtained from the analysis of TEM images.

Discussion

The microtubuleassociated proteifau 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 mamopolyubiquitinated at
multiple sites [2628]. The observation that most of these sites belong to theratubule binding region, a
domain involved in the formation of the filaments core, suggests the attempt of the neurons to get rid of
aggregatedrau protein forms via the UPS. This hypothesis is supported by the fact thaiaRhi¥as found

to be modifiedby Lys48and Lysl4linked chains [28], both being signals for proteasomal degradation, and
by monacubiquitin, recently recognized as an additional signal for proteasomal targeting [38]. These
observations suggest a possible roleutsiquitination in theformation and clearance of pathologic&u
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 ubiquitinatitauof
protein samples for moleculdevel investigations. In a previous work, we produced muahiguitinated
Tau*RP samples and found that the impact of the modification on tau protein fibrillogenesis was site
dependent [30]. While ubiquitination at Lys31a&cated 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, wewseto investigate
whether a minimal polyubiquitin chain, a-dbiquitin, could affect the aggregation behaviorTaiu protein.

To obtain sitespecific diubiquitination, we combined enzymmediated preparation of dubiquitin
derivatives with disulfidelirected ligation torau*R® expanding our approach originally developed to produce
monc-ubiquitination [30]. Based on the previous findings with marmquitination, diubiquitin was
installed at position 353, a site that was deemed suitable for evalusttimgffect 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 Lys48d Lys63inked chains as being representative of polymers
that preferentially adopt compact or extended conformations, respectively [7]. Liskd&d diubiquitin
predominantly adopts a closed conformation in which the functional hydrophobic patches of-ulmqoitin

are sequestered at the ubiquitin/ubiquitin iaetface [9]. In contrast, LyséBked diubiquitin chains are
extended and adopt an open conformation with no direct contact between the neighboring ubiquitin
subunits, thereby exposing the hydrophobic patches of mohiguitin [10]. Thus, we hypothesizabat
different architectures of polyubiquitin chains could differently affect substrate aggregation.

The performed aggregation experiments revealed that botldguitinated Tau protein conjugatesvere

less prone to form fibrils compared to the unconjtegh protein ig. 5b), although they retained the
capability to form Aljpositive prefibrillar oligomeric speciesigt 5¢) and twisted filamentsfi¢. 6).
Moreover, the dimeric ubiquitin modifier increased significantly both the-tialé of the transition and the

fibril elongation time with respect to monabiquitin, with the time constants following the order:-di
ubiquitinated >> moneubiquitinated > unmodifiedf{g. 5b, Table 1). However, the topological differences
between the two diubiquitin chains I(ys48 or Lys63inked) 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 primaryleuand 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 grmsth i seems
possible that dubiquitination of Tau protein could interfere with the growth and proliferation of primary
nuclei rather than with their formation. This was more evident fowbiquitinated, rather than mono
ubiquitinated, Tau protein. Since the inhibitory effect was dependent on the larmftthe ubiquitin chain,

the impact onTau protein aggregation is likely be a result of a combination of structural motif atfabe
ubiquitin conjugating point and of the presence of the distal ubiquitin moiety which adds steric hindrance.
Yet, we do ot 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 cotialins [40].

To interpret our results in the wider context of pesanslational modifications ofau protein, wereviewed
recent studies which explored the impact of single or multiple phosphorylation defgkh Tau protein or
TauwRP[37,41]. Phospbrylation of both Ser262 and Ser356 was found to significantly alter the aggregation
kinetics of Tau*RP [37], and singlesite phosphorylation affectedau protein aggregation in a sequence
specific manner [37,41]: phosphorylation of Ser305 had a significapact on fibril formation; however
modification at Ser356 did not significantly perturb the aggregatioraafprotein. 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 (residugs 272
330) in hepariAinducedTau filaments [42]. Additionally, recent cAEM studies show thatau filaments
from brain tissues [25,26] are charactwrd by a long core that includes Lys353 and suggest that bulky
modifiers, such as mon®r dirubiquitin, in that position could affect the mechanism of formationTati
protein aggregates.

Tau protein is known to play a central role in imsembly and stabilization of microtubules [18].

Therefore, we explored whether-dibiquitination could regulatdau-mediated tubulin polymerization.

Based on our observations, it emerges that the presence of either Lg$48/s63inked diubiquitin at
position 353 moderately but significantly inhibits MT polymerization. This effect was found to be
independent of the dubiquitin linkage topologyfig. 5d). Our findings are consistent with previous studies
reporting that multiple moneubiquitination 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 sitespecific phosphorylated or on multi moawiquitinated Tau protein, and our results obtaéd with

the dirubiquitinated proteins indicate that podtanslational modifications around position 353 do not
crucially affect tatassisted MT polymerization and that the functional activityTafi protein is highly
dependent on the sites of modificat.

In conclusion, we were able to obtain, for the first time, samplégaafprotein conjugated to Lys48r Lys63
linked diubiquitin at a specific site and to study the effect of these modificationfaonprotein aggregation

and function in compar@n with the moneubiquitinated species. We demonstrated that the conjugation of
Tau protein to diubiquitin chains at the 353 position significantly delayed, but did not completely inhibit,
Tau protein aggregation, in analogy with meabiquitination.

Quantitative analysis of the aggregation kinetics revealed a more pronounced effeatmfditincompared

to mono-ubiquitin during elongation of filaments, rather than during primary nucleageants. However,
linkage topology had a minor effect ¢ine measured kinetic parameters. Finallye demonstrated that di
ubiquitination modulated theTau-mediated microtubule assembly, thusghlighting the potential role of
ubiquitination in the regulation ofau protein function. For a moreomprehensiveverview, further efforts

will have to be directed to productau protein modified with longer polyubiquitin chains linked in different
positions.

We believe that our findings also provide crucial information in light of recent structural studidawn
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 invagations are required to elucidate the synergic effects played by

different posttranslational modifications, such as ubiquitination, phosphorylation and acetylation, in the
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transition of Tau protein to toxic pecies, with the aim to understand their inigations in the different

pathologies.
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Abstract

The formation of biomolecular condensates has emerged as a crucial player both in ngumgsialogy and
neurodegeneration. Phase separation of the Alzheimer's related protein taulioal condensates is
facilitated by polyanions and is regulated by ptranslational modifications. Given the central role of
ubiquitination in proteostasis regulation andysaling, we investigated thieehavior of monoubiquitinated

tau during formation of condensates. We ubiquitinated the lysiith, fourrepeat domain of tau either
unspecifically via enzymatic conjugation or in a posiipacific manner by semisynthesisbitjuitin
conjugation at specific sites weakened multivalefau/RNA interactions and disfavorethu/heparin
condensation. Yet, heterogeneous ubiquitination was tolerated during phase separation and stabilized
droplets against aggregatidimked dissolution. Thus, we demonstrated that cofactor chemistry and site of
modification affect themesoscopic and molecular signatures of ubiquitinated tau condensates. Our findings
suggest that ubiquitination could influence the physiological states and pathologicaifdrmations offau

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 dinolecular condensates: micresized, dynamic assemblies
characterized by multivalent intermolecular contacts¢{R Cellular condensates are often complex
coacervates containing proteins and RNA [8], they are thought to form through-liquid phase sparation

(LLPS) (@3] and exhibit liquidike properties (hence the term liquid droplets) [5¢14]. LLPS has been
recognized as one of the key organizing principles by which eukaryotic cells control molecular localization
and biochemical reactions [1Aet, condensates are metastable and may transition from ljkédto gel or
solidHike material states [6]. In particular, agelated changes and pathological insults may promote
uncontrolled phase transitions [5]. For an increasing number of IDPgaabét PS has been associated with

pathological aggregation and neurodegeneration [18,19]. The microtudseciated proteinTau 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 maau isoforms, the longest of which is 441 amino acids long
(Tau2N4RTau441 orTauFL). The protein compas a carboxyerminal microtubulebinding domain (MBD)

and an amingerminal projection domainf{g. S1A) [21]. The MBD has overall positive charge, assisting its
interaction with the negatively charged surfaces of microtubules. Tau is highly solubldisahalys little
aS02yRIFENE A0NHZOGdZNBTX K26SOSNE (62 KSEI LIS LIshe®S Y20,
forming propensity and constitute critical aggregation nuclei¢2d. Abnormal accumulation ofau is
associated with Alzheimer's sdiase (AD), frontotemporal dementia (FTD), and other neurodegenerative
disorders collectively referred to as tauopathies [25]. The mechanisms responsible for the formalan of
lesions remain unclear, however abnormal ptsinslational modifications (FVIs) are strongly implicated in

Tau misfunction [26,27]. The recent observation thEu undergoes LLPS has stimulated efforts to
understand whether condensation may be linked to pathological aggregati@g3@28in analogy to phase
separating, RNAinding proteins such as FUS and #3M31,32]. Furthermore, LLPS T&u 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 hightgin concentration ands influenced by

ionic strength and temperature [28,29,857]. Polyanionic cofactors, such as RNA or heparin, stimulate
complex coacervation driven by multivalent electrostatic attraction between the negatively charged
polyelectroytes and positively charged middlet€minal Tau domains [3841]. Furthermore, PTMs
significantly affect the propensity ofau to form condensates: initial work ofau LLPS showed that
phosphorylation facilitates setfoacervation [28,42]. Conversely, acetylation was found to disfavor the
formation of Tau condensates [37]. Given the established role of lysine residues, which are abuntzunt in

as critical regulatis of biomolecular condensation [39], it is expected that lyslimected PTMs, other than
acetylation, will influence the capability ®&u to form coacervates. In our work, we aimed at exploring the
effect of ubiquitination on the condensation @&u. Ubiquitination involves the formation of an isopeptide
02YR 0Si06SSy (KS GSNXYAyYyLE OFNb2E&f 27T -anikdgroapof f £ N.
lysine residues of the substrate [43]. Sequential addition of multiple Ub molecules by tbhe atfigases

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. Ubiquimation 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 Uiependent manner [46,47]. Ehrole of ubiquitination inTau

biology and pathology is poorly understood but it has been associated with enhanced formation and impaired
clearance of pathological inclusions [48,49]. Tau isolated froapaiiad helical filaments (PHF) was found

to be ukquitinated at several lysine sites within the MBD [48,50,51]. Specifically, #dbneas 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, weidhted the effect of monoand diubiquitination on the
fibrillization propensity of the aggregatiegrone repeat fragment ofau [52,53]. Here, we performed an in

vitro investigation of monoubiquitinatedau, obtained via enzymatic or semisyntheticngmation, 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 condendghase 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 mesoscapid 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 aggregatidiauaf
Materials and methods

Proteinpreparation

For the present investigation, we produced the protémrR°(Q244 E372 plus initial Met) and the following
variants: Tau'®® (C291A/ C322A) (here namedrau®th / 0 Tau*R{C291A/C322A/K311C), and
TauR{C291A/C322A/K353C). All proteins wereregped without affinity tag and purified as described in
[53]. Wildtype and Nterminal (histidine)etagged ubiquitin were expressed and purified following a
previously described protocol [55]. Enzymatic ubiquitination was obtained using recombindagéfés E1,
GSHhagged Ubcl3, and G&agged CHIP [53]. Semisynthetic ubiquitination was based on a chemoselective
disulfide coupling reaction [53]. Becau3au*RP contains two native cysteines, we first produced the
C291A/C322Aau*RPdouble mutant and therintroduced a single cysteine in positions 311 or 353. To obtain
a ubiquitin bearing an aminoethanethiol-t€minal group (UBSH), required for the disulfideoupling
reaction, we first produced a chimeric protein with de@minal Histag. The productiorand purification of

the Ubrintein-His intermediate and of the UBH protein was performed as described previously [53].

Fluorescent labeling of proteins

ProteinsTauRPand Tau'®h / GSNB 1+ 06St SR gAGK Ffdz2NBaaABmmp). Aaz2il
CNASTFEE@ET M Y3 LINRPGSAY 602yOSYyidNrGSR H Y3IkYEO 61 &
The labeling reaction was carried out at RT for 2 h under continuouggtiand unreacted dye was removed

by use of a desalting column. The FEBGjugated protein was eluted in 20 mM sodium phosphate pH 7.4,

then snap frozen and stored in aliquots -aR0 °C, protected from light. Fluorescence imaging of both

unmodified andubiquitinated Tau*RPdroplets was performed using FHabeled norubiquitinated proteins
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to detect the same reporter molecule. FIG 6 St SR LINRPGSAY 61 & YAESR i nodc
Hp >a dzyf 0SSt SR LINRPUISAY D

Visualization and analysis ®u condensates

Liguidliquid phase separation of the investigatddu species was induced using either polyuridgti,

poly(U) RNA (Sigmaldrich, P9528), or heparin (Sigmsdrich, H3393annY! 0@ Ly (GKS F2 NI
LINEGSAY 61 & YAESR 6AGK cH®Pp >3kYEt LRfe&o! 0 wh! I wm
LINEGSAY 61 & YAESR @MDKT, 30 mMpNaCkia 20 nfLsbdiNdh ghlsphate, pH 6.0.
Reducing agents were used only TatfRPand the enzymatically ubiquitinated form to avoid cleavage of the
RA&adzZ FARS 02yR Ay &ASYAa@y(OKSGAO dzo Al dzX solstigr atitseR ~ LINE
indicated times of incubation, were transferred onto a new microscope slide (Thermo Scientific, 26x76mm)
and immediately covered with a circular coverslip and sealed withpo#igh. Images were acquired on a

Leica TCS SP5 AOBS micrasdopvisualize 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 ensusistemcy 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 anmicroplate 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 experimentsese performed on in vitro droplets using the 488 nm laser line of an inverted confocal
laser scanning microscope Leica TCS SP5 AOBS with a 63x o0il objective. Measurements were performed on
30 minaged droplets, after threefold sample dilution to avoid sdenpvercrowding. For each droplet, a spot

0 n dc ssilaré aniifer than the size of the droplet) was bleached at 100% transmission for 5.7 s, and
post-bleach timelapse images were collected (5 s frame rate, 40 frames). For eacHajse 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

EasyFRAReb [56,57]. Halmaximal recovery time ewstant (b.s) values were computed numerically.

ThioflavinT (ThT) fluorescence assay
Tau/polyanion solutions prepared in LLPS conditions were placedwe®@ark plates and analyzed on a

microplate reader at room temperature (Tecan Infinite M200Pro Plex). Protein samples were at a final
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O2yOSYiNI GA2Y 2F Hp >aK¢tYRc OENB> ¥ AESIRKI MAYIX op ¥a |
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 hepaiimduced droplets (different time points for droplets formed using

poly(U)).

Isothermal titration calorimetry

ITC measurements were carried outonaMicr®EBAQL ¢ / = | G Hp /| dzyf Saa aLISOAT
Tau constructs and poly (U) stocks were diluted in 25 mM Hepes, pH 7.4. Solufiané8and Tau**{*Ub)

also contained 0.5 mM TCEP. Where specified, 30 mM NaCl or 50 mM urea were addedamples. The
A8NAYy3AS gl a FAEESR gAGK nn >f 2F wmpnn >3kYE 2F LR
T2NX¥ad o >t 6SNBE Ay2SOGSR 6mo Ay2SOiAz2yaov SOSNE
MicroCal PEAQIC Analsis 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 PrignfGaphPad Software Inc., La Jolla, CA,

USA).
Results

Protein properties and in vitro ubiquitination approach

The fourrepeat region offau, comprising 31 or 3&sidue imperfect repeats, exhibits an excess of positively
charged residues (20 lysines and 1 arginine) over acidic side chains (11), dispersed throughout the entire
region €ig. S1B), resulting in an overall net positive charde=(p.7). As noted previously [30], the repeat
region is predicted to have significant propensity for LEi§S32). Indeed, as a consequence of its intrinsically
disordered character, the repetition of sequence motifs, and the charge patterning, tla¢eiddburrepeat
fragment TTauR® also known agauK18) 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 cofactof89]. Fulllength Tau was shown to form complex coacervates under the

conditions in which the droplets dau*RPare formed[39].
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Figure 1. lllustration of the preparation methods for the ubiquitination of “RBul) Enzyméased ubiquitination yields
heterogeneously monabiquitinated protein, TatRR*Ub). Ubiquitinated regioisomers have different relative abundance in the
product mixture. 2) Semisynthetic method exploiting disuHddeected conjugation produces positieapecificubiquitinated protein,
TauRQ311Ub), TatRA353Ub), after replacing selected native lysine residues by cysteines.

We note that the numerous lysine residueslatfRfPare potentially subject to ubiquitination and all acceptor
lysine residues found ubidfinated in ABaggregates 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-erminus that serves as recognition site tmrgnate partners [55]. In spite of a
slightly negative global charge in neutral solution (pl = 6.8), the zeta potential is slightly pasitiven(V)

[59] and regions with positive surface potentifiy( S1C) are known to promote transient interactiohsJb

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 taudRD fragment (spanning réges 244372 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] {ig. 1): 1) enzymbased conjugation producing heterogeneous marmquitinated substrate
protein, Tau**{*Ub), with native isopeptide linkage; 2) semisynthetic conjugation yielding posipenific,
homogeneous monoubiquitination with disulfisrected ligation. With both approaches, a single Ub was
attached to eacilTaumolecule fig. S3, and ref. [53]). With the semisynthetic method, Ub was introduced at
positions 311 in repeat RI{UR{311Ub)) or 353 in repeat RFa(fR{353Ub)). Ubiquitination in the two
positions was earlier found to disfavor saBsociation offau*RP 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 plac@$ L
HN-HSQC NMR spectra indicated that ubiquitination did not perturb the overall, disordered conformation of
TauRP(fig. S4).
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Formation and drivers of tau/polyU coacervates

On mixingrau**Pwith polyuridylicacid (poly(U)) in conditions described in a previous study [39], the solution
immediately became turbid, suggesting that phase separation had occurred. Brightaheldluorescence
microscopy images indicated the formation of micisimed, spherical dpets of concentratedrau*?°(fig.

2A, S5). The droplets were found to slightly expand over a period digl B%), 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 deformatidig( S6). Turbidity measurements indicated that the ability

of Tau*RPto form coacervates decreased on increasing the ionic strength of the soltit1$7), supporting

the notion that electrostatic inteactions are crucial for LLPSTaifR9poly(U) [3%41].
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Figure 2. Characterization of tau/poly(U) condensates for enzymatically ubiquitinated Tau. A,D) Representative bright) feld (
fluorescence (right) microscopy images displayiogdensates of A) T&kPand D) TatRR*Ub), acquired 15 min after preparation;
25>M protein was mixed with 62.5g/ml poly(U) RNA in 25 mM Hepes, pH 7.4, 1 mM DTT; scale bars-areBRE) Isothermal
titration calorimetry experiments: corrected heat tisfer rates and integrated heat plots recorded orsB0 TauRY(B) or tadR{*Ub)

(E) on addition of poly(U); Q values refer to heat change per mole of injectant (monomer); the inset in (E) displayscatioaguiif

the peaks indicated by arrows to higitit their different shapes. C) Turbidity measured on a solution offPan increasing poly(U)
concentration; the conditions of the experiment were matched with those of the ITC experiment (panel B); data are reprasented
the mean = SD of measuremeritstriplicate. F) Fluorescence recovery after photobleaching (FRAP) curves 9% (btack) and
TauRQ*Ub) (brown) after 30 min incubation with poly(U) RNA; data are represented as the mean = Sidependent microscopic
fields; solid lines are fitd curves; dashed lines: fitted values of the maximum fluorescence recovery; inset: representative images of
the bleaching experiment, scale bars aren.

The energetics of the protein/poly(U) interaction was investigated by isothermal titration wedtsgi (ITC).

The thermogram shows a neanonotonic behavior with a weak endothermic response in the initial steps of
the titration and overall heat release in later stefig(2B). The integrated heat plot displays a minimum at

a poly(Uymonomer/protein mdar ratio of ~12 (ca. 128g/ml poly(U)), a condition in which highest solution
turbidity was observedig. 2C). The profile likely reflects the overlap of the binary poljéujfPassociation
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 combinationf@inglesite and multiple nofinteracting 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 coalesas condensed complexes [63].
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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 préige€8]. 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
NaClfig. S9A). Finally, the observed changes in thelrebhvior on addition of uredif. 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
aggregationlinked dissoltion

We explored the coacervation dautR{*Ub) in the conditions tested for LLPSTai*R® In this case too,
solutions containingfau*®r{*Ub) and poly(U) exhibited ionic strengtiependent turbidity {ig. S7) and
displayed droplets of @ >m when obsered under a fluorescence microscoprgy (2D, S10). To compare the
mobility of protein molecules inside the droplets, we performed fluorescence recovery after photobleaching
(FRAP) experiments on phaseS LJF NI 4§ SR & YLX S& | Fi{ S NiorstenceFed®ery LINE L
was observed foboth Tau**Pand Tauw*RR*Ub) with ca. 90% recovery of the initfalorescence intensity after

3 min fig. 2F) and almost identical haifaximal recovery time constants (7.7 + 3.0r&fR° 9.1 + 2.6 s,
Tau*RQ*Ub); difference not significant based drtest). ITC experiments were performed to determine
potential differences in thermodynamic behavior betwe&/R{*Ub) and Tau*R® on addition of poly(U)

(fig. 2E). Similar to the case ®U*RC the heat responseof Tau**{*Ub) was nomon-monotonic. The
different behavior in the initial part of the thermogram is ascribed in large part to the presence of-tablis6

on Ub in theTau**R*Ub) species, as inferred from control experimeriig.(S11). We note that thefterential

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 coacervatefig. 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 abtarization, ThioflavkT (ThT)
fluorescence spectroscopy measurements performed on pisaparated samples over a period of two days
showed that complex coacervation with poly(U) did not promote the formation oftpdsitive fibrillar
aggregatesf{g. S2). The polyanion heparin is known to interact wifau*R° and to promote its fibril
formation [66;68]. We found that upon mixingau*RPwith heparin at a molar ratio corresponding to overall

net charge neutrality at pH 6, the solution underwent LLPghBfield and fluorescence micrographs showed
the formation of spherical dropletdig. 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 ofarregu

and variable shape, suggesting protein aggregatiimn 8A). Indeed, the solution turbidity exhibited a bi
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phasic time dependencdig. 3B), with decreasing values until ~20 min of incubation, followed by a growing
trend until ~90 min. Thus, the natairturbidity 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 hepdriduced droplets transfaned into aggregates displaying
crossi structure, following a typical nucleatiegrowth kinetics fig. 3C). Hepar#induced coacervation was

also observed fofau*®{*Ub), but the size of the formed droplets (>in) was smaller compared to that of
TaurRPdroplets €ig. 3A). After 30 min of incubation, the droplets expandig. BA), 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 fluorescdige3C) indicated that no major

protein aggregates hatbrmed.
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Figure 3. Characterization of Tau/heparin condensates for enzymatically ubiquitinated tau. A) Appearance and maturation o
tau/heparin condensates; representative bright field and fluorescence microscopy images ofsgipasated TatRP(upper images)

and TadRq*Ub) (lower images); samples contained>28 protein and 6.25>M heparin in 20 mM sodium phosphate, 30 mM NacCl,
5mM DTT, pH 6; images were acquired immediately after the addition of protein (left) or after 30 min incubation (righaszale

are 5>m. B) Change in sample turbidity over time; turbidity measurements were performed =i IayRP(black) and Ta®{*Ub)

(brown) in the presence of heparin (6.28) under quiescent conditions; the displayed data represent mean + SC3 replicate
measurements; absorbance values are corrected for the blank. C)flibilescence assay on tau/heparin condensates;
measurements were performed in triplicate on 261 TadRP(black) and Ta®{*Ub) (brown) in LLPS conditions; data represent the

mean * SD.

Positionspecific ubiquitination ofau affects the macroscopicaié molecular signatures of liquid

droplets

After establishing the condensation properties of a heterogeneous sample of ubiquitinated tau regioisomers,
we set out to determine positiospecific effects of ubiquitination on the supramolecular interactions of
Tau*RP Microscopy images showed that botau*R{311Ub) andlaw*RR353Ub) were able to form micren

sized spherical droplets when mixed with poly(U), similar in size to those of thabiqguitinated control,

the cysteinefree Tau'"thC (ig. 4AC)(replacement of native cysteines is necessary for-dsiteted
conjugation). The droplet size increased after a period of ~1 Maag*{353Ub), but not foTau*Rr{311Ub)

(fig. S10). The mediadiameter for both ubiquitinated species at 1 h was significantly smaller than that of
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droplets formed byTau'"thC. FRAP curves recorded on condensates of ubiquitinated samples indicated a
similar fluorescence recovery for the two ubiquitinated spedigs 4H), with an immobile fractiosl0% and
halfmaximal recovery time constants of 3.5 * 29 s fau*f{311Ub) and 2.2 + 0.8 s for
Tau*Rq353Ub)(statistically different from the value of 6.8 + 0.7 s determineddof*’hC, * = 0.0256 and

** n=0.0033respectively, onavay 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 rahiquitinated control. The thermal analysis of the
interaction between the tau proteoforms and poly(U) confirmed the imoonotonic trend observed with
TauRP with endothermic contributions in the first part of the titration and a net negative thermaloase
otherwise {ig. 4DF). The maximum exothermic signal and the maximum solution turbidity for the non
ubiquitinated protein were found to occur at approximately the same concentration of pol§idJ)D,G).

The slightly weaker heat signals observedtfe ubiquitinated species, compared to the control, indicate
overall reduced strength of intermolecular interactions. Interestingly, the maximum exothermic signal for
Tau*Rq353Ub) was found to occur at higher poly(U) concentration thaWéeff{311Ub) and the control,
suggesting that ubiquitination at position 353 perturbed the phbsebavior.
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Figure 4. Characterization of tau/poly(U) condensates forspteificallyubiquitinated tau. AC) Bright field (left) and fluorescence
(right) microscopy images displaying condensates of AJRFemD, B) TatfR311Ub), and C) T&R353Ub) acquired 15 min after
preparation; scale bars are>8n. DxF) Isothermal titration calorimey experiments: corrected heat transfer rates and integrated
heat plots recorded on 38M TadRhC (D), Tatf{311Ub) (E), or TARR353Ub) (F) on addition of poly(U). G) Turbidity measured on

a solution ofTau*RHhC 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 reptivaasurements. H) Fluorescence recovery after photobleaching
(FRAP) curves for T&NC (black), TaGR311Ub) (dark blue), T&RR353Ub) (light blue) after 30 min incubation with poly(U) RNA;
error bars represent + SD of 5 replicate measurements frompedéent 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 pagooivibmgy r
vertical dashed lines indicate the position of thaffmaximal recovery time constants.
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By comparison with an experiment performed on the mutdatff’hC(353 K/C¥ig. 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 inposition 353 and may suggest a steric hindrance effect. In a previous study, we found that
heparininduced aggregation dfau**Pat pH 7.4 is moderately or strongly inhibited by ubiquitin conjugation

to positions 353 or 311, respectively. In LLPS conditiahpH 6, the aggregation process exhibited faster
kinetics, but the relative propensity for fibrillation remained in the same ortigr $A).

The different endpoint fluorescence observed feau*f{311Ub), compared tdau*RP and Tau*R{353Ub),

may indicate differences in aggregate morphology and/or concentration. Similaut8® the unconjugated
variant Tau'"thC was found to undergo LLPS, however both absorbance measurements and confocal
fluorescence microscopy images indicated tRat**{353Ub) andau**{311Ub) had less propensity to form
liquid droplets fig. 5B;E). Thus, sitspecific ubiquitination of tau hindered multivalent interactions with
heparin. Thirty minutes after mixing, droplets THU*RthC were largely converted inamorphous particles,

tiny particles appeared forau**{311Ub), and no microscopic assembly was observethidf{353Ub) fig.
5QE).

136



>
w

600 1
(=4
g g
§ 400 0.8
g 8
3 §
L 200 204
= 2
= e}
@ -
o 0.04—t—e—u_= s
0 100 200 300 0 30 60
time (min) time (min)
to 30 min

O

tau4RD/\C

O

tau*R0(311Ub)

m

tau‘Rd(353Ub)

Figire. 5. Characterization of tau/heparin condensates for sfecifically ubiquitinated tau. A) ThT fluorescence assay on
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in LLPS conditns. B) Sample turbidity measurements, as a function of time, performed on samples as in paig|Bight field
(left) and fluorescence (right) microscopy images displaying condensatesTairf@€hC, D)Tau*RR311Ub), and Ejaw*R{353Ub)
acquired Omin and 30 min after preparation; scale bars arerh. Data in A and B represent the mean + 8B, 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 formatioof 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 monqaiiiriated tau proteoforms
towards the formation of condensates. We focused on the lysicle, fourrepeat region of the microtubule
binding domain Tau*®D, which is the prevalent target of ubiquitination in vivo and is critically involved in
functionaland pathological interactions. Polyanionic poly(U) RNA readily promoted LOBE&"®fand no

evidence of protein aggregation was found in LLPS conditions during the observation period. Hence,
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coacervates formed in the presence of heparin rapidly evolved into amorphous aggregates and therefore
could represent a model system for condensatimked pathological aggregation. Exploring such behavior
could contrbute to shed light into the elusive early stages of tauopathies. The microscopic and molecular
properties of poly(Upased condensates, such as ionic strengiid cofactor concentratiolependence,

and molecular diffusion in the dense phase, were largelghanged for the enzymatically ubiquitinated
Tau*RP compared to the unmodified protein. Sipecific ubiquitination at positions 311 or 353, obtained

via semisynthesis, preserved the ability of tau to phase separate upon exposure to poly(U). Nosgetheles
molecular mobility in the corresponding condensates was slightly greater and the thermal response was
perturbed relative to the norubiquitinated control, due to the combination of chargend steric hindrance
effects upon modification, affecting the pkicochemical nature of the droplets. Proteofespecific
behavior was also observed, indicating that intermolecular interactions may be affected by local structure
and chemistry near the site of modification. Hepapiomoted droplets offau*R*Pwere unstdle 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 perfechonTauwtRr{311Ub) andrau*RrR353Ub) 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 ipattcin 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 dfet 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: incorporatigibiguiitinated substrates

into cellular condensates could influence intermolecular interactions within the dense phase, and condensed
tau molecules could be targeted for ubiquitinediated degradation or signaling, as dictated by the ubiquitin
code [44]. Tie 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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4.2.3NMR study of the interaction of T&Gwith OTUB 1a potential novel therapeutic target in AD

Dueto its role in the clearance of misfolded proteins, dysfunction oflf8vas proposed to be one of the

key mechanisms of neurodegeneratiohhe good functioning of a&ide range of critical pathways for
neuronal homeostasigancer development and progressicnd apoptosisresidein the balance between
ubiquitination and deubiquitination. Indeedbiquitination is a reversible PTM: a varietydefubiquitinating
enzymes(DUBs)an hydrolyze ubiquitin binding from the target protein,thus remodelingor reversing its

fate. The impairment of the fine balance between ubiquitinating enzymes and DUBs activities alter the level
of ubiquitination of proteins and maglsolead to their pathological accumulation in cellsndng these
enzymes,OTUB1 has attracted interestecause itwas foundto be involved in Tau deubiquitination,
clearance and aggregationStudiescorrelated the inhibition of Tau aggregation with OTUB1 knock @
showedthe increment of Tatseeding and Tau aggregatiand increasd levels of phosphérau in primary
neuronswith OTUBL overexpressioBesides the camical activitywhich involves theleavage of K48nked
ubiquitin chains conjugated tdau proteif®8’ OTURL can inhilits the transfer of a ubiquitin moiety onto

Tau molecule by directly bindirE2 enzymethis is a norcanonical, atalytic independent activity®.

Therefore, understanding how OTUBL binds to its substrate could provide the molecular basis for the design
of targeted druggo be used against the aberrant accumulation of Tau in lAOparticular we aimed to
provide a deeper characterizationtbfe OTUB atalytic activity, investigatg whether OTUBL1 directly binds

Tau protein.

Results and discussion

OTUBL1 specifically déiquitinated HidJb-TauRP

OTUBIis an enzyme whickelectively cuts K4Bnked ubiquitinfrom a substrate reversing its proteasomal
degradation. Weested recombinantly purified OTURt for the removal of ubiquitirmoieties from Ub
dimers K48and K63linked to confirm its natural activity. As expected, purified OTUB1 successfully removed

ubiquitin unit from K48inked dimers but was inactive against Kbtked dimers (figl).
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Figure 1. 15 % polyacrylamide dadplaying the OTUB1 activitytime presence of dimer of Ub. Reaction was incubated for 2 h at 37
°C in static conditions.

The deubiquitination of enzymatically ubiquitinated T&Gwas almost fully completed after an incubation
at 37 °C O.N. Our enzymatically ubiquitinated sample is a mix of different-afmqoitinated populations,

for this reason OTUBL did not aimpletely (fig2).

oTUuB1

His-Ub-Tau4RP
M Omin 2h ON. Omin 2h ON.

-
45 KDa

—-.—..—.—-— <+ OTUB1
31 KDa

/V -
His-Ub-Tau*RP

21.5KDa
14.4 < Tau'RP
KDa
[}
K& &

His-Ub

Figure2. 15 % polyacrylamide gel displayithe OTUB1 activity the presence of enzymatically ubiquitinated T8 Reaction was
incubated O.N. at 37 °C in static conditions.

In anticipation of investigating OTUBL1 interaction with ubiquitinated form of®Paa mutant in its C91 main
catalytic site was createdhe OTUBCO91&wutant. The enzyme inactivation was proven by incubating

OTUBC91S with its natural Kitked substrate and enzymatically ubiquitinated Taa ubiquitinmoieties

were cut fom the diferent substratedfig. 3).
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Figure3. 15 % polyacrylamide gelisplaying the OTUB1C91S ramtivity in the presence of dimer of Ub and enzymatically
ubiquitinated TaéRP Reaction was incubated for 2 h at 37 °C in static conditions.

Pulidown assay suggested non ubiquitinated*f@interaction with OTUB1

After establishing OTUBL1 activity in-dBiquitinating TaéR®, the direct interaction between the two proteins
was investigatingFor this purpose, different combination of small peptides constituting the MTBD of Tau
were purified: R1, R2, R3, R4,-R2 R34, RIR4 (corresponding to the entire MTBD =T&u These
peptides were adsorbednto a Glutathione Sepharose beadsd after an incubation withlisOTUBIwt,
samples were loaded onto an SBAGE gelnd then transferred to a cellulose membrarfn antibody anti
HistagHRP conjugated revealed the interact between RAR3 and RR4(fig. 4).SurprisinglyR2 andR3

did not interact with HiSOTUB1 without the mutualpresence.

His-OTUB1
M Beads+ R1 R2 R3 R4 R2-R3 R3-R4 RI-R4

P =

-

— - - | His-OTUB1
35KDa b

25 KDa
-
e
-

Figure 4. Pool down assay. T&tpeptides were purified with a G83g and adsorbed onto resin beads. After an incubation with
OTUB1, Western blot was performed using dfittag antibody.
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NMR analysis dfFN-TaRIOTUB{C91Sinteraction

Firstly antH,®N HSQC spectrum BN-OTUB1 was acquired to confirm the correct folding of the protein, (fig
S1).Relying on pool down assay resulise interaction between Tai®and OTUBInt was investigated
throughseveraltH,**®N-HSQC NMR experimer#ad attentionwas put on R2 and R8peats.

BN-TauRP was titrated with increasing concentrations of OTURtLat ratios 1:0.5, 1:1, 1:1.5, 1:2°K-

TauRPOTUB1)peaks signal intensity attenuation and chemical shift perturbation were analjise®).

A B
R1 R2 R3 R4 R1 R2 R3 R4
0.04
1.00 1 12 1 1:05
1:.1.5 1:1
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< 0.50 © 0.02
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Figure 5. Analysis 8H N HSQC spectra acquired Bh-Tau'RPin the presence of increasing amount of OTUB1, A) relative signal
intensities, with | = intengjtof only?*N-tau*RE and B) chemical shift perturbation graphs. T: 283 K.

From the signal intensity attenuation platdecrement of peaks intensity was already appreciable throughout
the whole Tau MTBD at low ratios. Specifically, the amino acids correspondingRa treR3 repeaswere
mostly affected when OTUBL1 was added to the sample with an averagenukerairén the signal intensity
above 25 % for low ratios till 506 % for 1:1.5/1:2 ratiosChemical shift perturbations analysis did @aoid
further information about the dynamicity of the chemical exchange of the protein.

An NMR titration ofN-TaufRPwas also performed with the inactive mutant OTUBC@ItS 6). The signal
intensity attenuation plot resembled the trend observed with wt protein and confirmed the maximum

attenuation in correspondence of R3 repestTautRP
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Figure 6. AnalysioftHN HSQC spectra acquired BiN-TauRPin the presence of increasing amount of OTUB1C91S, A) relative
signal intensities, with | = intensity of odfN-tau*Rb and B) chemical shift perturbation graphs. T: 283 K.
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