Conformational fingerprinting of tau variants and strains by
Raman spectroscopy
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DOI: 10.1039/x0xx00000x Tauopathies are a group of disorders in which the deposition of abnormally folded tau protein accompanies
neurodegeneration. The development of methods for detection and classificaif pathological changes in protein
conformation are desirable for understanding the factors that influence the structural polymorphism of aggregates in
tauopathies. We have previously demonstrated the utility of Raman spectroscopy for the chamitirrand discrimination
of different protein aggregates, includirtgu, based on their unique conformational signatur&uilding on this,n the
present study, we assess the utility of Raman spectroscopy for chazmgesind distinguishing differembnformers of the
same protein which in the case of tau are unidae strains generateth vitro. We now investigate the impact of aggregation
environment, cofactors, podtanslational modification and primary sequence on the Raman fingerprint of tau fibslag
quantitative conformational fingerprinting and multivariate statistical analysis, we found that the aggregation of tau in
different buffer conditions resulted in the formation of distinct fibril strains. Unique spectral markers were identifigd for
fibrils generated using heparin or RNA cofactors, as well as for phosphorylated tau. We also determined that the primary
sequence of the tau monomer influenced the conformational signature of the resulting tau fibril, including 2N4R, ON3R, K18
and P30$ tau variants. These results highlight the conformational polymorphism of tau fibrils, which is reflected in the wide
range of associated neurological disorders. Furthermore, the analyses presented in this study provide a benchmark for the
Raman spectrospic charactedation of tau strains, which may shed light on how the aggregation environment, cofactors
and posttranslational modifications influence tau conformationvivoin future studies.
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shown to polymede fulklength tauin vitro,1° whilst other PTM or primary sequence have an impact on the Raman
molecules including RNAand arachadomi acid? have also spectrum of tau aggregates.
been shown to trigger tau polymesdtion. CryeEM has shown In this study, we have used Raman spectroscomhsvacterze
that tau fibrils formed from heparinn vitro are distinct from the fibril structure of several tau variants and strains generated
those so far seen in human dised3&kRNA and heparan sulfatein vitro. We assessed whether the Raman spectra of each fibril
proteoglycans are associated with neurofibrillary tangles of tapopulation could be distinguished using principal component
in AD416 whilst nonproteinaceous densities in the cnfM analysis (PCA) and amide | cufiting analysig! Specifically,
maps of tau fibrils fromAD?> PiDé CTE and CBDbrain tissue we investigated the impact of four principal factors on the
suggest thencorporationof an unknown cofacto¥? Ultimately, Raman fingerprint and tau fibril conformati: 1. Aggregation
it remains unknown whether cofacter are a trigger or environment 2. Cofactor incorporation 3. phosphorylation, and
consequence of tau aggregatiam viva2 The role of cofactors 4. Tau monomer primary sequence. First, we observed that the
in tau aggregation in disease is currently nalmestablished tau strains that were generated in different aggregation
and requires further investigatiotence, in this study we were environments had distinct morphologies observed by atomic
motivated to provide proobf-concept of the possibility that force microscopy (AFM), as well as distinct secondary structural
Raman spectroscopy could assist those attempting to deciprmmpositions based on their Raman fingerprints. Next, we
the identity and understand the role of cofactors tau identified unigue Raman markers for tau fibrils generated in
aggregates using heparin or RNA cofactors, as well as for phosphorylated
tau. Findly, we found that fibrils formed from ON3R and 2N4R
In vivg Tau conformation and assembly can also be directigu isoforms, the P3012N4R tau mutant or the K18 tau
influenced by postranslational modifications (PTMs). Foifragment generated unique Raman fingergs that enabled
example, phosphorylation of tau at seri2®2, threonine205 their classification. This study highlights the utility of Raman
and serine208, with the absence of phosphorylation atiser spectroscopy to charactes® and distinguish distinct tau fibril
262 leads to spontaneous aggregation of tauvitro in the populations based on their conformation and unique Raman
absence of cofacto¥ As well as being conformationallysignatures. These conformational signatures can be used to
distinct, it has been shown th#au fibrils from AD and CBD haveshed light on the interplay between the aggregation
unique patterns of PTMs, suggesting that PTMs may be usedagironment, cofactors and postanslational modfications on
markers to identify tau conformers from different diseas&$° tau conformation in future studies

As alluded to above, the mechani@yby which tauaggregates Results
in vivoare not known and there is an urgent need to explore thﬁgure 1 is a schematic representation of the proteins and
role of factors shown to influencihis pathogenic proces3he aggregation conditions used in this study. First, distinct fibril strains
development of methods that candeéntify tau isoform, were generated from recombinant tau monomens vitro using
conformation, cofactor interaction and PTM may be useful falifferent aggregation environmentsfigure 1A). Next, tau fibrils
understanding the interplay between these factors and thelvere generated using heparin or RNA cofactdiigyre 1A). Finally,
role in disease progressiom this study we demonstrate the fibrils were formed from qli_fferent variants of monomeric tau in the
utility of one such methodologyRaman spectroscopyffers a S2me aggregation conditiongigure 1B). We employed Raman

. . - . i . spectroscopy to ascribe conformational signatures to each of the
direct, labelfree analysis of vibrational modes within a givei

. . . . fibril populations formed.
sample. These vibrations arise from chemical bonds, enabling Pop

unique fingerprinting of different molecules. Chemical bongiterent aggregation environments generate distinct tau
vibrations are influenced by intelas well as intranolecular conformers

interactions, the latter in particular, means that Raman

spectroscopy is highly sensitive to protein conformatidn We have previously demonstrated that Raman spectroscopy
While Raman spectroscopy has been shown to providgovides unique conformational signatures for fibrils generated from
fingerprints for different amyloid protei8 and fibrilar BSA, B2 M an dnvitr@e pow ovaneed msiudy the
mut ant s -synaclei?® awe have recently shown impact of different aggregation environments on the conformational

conformational fingerprinting of Bovine Serum Albumin (BS |gn§1ture ofaggregate formed, and |_nvest|gated this fau f_|br|Is
e incubated 2N4R tau monomers |1n the prese of heparin at a

Bani croglobulin (B2M) and 1 34 mdiaP ratib ﬁ)tbiﬂ:hep rih)fin fier®PBS bu pﬁd Vg at

states?! Conformational features in terms of secondary ang oHpo4. 2 mM KH2PO4. 137 mM NaCl. 2.7 mM KCI. 2 mM DTT oH
tertiary structures were compositionally disambiguated. The 4) or *“ Tris buffer (25 mM Tris

unique conformational fingerprints of monomers, oligomersonditions. These conditions were employed simptly test the

and f i br i-misroglotulin Bn8 fau alle@ clear and impact of onespecificenvironmental factoron conformationwhen
unambiguous distinction through both direct spectral analysisau’' s pri mary structure and aggr
and unsupended classificatio®* Recently Raman spectroscopysame. Additionally we wanted to illustrate the sensitivity of Raman

was used to identify conformational polymorphism of insuli§Pectroscopy to discriminate between diféet conformations of
amyloid fibrils in different buffer conditior® It is yet to be Otherwise identical proteins.

determined whether fibril polymorphism, aggregation cofactor,
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As one may predict, the two different aggregating environments hadsonance (EPR) spectroscopy and Fourier transform infrared
a profound influence on the tau conformer generatéd:M revealed spectroscopy (FTIRY 32
that fibrils grown in PBS were a mixture of sparse long fibrils (1Q um+
and short, stubby fibrilsFigure 2A). Long fibrils were not observed It has been demonstrated that tau strains from different tauopathies
in Tris buffer conditions, with many fibrils found clumped together ihave cell type specificity that is maintained during pathological
high density, suggesting lower stabilityFigure 2B). These transmission,but the specific factors that modulatéau strain
observations were reinforced aftexedimentation of insoluble tau, conformationand specificity are yet to be determined Our data
with larger pellets observed for tau grown in Tris compared to tagpllectively demonstrates that the aggregation environment can
fibrils grown in PBS. This aligns with a previous study using the btve a significant impact on the conformers formed therein
4R domain fragmerft irrespective of the cofactor that promotes aggregation. Bhigports
the link between cellular environment and strain conformation.

Raman fingerprints for the tau fibrils grown in each condition are
shown inFigure 2C. B-sheet conformation was confirmed by theRaman fingerprints of tau fibrils are sensitive to different cofactors
frequency of the amide | band (C=0 stretching) ~1670 funeach
strain.We observed a subtle, but repeatable, differencetia amide Cofactors are likely to influence tau aggregation in disease so it
| peak frequency between each tau strain, with the Tris Conforméfomd be desirable to have a method that enables thdentification
having an amide | frequency of 1669 mnd the PBS conformer in the tau aggregateX: 3¢ We therefore investigated whether
having an amide | frequency of 1671 tifigure 2D). Importantly, different cofactors could be identified in the Raman spectrum of tau
this frequency i s ssrangist ii wheatth &rilghogdo this wepnsybatesl fau monomers with polyuridylic acid
as well as their orient at i-shest, (PaV))RpAas a raodpr ratig of 8:1 (tau:RN)geneyate fibrissn - o f
structure, suggesting that each conformer has a different structurdpu fibrils were then idated from the mixture by sedimentation,
architecture2’ The amide IlI frequency (124800 cnt) is sensitive Washed several times to remove any surfdrind cofactor and
to the dihedral (%) pepti de? bthep grobghhy Raman spectroscapy. Taur figrils cgenaratasl 41sing b o
but we observed no clear difference in amide IIl frequency betwedigparin (as shown ifigure 2) were used for comparison. Raman
each tau strain. Mean Raman spectra may everunderestimate SPectra were also acquireaf neat heparin and neat RNFigure 3A,
contributions from individual spectra. Therefore, unsupervised PCgeen dotted line and red dotted line, respectively). The Raman
was applied to the Raman spectra in order to classify the data afagerprints for tau fibrils formed in the presence of either heparin
identify regions of spectral variation between datasets. PCA showéteen line) or RNA (red line) were distinEig(3A). Unique peaks
that the individual spectra of each tau strain were distinaisby a Originating fom each cofactor were visible in the Raman fingerprint
single principal component (PCligure 2E). The loadings showed for each of the tau fibril samples indicated by asterixes (*). In the
that the skeletal region (C and &N stretching from 850150 cmt) heparin spectrum, these peaks were assigned to the sulfa@ S
intensity had a large weighting on the PCA scoFéguke 2F). The stretches at 1052 crh(N-SQ) and 1069 cm (6-0-SQ).2%In the RNA
skeletal region is conformationally sensitive, but structural SPectrum, these peaks were assigned to the uracil ring modes at 782
assignment is more complex than for the amide | or Amide @™ (ring breathing) and 1231 ch{ring stretching)?>

24
bands The incorpration of cofactors into the fibril structure relies on
Interestingly, the Raman spectrum for the Tris strain had moglectrostatic interactions between the positively charged tau
intense peaks ~1050070 cntt in comparison to that for the PBSresidues and negatively charged cofactor functional groups, such as
strain Figure 2C andF). These peaks are assigned to sulfate stretch&de phosphate backbone of RNA or the sulfate groups in hegarin
of heparir?® (see also further below). This may reflect differentiaRaman spectroscopy can be used to study electronic interactions by
incorporation of heparin in each of the aggregation conditions. ABe observation of frequency shifts in Raman pe&&eak shifts for
the interaction between tau and hepar is based on electrostatic heparin and RNA markers after tau fibril formation are tabulated in
interactions, the higher salt conditions in the PBS buffer (137 mfigure 3B. For heparin, the ® stretching peaks showed a downshift
NaCl) may have decreased these interactions in comparison to iRdrequency in the tau fibril spectrum; 10521045 cm' and 1069~
low salt conditions using Tris buffer (0 mM NaCl). It has bedR61 cm'. The uracil ring modes in the RNA spectrum also showed a
demonstrated that increasing ceentrations of NaCl >50 mMm downshiftin the tau fibril spectrum; 782780 cm' and 1231-1228
decrease hepariinduced tau aggregation kinetRéswhilst 300 mM ¢ The larger shifts observed for sulfate stretches in heparin were

NaCl prevented the interaction between tau and heparifikely due to direct electronic interaction between the sulfate groups
completely30 and tau, whereas it is likely that the RNA phosphate backbone

interacts with tau and not the RNA uracil gininterestingly, the
These results demonstrate a clear impact of the aggregatipgosphate backbone band ~96QL000 cnmt was the only region of
environment on tau conformer formed. To prove that this effect wathe RNA spectrum that was not evident in the RiA fibril
independent of the cofactor involved in aggregation, we assessed thigectrum, with the tau fibril backbone-C stretching peaks also
impact of different aggregation environmtnon aggregation o 2 M observed in this regiofigure 3A. This sugggs that the phosphate
straing which unlike tau do not require a dactor. Consequently backbone undergoes a change in structure, likely due to a direct
theRaman spectra of B2M fi br i | sintegetienwithdas.ghesedindipgs suggest thasthe hapario an@RNA o r
fibrils. Supplementary Figure 1 shows thatas was the case for tau, cofactors were incorporatednto the overall fibril structure, in
changes to the extracellat environment also influenced the agreement with previous obsenians® 34 37
conformers of 2 M f thabformeld.slong-straight and worrdike
B 2 Fibril strainswere evident by AFM and théyave unique Raman Raman fingerprints of tau fibrils are sensitive to phosphorylation
signatures suggesting distincf3-sheet conformations.This is in

agreement withprevious stuies employing electron paramagnetic AS cofactors could be detected in the Raman spectrum of tau fibrils,
we asked whether it was possible to identify markers of
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phosphorylation.To do this, recombinant tau was generated irPC3) were required to sufficiently distinguish the spectra from 2N4R,
eukaryotic SF9 cells. Mass spectrometry has indicated that tAN3R and K18 fibrils. The loadings facte of these PCs is shown in
isolated from Sf9 cells contains 21 phoshporylation sites inlcuding Rigure 4D. PCl showed strong -pheei ti v
diagnostic AT8, AT100, AT180 and PHF1 sites, and is phoshporyledatponents (1672 crh- amide |, 1227 crih- amide 1ll, 1028 crh-

at 1-14 stes per molecule, as shown kigure 1B.38 Phosphorylated skeletal) and heparin (1059 cth The PC1 loadings aligned with the

tau was incubated with heparin at a molar ratio of 2:1 (tau:heparirgcores plot, which showedhat K18 fibril spectra had a positive

and the isolated tau fibrils were probed by Raman spectroscompoefficient in comparison to 2N4R and ON3R fibril spectra, which had
Dried sodium phosphate buffer was also probed by BRamnegative coefficients. Furthermore, the vibration ~935cim very
spectroscopy in order to assign spectral peaks correspondingveak in K18 fibrils in comparison to 2N4R and ON3R fibrils. This
phosphate groupsFigure 3C). The peak for dibasic phosphate wawibration was ao observed in monomeric tau protéfnand was
observed at 987 crh (-OPO(3)(3) and the peak for monobasic therefore assigned to nonregular structure.

phosphate was observed at 1093 ¢ntOPO(3)HY]), in line wih

previous literature®® In tau fibrils, this region of the spectrum isThe PC3 axis separates positively scored 2N4R and negatively scored
convoluted due to skeletal-C/GN vibrations from tau protein,-® ON3R fibril spectra. The loadings showed that peaks including amide
vibrations from heparin and -B vibrations from the phosphate | -slfieet ~1669 crhand phenylalanine ring breathing mode ~1002
groups. Increased intensities ime phosphate vibration spectral cnr! were more intense in ON3R fibril spectra, whereas nonregular
region (9501100 cmi) in the phosphorylated tau fibrils were and turn structure in the amide | (~1651 érand ~1684 cr) and
observed in comparison to ngphosphorylated tau fibrils, aligning amide lll regions (~1261 c¥) as well as @l stretching ~1128 cfn

with dibasic and monobasic phosphate peaigure 3C). were moreintense in 2N4R fibril spectra.

Raman fingerprints of tau fibrils are sensitive to primary sequence ~ As changes in primary sequence had measurable effects on the
Raman spectrum, we asked whether a single point mutation (P301S)

In different tauopathies, different tau isoforms are implicated foyvould result in the formation of fibrils with a distinct conformational

example 4R isoforms aggregatetamopathies such as PSP, CBD anpgerprint. The P301S tanutation occurs within the second repeat
others®® whilst 3R isoforms aggregate tauopathies like PiBt of the microtubule binding domain and results in early onset and

Additionally, in some familial tauopathies point mutations in taf@Pidly progressing Frontotemporal dementia with Parkinsonfim
have also been identifiett To invesigate the effect ofsuch Figure 4A shows that fibrils formed by 2N4R tau with and without
differences inprimary sequence on the Raman fingerprint tafi the P301S mutation had distinct Raman fingerprints. The spectrum

fibrils, we generated fibrilrom the largest tau isoform (2N4R), thef0r P301S fibrils had a comparable, but slightly broader amide |
shortest naturally occurring isoform (ON3R), and 2N4R tau with§910n: suggesting a larger ensemble of secondary structuresthan i
single point mutation (P301SAdditionally, we also useal construct the_WT 2N4R f'br'lfﬁg“'e 4B). _Th_'s was more clearly shown in the

containing only the repeat domain that forms the amyloid core of taﬂm'lde, Il region, with P301S fibril amide Il spectra centred at 1248
fibrils (K18)as this is heavily implicated &l tau aggregatest h e , indicative of nonregular structures, whilst 2N4R fibrils had a

sheet secondary structure in tau fibrils is predominantly localized t80r€ intense peak ~1236 cin i n d i esaeet stuaureoThese
fferences were subtle, but consistent, as shown by the PCA scores

the repeat domain, whereas the outer regions are less ordered (fuzg-g) o . )
coat). The proportions of these regions differ between 2N4R, ONB t in Figure 4E. The PCA loadings showed that the skeletal region

d and the amide | intensity relative to the €band played a large role
in distinguishing the spe (Figured4F) . | mp o-sheearelatedy , f
vibrational frequencies at 1667 ch{amide ), 1228 crh(amide Ill)

. . i . were associated more strongly with the spectra of 2N4R fibrils than
Tau fibrils were formed in the presence of heparin at a molar ratio gh1 5 fipyils.

2:1 (heparin:tau) in HEPES buffer under constant agitation. Fibrils
were separated from soluble tau by S?d'men_tat'on and prOb?d tduamtitative conformational fingerprinting of fibril strains
Raman spectroscopy. The Raman fingerprint of each fifauil

population is shown iffigure 4A. The Raman fingerprints for ON3RThe Raman amide | band of proteins represents the sum of multiple
and 2N4R isoforms were relatively similar, whereas the Rama@aks that each Correspond to different element of Secondary
fingerprint for K18 -sHeéttompohestsiw gusictufe! Underlyihg/pealts cantbé rBsbhied by Bditiag analysis,

the amide | and amide IIl region (1670 ‘trand 1233 cm!, which enables the assignment of secondary structdiee resulting
respectively) were relatively more intense in the K18 fibril spectrugtructural composition can be used as a conformational fingerprint
than for 2N4R and ON3R fibrils. This suggested that K18 had relatiygly given proteinprotein ensemble2* 4446 Here, we apply the same
mo r eshe than 2N4R and ONS3R tau fibrils. This is expeated cyrvefitting method to the amide | spectrum of each fibril strain to

nonregular/disordered regions outside tife repeatdomain of the establish a unique and quantitative conformatiorfgerprint for
protein that make up the *f uZzZclpopsultddoffibrdlsr € not present in K18

Figure 1B). Similarly, heparin peaks were more intense in the K18
fibril spectrum (~1045 cr) as a K18 monomer is smaller than thave fitted the amide | region between 1526725 cmt using peaks
other isoforms. The frequency @mide | region was identical for representing aromatic acids (152%20 cmi) and secondary
each variant, although the width of each Amide | band was distingtructure (1620 cml725 cmt). Peaks representing secondary
suggesting that each fibril variant had a different secondagtructure were fitted and asgned as follows ~1655 cin(
structural compositionFjgure 4B). helix/turns), ~1670 cnt ( 8heet), and ~1686 crh(nonregular). A
further peak between 1620640 cm! was also included in the fit.
Principal component analysis was performed on the aeglspectra This peak is not well defined and may originate from vibrational
in order to identify spectral variation in an unbiased manner. Th&upling and/or nonregulastructure4™ The fitted amide | region
scores plot irFigure 4C shows that 2 principal components (PC1 angbr each fibril strain is shown ifigure 5 and quantified inTable 1.

and K18 tau variants (seégure 1B). Therefore, we hypothesize
that each variant would have a distinct Raman fingerprint.
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The percentage peak areas were used esaalout of the proportion their conformational fingrprint using PCA and by their secondary
of secondary structurévariation in peak widths were also observedstructural composition using amide | curitting analysis

It is well established that theharpness of the Raman peak is related

to structural order for examplen crystals compared to amorphous

materials®® Peak width is therefore representative of the Discussion

distribution of underlying structures and overall conformation
order where wider peaks represent ahigher distribution of
underlying structures or a decrease in structural ortker.

a\INe have demonstrated that tau fibrils adopt different conformations
based on the physiochemical properties of the aggregation
environment, the cofactor used for aggregation, the monomer

Amide Icurvefitting analysis of tau fibrils formed in PBS or briffer primary - sequence, and the presence or absgpce of disease
revealed that each strairhad a distinct secondary structural"’ISSOC"'Jltecj mutations. Th'§ validates t.h.e .ut|||ty (.)f ) Raman
composition.Fi bri |l s f or med i-gheetTstructsre épgcﬁrqsgopy_nf%r dhe |dq§e§t|gn "’P-'d cIa_ssmcatlc_)n of fibrillar tau
than fibrils formed in PBS (29% and 37%, respectively), |é@§|ants_|n vitro and p_rowdesdfe _a_lled information about the
turn/helical structure 16% and26%, respectively), and more total extraordln.ary conformgﬂona} flexibility of the tau molecule. Eac.h of
nonregular/coupling structure (55% and 37%, respectively). ﬁ'ﬂe expe'nmental man|pulat[ons noted above gepgrated a unique
contrast,amide lcurved i tti ng analysis of R wplg@a}urﬁ pal-sqd an 'tf rHo'leﬂ.'l@rocornpqgtloH ?”Q,ﬁ””““fe-
or low salt conditions revealed that each strain had a comparabT e Ra_ma_n fingerprint anad fibril co_nformatl_on were sensitive to
secondary structural coposition Gupplementary Figure 2), as four principal factors; 1. Aggregation environment 2. Cofactor

shown previously by Hiramatst alusing Fourietransform infrared incorporation 3. P,TM’ and 4. Tay monomer primar.y sequence. First,
spectroscopy (FTIR)We observed that both strains had 60% totalVe showed that fibrillar tau strains that share an identical primary
guence can beistinguished by Raman spectroscopy based on

B-sheet structure, although differences in peak frequency (1671 c

land 1674cm) suggest ed s osheet amth'itefctnre,rt et (#isgncticqpforpational signatures, despite the added spectral
as discussed. convolution of a cofactor. Secondly, we showed that the molecules

that are incorporated into the tau fibrils, including heparin and RNA

Amide | curvditting analysis of 2N4RON3R, P301S and K18 tal.&:ofac.t.crs. We also show that PTMs such as phosphorylation can be
fibrils generated in HEPES buffer under agitation revealed that edégntified in the Raman spectrum. Next, we showed that Raman
fibrillar variant had a distinct secondary structural compositiorPPECtroscopy can be used to classify a range of fibrillar tau variants
2N4R tau fibrils were composed of 41@ésheet structure, 129 With different primary sequences including 2N4R, ON3R, K18 and
turn/helical structure and 47% mmegular/undefined structureAs P30S, each of which was found to have a unique conformational
expected, tau fibrils formed from K18 contain the largest proportiofignature. These Raman signatures may serve as vital probes for
of B-sheet structure (50%), as this variant does not contain tHiiSSecting the factorsn vitro that dictate the conformational
nonregul ar ‘fuzzy coat’ regt# oPR¥MOrPhiEm §fgau segnyn disgase, This may ghgdylight qn yhay
sheetsecondary structure and a larger proportion of turns/helicel€se factors aren vivg where they must be influencing, possibly
(27%) than 2N4R fibrils (129%). even driving aggregation in affected neurons.

Interestingly, we observed that tau fibrils with the P301S mutatiofhe utility of Raman spectroscopy for characterizing and
cont ai n-sheet dtrectre (3@b) than the WT 2N4R tau fibrflistinguishing tau conformers

population (41%).These findigs are in agreement with our ) B

observations using PCA, as well as a previous electron paramagrVe have previously demonstrated the utility of Ranspectroscopy
resonance (EPR) study that showed increased structural disordefor distinguishing between aggregates formed from different

the fourth repeat and the adjacent@rminal region of P301S fibrils Proteins?* However, given that different conformers of the same
compared to 2N4R filis.5! protein, in this case tau, are found in different tauopathfeand

possibly even in the same tauopafffy52it is more important to

demonstrate the conformational sensitivity of this methodology for
We next performed amide durvefitting analysis on the 2N4R taudiscrimination of differeb tau conformersbeyond distinguishing
fibril population formed using RNA cofactor. The Raman spectrloetween monomer, oligomer or fibril of the same taariant We
for RNA contained peaks that overlap with the protein amide | banhave proven this here by showing that fibrils of different tau
originating from carbony! stretchingSypplementary Figure 3) conformers/variantave unique conformational fingerprints. Fibrils
making secondary strtiral analysis more complex. Therefore, weformed in vitro from 2N4R and K18 tau have unique amyloid cores,
performed curvefitting analysis in two ways. First, curfiging was as shown by their unique limiteproteolysis signaturé$ and
performed on the neat RNA carbonyl band and the three resultirdifferences in backbone mobilif Furthermore, the amyloid cores
peaks were included in the RMa&u amide | analysis. Second, wefrom AD and PiD fibrils also extend beyofftdrdpeat so it would not
performed cure-fitting analysis of the protein amide | band afterbe possible for K18 to form these disease conformationstro. We
careful subtraction of the RNA carbonyl spectruBach method have demonstrated that the fibrils generated from different tau
produced comparable resultSupplementary Figure 3). We noted variants, 2N4R, ON3R, K18 and P301S, have unique conformational
that heparin had a small peak at 1650 -gnbut subtraction of this signatures with different proportins of secondary structures as a
peak did not affect our curvétting results. We found that the tau result of different amino acid compositions. It is such differences in
fibrils generated in PBS using either heparin or RNA had a distig@gformation that form the basis of seeding barriers between
secondary structural composition. Fibrils formed using RNJifferent amyloid structure$ It has been demonstrated previously
contained moreB-sheet structure han those formed with heparin that the aggregation of 2N4R tau in the presence of heparin leads to
(45% and 37%, respectively) and less nonregular/coupling structdii@ formation of at least four different conformers of tau fibrits
(26% and 37%, respectively). Taken together, these analyses shé/@ (defined as; snake, twister, hose and jaggéd)The
that Raman spectroscopy can distinguish fibrillar protein strains ggnformational signature of tau fibrils observed using Raman
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spectroscopy in this work represents the averagmformation of and heparin cofactors have unique spattmarkers that can be
this fibril population, which includes both the structured (amyloiidentified in the fingerprints of tau fibrils. Therefore, Raman
core) and nonregular regions of tau fibrils (fuzzy cdat. note that spectroscopy can be used to detect tau protein and a given cofactor,
t h eshept content observed in tau fibrils using Raman spectrosccwhilst also providing conformational information. It has been
is higher than expected from @¥EM analysi$® It has been suggested that different cofactorsieanduce differencem tau fibril
remarked that amide lcurve i t t i ng o-sheetspucterelin conformation, resulting in distinct properties in a cellular
protein fibrils5° possibly due to resonance enhancement as a resienvironment34 68\We have shown that 2N4R tau fibril populations
of inter-strand coupling of vibrational modé&&5° Regardlesswe generated using heparin and RNA cofactors have distinct secondary
determined that the P301S mutation caused an increase structural compositionsBoth heparin and [RA are polyanionic and
nonregularstructure in the fibrillar population of tau in comparisor interact with tau via electrostatic interactions, but differences in the
to 2N4R WT tau, supporting previous work using.ERRportantly, 3-dimensional structure of cofactors may sterically influence specific
tau conformers formed using a heparin cofactowitroare likely to tau conformations. For example, in this study we used Poly(U) RNA,
be distinct from conformer populations formed in an vivo which is a pyrimidinenucleobase, as opposed to bulkier purine
environment. For example, transgmnic P301S tau fibrils from the nucleobases adenine and guanine. It is possible that pathological tau
mouse brain were shown to be far less stable than recombinefolding in brains of tauopathy patients, and the resulting
P301S tau fibrils formeid vitro.80 conformation of tau fibrils, could be dictated by the cofactors
available inthe prote n’ s environment . I nte
It has been established that unique tau conformers exist in differeshown that cofactors can cause strain adaptation in the prion
tauopathies*® 13 6land that conformes from disease differ to those protein, with the incorporation of a different cofactor leading to
formed in vitro,®2 & possibly due to differences in the availablichanges in strain conformation and infectivify Furthermore,
cofactor® PTM?® local pH or ion environmer® 25 Emerging poly(ADP i bose) has been sho-synucldio act
evidence suggests that different populations of soluble tau oligoméa g gr egat i on, |l eading to -syfuaeinf or m
may exist between different AD patients and that the presence oistrain? The aggregated tau conformers found in different
given population may correlate with disease onset and progres¥ior tauopathies could each have a unique combination of cofactors
We have shown that changes in the physiochemical environment (depending on their brain region and environment, which may serve
lead to the formation of distinct tau conformers, reinimg the as aunique biomarker and therapeutic target. It is possible that the
possibility that different conformers may also occur in differer Raman fingerprint of isolated purified tau conformers may thus
disease settings. In our system, electrostatic interactions with provide clues as to the nature of this cofactor, which has thus far
cofactor also regulates aggregation. Increased charge screening f been elusive.
NaCl in PBS buffer may make tau less condutev heparin
interaction than in low ionic strength Tris buffer. Fibril folding durin@he utility of Raman spectroscopy for identifying tau PTMs
aggregation may also be influenced by highly kosmotropic phosphate
ions and weakly chaotropic chloride ioHfdon-specific Hofmeister Similarly, we have demonstrated that the phosphorylation of tau
effects can affect amyloidogenic aggregation differently dependingoduces unique markers in the Raman fingerprint of tau fibrils.
on the proteins® Characteding spectral features of soluble tauThese spectral changes are far more subtle than for the
aggregates from different disease cases mhgdslight on what incorporation of cofactors, likely due to relative sizéfatence
specifically about the pathological aggregated protein correlatd¥etween a heparin molecule (molecular weight ~5000) and a
with disease progression, although isolating the protein would bghosphate group (molecular weight ~80), with Sf9 tau carrying
necessary for Raman spectroscopy. It is noted thatEicas thus between 1 and 14 phosphates per molecéfe 72 Raman
far not identified different conformes from a single tauopathy, for spectroscopy has previously been used to measure protein
which there may be many possibilities e.g. conformers may existfinh 0 s p h o r y |-casein mdirectly by assessing subsequent
smal |l er populations and may nehangas & ptein erfarmeatiof whilst eghanging envisonmeatal e r a ¢
or a predominant conformer may be established by the end ®H enabled direct measurement of phosphorylation markéras
aggregation and cryoEM has shiar only been performed with end well as phosphorylation, the tau protein undergoes several PTMs
stage tau fibrils and not on soluble species. that have been linked with diseag® including acetylatiorf*
glycosylatio®® and others. Raman spectroscopy is sensitive to
protein acetylation® as well as glycosylatidh and these
The utility of Raman spectroscopy for identifying tau cofactors measurements are quantifiahlé- 7We have demonstrated that the
phosphorylation of tau fibrils can be directly detected by Raman
Molecular structures, including conformations, are a manifestatiogpectroscopy. The correlation of  phosphorylation and
of the lowest energy or most stabligtate as a result of the net oligomerization in early AD brain® suggests that the detection of
electronic environment. Raman spectroscopy probes the vibratiopgth PTM ad conformational state may provide a unique and
of chemical bonds (electrons shared between atoms); while it p@werful biomarker for tauopathies. We did not assess the
sensitive to the presence, quantity, strength and angle of thosgnformation of Sf9 fibrils due to the interference from an associated
bonds it is also sensitive to amyvironmental effects which affect Histag. As the impact of phosphorylation is dependent on the
these bonds and their electronic structu#e 6 57 Therefore, the phosphorylation pttern,8 we have demonstrated that vibrational
addition of any exogenous agent to a tau protein sample will causpectroscopy provides a useful tool to assess tau phosphorylation
changes in the Raman fingerprint provided it effects the electronihiat may extend to studying the effects of different PTM patterns on
environment of the atomic nuclei of théonds involved. These tau conformation and aggregation kinetics in futsteidies.
changes could be due to inteor intra-molecular interactions and
any conformational changes induced by such interactions betwe The utility of Raman spectroscopy for tauopathy diagnosis
tau and the added exogenous agent. We have shown that both RNA
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Raman spectroscopy has previously been applied to the diagnosigigére 4). Combined tau fractions were diluted in an excess of ice
tauopathies by the identification of changes in the spectral signatuggld methanol (1:2- 1:4 volume: volume) and stored overnight at

of blood plasma sampl&33, Furthermore, blood serum analysis by, ° ¢ for protein precipitation.
F_TI_R |n_comb|nat|on with multivariate analysis has also been usec t% ntrifugation at 4,000 x G for 2
distinguish AD from healthy controls, as well as from dementia wit L .
Lewy bodies (DLB) and FFD® Protein conformers cannot be and pellets were dried in a fume hood for 30 min. Pellets were
distinguished in pure serum samples, with spectral differencégsuspended in atotal of 2 ml 8 M guanidine hydrochloride (Gdn HCl,
instead reflecting global changes in response to neurodegenerati$gma) and rotated for 1 hr at RT to disaggregate any preformed
disease, such as imfhmation. As discussed, protein specificeeds. The buffer was exchanged to PBS (10 mM Na2HPO4, 2 mM
signatures may enable enhanced disease diagnosis and ey@2p04, 137 mM NaCl, 2.7 mM KCI, 2 mM DTT pH 7.4) or Tris buffer
stratification, yet questions remain whether it is possible to obtai@5 mM Tris buffer, 2mM DTT, pH 7.0) using alPDiesalting
these signatures from biofluids, particularly in blood serum where
tau concentrations g extremely lowW and the presence of other colu m.n (GE healthcare) as per m
proteins prevents direct conformational analysis. Strategies ' ¢t €in, p-tau44l (2N4R), was ex|
enhance Raman Signals such as Sur;mhced Raman described preViOUSlg’l Brieﬂy, ng Ce“s were infeCted W|th the
spectroscopy (SERS), or thwichment of tau using antibodies, mayrecombinant virus (pVLhtau40) and incubated for 3 days. A size
enable physiological and pathological concentrations of proteins #xclusion column Superd&200 (GE Healthcare) was used to purify

be detected, but these techniques come with their own caveatpeatstable tau from heated cell lysate. Protein concentration was

SERS.' n particular is not tr|V|§1I ar!d .WOUId _require extensive. asured using absorbance at 280 nm and an extinction coefficient
optimization. We havesucceeded in optimizing this approach to an

extent by showing, in aprevious study, its utility for the O_f 7450 crrfm, Tau . was di | udfrezeh intliquid 20
differentiation of HD patients from controls using blood sefirttis  Nitrogen, and steed at-8 0~ C.

possible thasimilar SERS led optimization may endbtedetection

of tau conformergo enhance the stratification of tauopathies in thePurification of tau variants tau40, tau23, P301S and K18

future, which may improve the accuracy of disease prognosis

Nevertheless, strategies to obtain Raman signatures of pure prote Tau variants htau40 WT (2N4R), htau23 WT (ON3R) an@724

from complex mixtures are currently undeeveloped and require (K18) were previously cloned into pE& as describel 54 P301S
optimization before they can be employed in this mannffirst step was generated using sigirected mutagenesis following the

in this direction is proebf-concept study with pre forms of . . .
different tay variants Studieth vitrowhich we have zrovided in the QUikChange protocol from Stratagene/Agilent Technologies. The
success of all mutagenesis was confirmed by DNA sequencing.

current study.
Plasmids containing the desired inserts were fitsinsformed
into Escherichia caditrain BL21(DE3) and then grown on LB (Miller)

Experimental agar plates. Single colonies were transferred into LB medium (Miller)
and agitated for 1517 h at 37 °C. The cultures were diluted 1:100
Purification of 2N4R tau with LB medium and again agitated &f °C, until optical density
reached 0.#1 at 600 nm. For selection, the growth medium
All buffer reagents are from Sigma unless otherwise stated.2NAR c ont ai ned kanamycin (50 pg/ ml i

was purified as reported previoudfywith some changes. Briefly, solution) (Gold Biotechnology). Protein expression was induced by
pETF29b tau plasmid (addgene, NM_005910) was transfected intoaddition of 0.5 nmmi s o p r @-f-thibgah@opyranoside (Gold
coli BL21 cells for the expression of human tau40 isoform. Bacte¢Biotechnology). Cultures were allowed to shake at 37 °C for another

were grown at 37 °C in LB br ¢35hbeforebeing pelleted at 3,00@>and taken up in resuspensiam t i |
optical density of 0.50.6 was rached at 600 nm absorbance buffer (500 mvNaCl, 20 m PIPES (Research Products
Expression was induced b y-d- iInternational), pH 6.5, 1 mEDTA (Fisher &aiific), and 50 mn 3

thiogalactopyranoside (IPTG) for 3.5 h. Bacteria were sedimented mercaptoethanol (Fisher BioReagents). The cells were heated at 80
20 min at 5000g and stored °Cfor20 minand tigonicated (Fisher Scientific sonifier 50% posver w e r
resuspended in homogenization buffer (20 mM $J650 mM NaCl, 1 with a 6mm tip sonifier) on ice for 1 min before being centrifuged at

mM MgC}, 1 mM EGTA, 5 mM DTT, 15,000 xgfor 30 min to sparate soluble protein from cellular
Protease Inhibitor Cocktail, pH 6.8) and sonicated on ice. Bactedebris. Soluble Tau was precipitated by gently shaking wit6@%

cell homogenate was boiled at 95 °C for 20 min followed |w/v ammonium sulfate (MP Biomedicals) for2D h at 25 °C.
centrifugation at 127,000g for 45 min at 4 °C. Supernataat Precipitated Tau pellets from a 15,000 8pin were taken up in 40
dialyzed against buffer A (20 mM MES, 50 mM NacCl, 1 mM,MgCwith 2 mm DTT (Gold Biethnology), sonicated for 2 min, syringe

mM EGTA, 2 mM DTT, 0.1 mM PMSF pH 6.8) overnight (25 kDacf i | t ered ( GxF/ GHP 0.45 pym), and
Spectra/Por). Samples were then loaded onto a cation excharcolumn (mono S 10/100 GL; GE Healthcare). Proteins were eluted
column (GE healthcare) and eluted against increasing coraténis  using a linear NaCl gradient (8@00 nm NacCl, 20 m PIPES, pH 6.5,

of NaCl from buffer B (20 mM MES, 1 M NaCl, 2 mM DTT, 1 2 mv EDTA), and fractions were pooled based on -SBSE

MgCh, 1 mM EGTA, 0.1 mM PMSF pH 6.8). Fractions were sele assessment. Pooled ion exchange fractions were loaded onto a
and combined based on purity using SPYSGE(Supplementary Superdex 200 or Superdex 75 (GE Healthcarefjligation column
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and eluted with 100 ma NaCl, 20 ma Tris (Sigma), pH 7.4, 1A Renishaw InVia microscope system was used for Raman
mm EDTA, and 2 mDTT buffer. Fractions were again assessed usiggectroscopy. Quartz coverslips were coated with a hydrophobic
SDSPAGE and pooled accordingly and then left to precipitaurface as described previoudfy For Dropdeposition Raman
overnight at 4 °C using either an equimolar volume of methanolospe ct r oscopy ( DDRS) , 0O.5puL of weac
3-fold volumetric excess of acetoj¢ along with 5 nw DTT. onto a quartz coverslip under a vacuum and spectra were collected
Following precipitation pellets were collected with a 15,00§spin  from random locations on the protein spot. The samples were
for 10 min, washed with met haexctéd using a @aénmtlasen fecusedithralghsatLeica B0k (0% NA) 8
until further use. short working distance objective for DDRS. Data was obtained and
parameters were set using Renishaw WIRE4.1 software. Spectra
were collected in the fingerprint region (62#722cm?) with an
averagespectral resolution of..09 cmt (<1 cnmt in amide Iregion)
For heparinn nduced tau aggregation, an%c&sfmlc mysr\{]v%r%rgmrg\éeg ?ftgr actquéswon_',iﬂr]]e R.gn?%system
or Tris buffer (see tau purification section) was combined vith was c_allbrated to the 520crhreference peak o_f silicon pr.lor to each
experiment. Erroneous spectra were rejected with unusual

molecular weight heparin (average molecular weight = 5000, Fishér

BP2524) at a 2:1 molar ratio, protein:heparin. Tau was thebr?ckground fluorescence that could not be removed using

aggregated by incubation at 37 °C in quiescent conditions for 10 dat))/%l.ymmlal subtraction.
Fibrils were diluted in PBS or Tris for AFM or weminsented at

100,000g for 45 at 4 °C and resuspended O Hor Raman
spectroscopy. Preprocessing and Principal Component Analysis (PCA) was

performed using the IRootLab plugin (0.15.0709%or MATLAB

For R.NAndu_ced tau aggregatioz 0y M r_no nomer i cpdofsls Al r"spegtrg Sverd! Patkgrourslittracted using blank
combined with poly(U) (average molecular weight =-1000+ kDa, quartz spectra and were smoothed using the wavelet denoising

Sigma, P9528) at a 3:1 molar ratio (tau:RNAau was then function. A fifthorder polynomial was used to remove fluorescence
aggregated by incubation at 37 °C in quiescent conditions for 3 dagﬁd the ends of each spectra were anchored to the axis using the
Fibrils were diluted in PBS for AFM or were sedimented at 10O'Oor%%berbanellike function. Spectral intensit normalization was

for 45 at 4 °C and resuspended igOHor Raman spectroscopy. applied using the amide | band or the @idformation band. Trained
mean centering was then applied to the spectra before PCA with a
maximum of ten principal components.

Aggregation of 2N4R tau and SF9 tau

Spectral preprocessing and principal component analysis

Aggregation of tau variants tau40, tau23, P301S and K18

For tau40, tau23, P301S and K18 tau variants, tau aggregation vAlas,d | fitti vsi
previously described as seed preparation and seeded reactidns mide | curve-fitting analysis

brief, _purified 25 pM Tau mon.omers were combined with 50 “'\Amide I curve fitting was perforndeas reported previousl with

heparin (average molecular weight = 4400, Celsus3E2S), 0.5 mM some changes. The spectra for each sample were carefully
tris(2-carboxyethyl)phosphine (TCEP) (Gold Biotechnology), %‘gckground subtracted using blank/buffer spectra recorded on
bu_ffer (109 mM_ NaCl, 10 mM HE_PES_(‘]' T. Baker) and _0'1 mM '\&fﬂﬂﬁz The amide | region (152b6/25 cm?) was then truncated

(Fisher Scientific) at pH 7.4, stirring with a Teflamated micro stir using a linear baseline for background subtrattiSecond derivative

bar (5 x 2 mm) at 160 rom for-§ days at 37 °C. Fibrils Wereanalysis and curvétting of the amide | region was performed using
sedimented at 100,000g for 45 at 4 °C and resuspendednfot mixed Gaussian and Lorentzian on WIRE4.1 software. Four peaks,
Raman spectroscopy. centered at 1550, 1580, 1606, and 1616%mvere assigned to the
aromatic amino acids; tryptophan, phglalanine, and tryptophan
(further peaks in this region were added if required to achieve a good
B2M was a kind gift from Eva fi) cThree, pgaks, repgese,lp]t'@g %%qond%ijsrt“ictf”%évafe ‘F@%’Fd i n
was exchanged into citrate buffer (50 mM citric acid, 100 miear 1655 crt ( delix/turns), 1670 crt ( Sheet), and 1686 crh
Na2HPO4, 100 mM NaCl pH 2.5) for long straight fibrils. For sH&i@nregular), and a furer peak between 1620640 cm' was

curly fibrils 200 mM NaCl was used. PBS was removed by sé$signed to nonregular structure/vibrational coupling and was
concentration and dilution through a 5 KDa MWCO filter (Vivaspiﬁ'j‘.CIUded in secondary structural analysis. The starting curve
B2M was diluted to 1 mg/ ml a flefuencyway geteimined by,comparing the segqnd gerivatiye Pk i n
(220rpm) for 14 days. Fibrils were diluted in citrate buffer for AFM i€ amide | region of all samplesd subsequently kept constant for
were sedimented at 16, 10wpendedGea¢hditting.;The sigrting cyrye height-was eqyaljto the, gmide |

Aggregation of f2M

in O for Raman spectroscopy. spectrum at that given frequency. All curves had starting bandwidths
at halfheight (BWHH) of 15 cfh Heterogeneous narrowing and
Raman spectroscopy and sample preparation broadening of curves wasnabled to a maximum of 40 ct The

percentage of secondary structure was determined by dividing the
area under the peak of interest by the sum of the area under each of
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the peaks used for secondary structural analysis. To avoikualization: GD, SM, AM. Whigi- original draft: GD. Writing
computational smoothing fospectra, each fitting was performed onreview and editing: GD, BH, MM, SM, AM.

the mean amide | spectrum of each given variant/conformer to

achieve suitable signal:noise. No variation was observed when fitting .

the same amide | spectrum with the same parameters. Conflicts of interest

There are no conflicts to declare
Atomic force microscopy

Tau fibrils were diluted to 2A¢kNowlédgénentsTri s and 20plL was adde

freshly cleaved 10mm mica disc (Agar Scientific). Protein solutions . . .
; . Funding for this project is acknowledged from Rosetrees Trust
were incubated at room temperature for 2 min and then washe

. . L . . project M437). S.M. acknowledges supportnfrd&ERC Grant
with 0.22uM filtered, double distilled H20 three times bef drying NanoChemBioVision (638258)d EPSRC grant EP/T020997/1

in air. Samples were imaged using a Digital Instruments Multimo%gH_, C.C. and Z.H. acknowledge support from NIH grants
IV AFM system operated in tapping mode. Alumincmated, (R21AG063347, R56AG061196, and RF1AGOSHJ8MM
noncontact/tapping mode probes with a resonance frequency Qfcknowledges support from NIH grant RF1IAG061566. G.D. and
320kHz and force constant of 42N/m were used for all imagesp. additionally ackewledge support from John and Elizabeth
(Nanoworld, POINTPROBE NHCR). Probes were autotuned Ust\didin. We acknowledge Eva Sherer for kindly providing
Nanoscope Il 5.12r3 software before use. Images were recordgdur i f i edinnf2M prot e

with a scan rate of 22Hz and 512 samples per line/512 lines per

image. Images were flattened using WSxM Beta softare
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Figure 1. Schematic representing variants and strains used in this work

A) Tau fibril strains were generated in different buffer conditions (e.g. PBS, HEPES or Tris) or in the presence a défgcer{hepfrin or
RNA)B) Schematic showing primary structure of tau variants used in this work. Fibrils were generated frantsviacluding tau isoforms
(taud40 and tau23), the tau mutant P301S, the tau fragment K18 and phosphorylated 2N4R Sf9 tau. Isoform variable regiows ane s
grey, including the Merminal inserts (N1 and N2) and the repeat domain repeatsR&/1 Tauibril polymorphism was assessed using Raman
spectroscopy.
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A-B) AFM images dfu fibrils generated from 2N4R tau in PBS buffer using heparin cof@gtar(in Tris buffer using heparaofactor 8).
Scale bar = 2 um, Z scale = 0hmm @), 0 nm14 nm(B). C) Raman spectra of sedimented tau fibrils aggregated in the presence of heparin
cofactor generated from 2N4R tau in PBS buffer (green trace), or Tris buffer (red trace). Amide |, amide Ill and skelstatedgghlighted.

D) Normalzed amide | region fothe Raman spectra shown it E) 2-dimensional principal component analysis (PCA) scores plot of Raman
spectra shown i€. Each solid diamond represents the PC score of a single spegjrB@ loadings spectra representing the spectral variation
resporsible for the score across the PC1 axis shovEnRaman spectra represent the class means from multiple spectrataRBibrils: 24

Tristau fibrils: 29.
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Figure 3. Markers of heparin, RNA and phosphorylation in the Raman spectrum of tau fibrils

A) Raman spectra of sedimented tau fibrils aggregated in the presence of heparin cofactor (green trace) or RNA cofactoe)(rad wall

as pure heparin (dashed green trace) and pure RNA (dashed red trace). Asterixes represent uniqueofraofam®rs in tau fibril spectra.

B) Table showing the frequency of Raman markers for heparin and RNA cofactors alone (neat) and after sedimentation af Cy&REDmAN
spectra of 2N4R tau fibrils aggregated in the presence of heparin (greenhalso mA), Sf9 2N4R tau aggregated in the presence of heparin
(red), and neat sodium phosphate (dashed blue trace). Asterixes represent changes in tau fibril Raman spectrum that phgsphiate
peaks from the sodium phosphate spectrum. Raman speepeesent the class means from multiple spectra; hepgainfibrils: 24, RNA
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Figure 4. Raman fingerprints of tau fibrils formed from 2N4R, ON3R, K18 and P301S variants

A) Raman spectra of sedimented tau fibrils aggregated in HEPES buffer under agitation in the presence of heparin coftctwer&ibri
generated from the following tau variants; 2N4R tau (green trace), ON3R tau (red trace), K18 tau (blue trace) anduR8tdI®)&atrace).
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shown for clarity€) 2-dimensional principal component analysis (PCA) scores plot of Raman spectra showaliring 2N4R tau (green
diamonds), ON3R tau (red diamonds) and K18 tau (blue diamonds). Each solid diamond represents the PC score of a singlB)spEctr
loadings spectra representing the spectral variation responsible for the score across the given PC axis 6hv&dimensional principal
component analysis (PCA) scores plot of Raman spectra shawindluding 2N4R tau (green diamonds) and P301S tangerdiamonds).
Each solid diamond represents the PC score of a single spe®ri#a. loadings spectra representing the spectral variation responsible for
the score across the given PC axis shov# Raman spectra represent the class means from 25 speer class.
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Figure 5. Amide | curve-fitting analysis

Curvefitting analysis of amide | bar{d5251725 cnmt) from taufibril spectra inlcudingP?BS2N4R A), Tris2N4R B), Hepes2N4R €), Hepes
ON3R ), HepesP301SK) and Hepes18 ). Nonfitted amide | band is shown in grey, with the fitted curve shown in light green. Underlying
peaks corresponding to secondary structure are shown in dark green (nonregular),f+stbef), blue (turn/helix),and orange
(coupling/nonregular). Aromatic aimo acid peaks are shown in purple.
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Strain/ Nonregular/coupling Turn/a-helix Nonregular
Variant Frequency Width Area Frequency Width Area Frequency Width

(em™) (em™) (%) (em™) (ecm™) (%) (em™) {em™) (%) (em™) {em™) (%)

PBS2N4R 1640 35 19 1658 25 26 1672 17 37 1686 25 18
Tris 2NAR 1640 a7 22 1657 22 16 1670 16 29 1680 31 33
P?ﬁﬁ:]‘m 1635 15 5 1657 23 29 1670 16 45 1687 27 21
Hepes 2N4R 1640 39 25 1656 18 12 1670 18 M 1685 27 22
HEPESON3R | 1640 40 22 1663 27 27 1671 16 a7 1688 23 14
HEPES K18 1640 36 17 1659 21 19 1671 15 50 1683 26 14
s 1640 a2 21 1658 21 22 1671 15 30 1683 27 27

Table 1. Secondary structure composition from amide I curve-fitting analysis
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