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The Chemical Features of Polyanions Modulate Tau
Aggregation Kinetics and Conformational Fate
By

Kelly Monét Montgomery

Abstract
The aggregation of tau into insoluble fibrils is a defining feature of neurodegenerative tauopathies. However,
tau has a positive overall charge and is highly soluble; so polyanions, such as heparin, are typically required
to promote its aggregation in vitro. There are dozens of polyanions in living systems and it is not clear which
ones might promote this process. Here, we systematically measure the ability of 37 diverse, anionic
biomolecules to initiate tau aggregation, using either wild type (WT) tau or the disease associated P301S
mutant. We find that polyanions from many different structural classes can promote fibril formation and that
P301S tau is sensitive to a greater number of polyanions (28/37) than WT tau (21/37). We also find that
some polyanions preferentially reduce the lag time of the aggregation reactions, while others enhance the
elongation rate, suggesting that they act on partially distinct steps. From the resulting structure-activity
relationships, the valency of the polyanion seems to be an important chemical feature, such that anions
with low valency tend to be weaker aggregation inducers, even at the same overall charge. Finally, the
identity of the polyanion influences fibril morphology, based on electron microscopy and limited proteolysis.
These results provide insight into the crucial role of polyanion—tau interactions in modulating tau
conformational dynamics with implications for understanding the tau aggregation landscape in a complex

cellular environment.
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Chapter |

Synchronous Cellular Interactions Govern Tau

Aggregation Propensity

1.1 Abstract

In tauopathies, soluble tau proteins form aberrant filamentous lesions in response to dynamic
chemical modifications. Soluble tau can sample a number of physical configurations from
misfolded monomers to neurofibrillary tangles. A lesser explored contributor of tau conformational
fate is the impact of cellular components, including metabolites, metals, and macromolecules on
altering tau’s charge and electrostatics — and its ultimate ability to form functional or pathological
conformers. Tau fibers accumulate in a variety of brain regions, therefore, it's likely that tau
proteins interact with diverse cellular components. This perspective seeks to contextualize the
scope of possible intracellular interactions driving tau aggregation and the effect of cellular
macromolecules and metabolites on directing the conformational fate of tau proteins. Broadly
highlighting otherwise obscure small molecule or polyelectrolyte contenders in the aggregation
cascade can reveal potential therapeutic targets poised to modulate disease onset and
progression. Here, we seek to contribute to the tau aggregation narrative by offering general
insights into several metabolites and macromolecules implicated in aggregation induction in vitro
and describe these molecules with regard to cerebral localization, and chemical composition;

when appropriate we convey experimental physiochemical protein outcomes.



1.2 Introduction

The microtubule associated protein tau (MAPT; tau) is an intrinsically disordered protein whose
aberrant self-association is linked to a heterogeneous group of age-related neurodegenerative
dementias called tauopathies. The tau-microtubule binding interface is an essential and dynamic
protein-protein interaction crucial to maintaining neuronal integrity, and axonal outgrowth.
Although tau is generally innocuous, perturbations to its physical or chemical composition can
disrupt the tau-MT binding interface and enable the proliferation of non-functional proteoforms
including neurofibrillary tangles (NFTs) and amorphous aggregates. Tau aggregation is a
fascinating biophysical transition, in part because tau’s observed self-association contradicts its
physiochemical and electrostatic properties. Tau contains a relatively high number of polar
residues, and is incredibly hydrophilic — supporting its inherent solubility, extended solution
conformation, and intrinsic disorder. Structurally, tau belongs to the class of intrinsically
disordered proteins (IDPs), which are void of stable secondary and tertiary folds — instead tau
exists as an ensemble of rapidly interconverting conformers. Therefore, self-assembly requires

overcoming a number of unfavorable long-range interactions to enable fiber formation.

Tau is composed of four distinct units, negatively charged N- and C-termini which flanks a proline
rich region, and positively charged microtubule binding repeats (MTBR) (Figure 1A). The
positively charged nature of the MTBR contributes to its association with negatively charged
cytoskeletal elements, and also contributes to tau’s net positive charge. Each domain has distinct
physiochemical properties that corresponds to relative degrees of disorder.!? Spectroscopy
experiments revealed transient secondary structures in full-length and truncated isoforms.
Further, MTBR repeats contain two hexapeptide motifs, VQIINK and VQIVYK, located in R2 and
R3, respectively, which facilitate tau assembly into B-sheet-rich assemblies®# — but on their own,

these signatures are not sufficient to stimulate fiber formation. Thus, changes to tau’s



physiochemical nature (i.e., post translational modifications or truncations) contribute to tau’s

susceptibly to become more or less aggregation prone.

Tau expression is precisely regulated at all stages of human development — having six distinct
splice isoforms present at any stage of developmental maturity. Tau isoforms are defined by their
inclusion or exclusion of 2 N-terminal repeats (ON or 2N) and the inclusion or exclusion of the
second microtubule binding repeat (3R or 4R) (Figure 1B). Each isoform presents distinct
physiochemical and electrostatic properties — contributing to isoform mediated aggregation
propensity. For instance, 3R constructs are generally less aggregation prone compared to 4R,
likely due to the exclusion of the VQIINK amyloid motif. Moreover, truncations are often more
aggregation prone compared to their full-length counterparts — likely due to lessened electrostatic

interference and reduction of long-range interactions which enables compaction of the MTBR.>®

What unifies tauopathies is the accumulation of fibrillar plagques which accumulate in and destroy
neurons, although, diseases diverge in their physiological accumulation and physical
presentation. Strikingly, tau can form a diverse range of macromolecular ensembles’® whose
morphology is thought to direct disease states.® Tauopathies are broadly grouped into two
categories, primary and secondary tauopathies. Primary tauopathies are inclusive of
frontotemporal lobar degeneration with tau inclusions (FTLD-Tau) and include Pick’s disease
(PiD), progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), and
frontotemporal dementia with Parkinsonism (FTDP-17). Alzheimer’s disease (AD) is a secondary
tauopathy colocalized with extracellular inclusions of Amyloid-B (AB). Tauopathies are further
classified by isoform composition, i.e., the inclusion or exclusion of 3R or 4R repeat regions; 4R
tauopathies include PSP and CBD, 3R:4R tauopathies are inclusive of FTDP-17 and AD, and 3R-

tauopathy (PiD).



Linking cellular and chemical interactions to conformational heterogeneity is an important and
warranted characterization that remains elusive in neurobiology. Even for a single sequence, tau’s
amyloid core is polymorphic!' — suggesting amyloid fibers are sensitive to local environmental
factors. It's speculated that cellular factors of the diverse cellular milieu including local
concentrations of polyanions, metals and cellular metabolites likely contribute to stabilizing tau
conformers, and thus contributing to fibril diversity. Many intrinsically disordered proteins rely on
interactions with biding partners before they can perform intrinsic functions. Functional tau relies
on binding to its innate bunding partner, tubulin, but cytosolic tau’s broad interactions with cellular

constituents likely direct non-functional and pathogenic mechanisms of action.

1.3 Tau’s Conformational Landscape is Diverse

Protein folding is a rapid and complex process — many folding intermediates happen within
millisecond time intervals and are difficult to capture with great resolution. Tau aggregation
progresses via an ensemble of rapid interconversions from soluble and misfolded conformers, but
intermediates don’t converge on a simple progressive pathway that leads to a singular
conformation.'?!* Energetic landscapes of intrinsically disordered proteins (IDPs) are distinctly
divergent from ordered protein regimes where a single folding funnel corresponds to a single
conformation. The energetic landscapes corresponding to IDPs en route to aggregated
conformers feature several energetic minima of competing low energy structures;*? suggesting a
complex interplay of competing interactions and energetics governing local and global tau folding

dynamics and mechanisms of action.

Tau’s predominant conformers and physical configurations are inclusive of microtubule (MT)
bound species which stabilize structural elements. On the MT, tau can undergo liquid-liquid phase

transitions!* and eventually converge on fibrillar aggregates. Upon MT dissociation, soluble tau



can interconvert between phase separated, oligomeric, and misfolded tau before converging on

highly ordered fibers (figure 2).

1.3.1 Microtubule Bound

Tau is an essential regulator of neuronal microtubule (MT) assembly, stabilization, and
organization. Tau stabilizes MTs by binding at the interface between tubulin heterodimers; the
residues involved this interaction are three or four imperfect repeats, termed the microtubule
binding region (MTBR), which populates B-structure and forms the core of tau filaments. When
bound, residues outside of the MTBR remain flexible and are thought to behave like a
polyelectrolyte brush.® The tau-MT binding interface is a dynamic, cyclical interaction precisely
regulated by a number of factors, including post translational modifications (PTMs) which modifies
tau’s affinity for tubulin heterodimers and directs protein cycling on the structure.’®’ The
interaction between tau binding and dissociation demonstrates a complex interplay between MT

association and pathogenic misfolding in solution.

1.3.2 Soluble Tau

Loss of MT stabilizing capacity can arise in response to aberrant physiological modification or
physical perturbation rendering tau restricted to the cytosol as a free monomer and increase its
susceptibility to self-association. In solution, tau transiently samples a number of conformational
ensembles,'®!° including a restricted capacity to adopt alpha helices;?° but principally, tau lacks
the ability to form stable secondary or tertiary structure as determined by a number of
spectroscopic techniques including CD, Fourier Transform Infrared Spectroscopy (FTIR), and

NMR.4

Long-range structural studies using full-length hTau40 revealed an electrostatically driven hairpin-

like fold in solution.?* Forster resonance energy transfer (FRET) experimentation demonstrates



intrinsic compaction of the MTBR, as observed by the proximity of residue 291 near 310 and
residue 310 nearing 322. Additionally, the negatively charged N- and C-termini fold onto the
positively charged MTBR — suggesting that tau has preferred solution orientation governed by
its electrostatics. Tau’s distinct charge presentation (Figure 1A) is thought to influence its
intramolecular interactions, therefore, modulation of tau’s charge density along its domains or
solution properties can influence tau’s conformational orientation, even driving protein de-mixing?

and the formation of immiscible liquid phases (electrostatic coacervates) in solution.

1.3.3 Membrane-less Organelles & Biomolecular Condensation

Eukaryotic cells contain several membraneless structures formed via condensation of cellular
material in a process termed liquid—liquid phase separation (LLPS). Membraneless organelles
(MLOs) arise in response to cellular demand for specialized compartments in the absence of lipid
membranes, aiding in spatiotemporal organization, cellular regulation, and improving cellular
fitness during stress.®2?* Often, membraneless organelles are formed from proteins containing
low complexity domains and RNAs coalesced into a condensed state to perform physiological

functions.

Tau is one of several proteins containing low-complexity domains that undergoes LLPS. Tau’s
propensity to de-mix in solution is driven primarily by electrostatic intermolecular interactions
(simple coacervation),?® but is also prompted by crowding agents?® and interactions with
negatively charged polymers, specifically RNAs (complex coacervation).?’ In aged tau-rich
droplets, aberrant liquid to solid phase transitions promote protein fibrilization in the condensed
state,?* highlighting a delicate interconversion from functional biomolecular condensates to
pathogenic conformers. Explicit mechanisms directing tau’s interconversion in condensates is still
unclear, however, it's clear that tau’s dynamicity is significantly reduced in coacervates and

ultimately results in progressive protein accumulation and the formation of higher order static



structures. Dynamic modeling of tau free-energy landscapes proposes divergent channels of tau
aggregation: one which converges toward static, fibrillar aggregates and another which converges
toward amorphous phases.?® Both aggregation landscapes encompass amorphous and
prefibrillar oligomers which are considered the most toxic and pathologically significant tau

aggregate.?®

1.3.4 Oligomers & Protofibrils

Amongst tau’s conformational regime are prefibrillar intermediates (oligomers) which can behave
as templates for misfolding soluble tau and triggering synaptic and mitochondrial dysfunction. Tau
oligomers are higher-order assemblies which are considered the neurotoxic species directing
clinical pathogenicity.?®-3! To achieve pathogenicity, tau oligomers traverse cellular barriers,
propagating infective conditions to healthy cells, thus facilitating the spread of the neurotoxic
aggregates. Because these species are transient and relatively short lived, characterizing
pathogenic oligomers in high resolution is proven challenging. Nevertheless, mounting evidence
suggests tau oligomers are structurally and functionally diverse,**3132 continuing to reveal the role

of tau oligomers in the natural progression of NFT formation.

Substantial structural reordering of native tau is required for integration of stable g-strand
registers, which ultimately converge toward static fibrils. Energetic landscape analysis of
pathogenic tau conformers suggests a nucleation mechanism where oligomeric S-strand registry
and organization directs aggregation pathways and conformational specificity. Oligomeric species
containing parallel g-strand registry converge on amyloid fibrils, whereas species containing less-
ordered and random g-strand registry converges on amorphous oligomers; suggesting early

compositional reorganization is crucial to directing mature fiber configurations.?®



1.3.5 Neurofibrillary Tangles and Paired Helical Filaments

Tau protein fibrilization is a multistep process initiated by a preliminary misfolding event followed
by iterative annealing, oligomerization, and fragmentation events until it is enriched with compact
B-assemblies. Investigation of tau molecular structure has established tau’s fibrillar heterogeneity
in pathological states. Tau can adopt a variety of mature fibrillar conformations — advances in
cryo-electron microscopy (cryo-EM) techniques have enabled high-resolution elucidation of
atomic structures of fibrils associated with a number of neurodegenerative tauopathies, including
AD, PiD, CTE, and CBD. Fibers are generally composed of a rigid core encompassing the MTBR
and several amino acids (AAs) flanking the imperfect repeats. Although excluded from the core
fold, N- and C-terminal projections termed the “fuzzy coat”, are also believed to adopt local

structure.3334

An increasing body of literature suggests a direct correlation between fibrillar heterogeneity and
discrete neuropathological outcomes. How does tau’s fibrillar diversity emerge? The conversion
from healthy to pathological forms certainly demands further investigation. It's speculated that a
dimension of fibrillar heterogeneity is likely linked to tau’s interaction with cellular components
including polyanions and salts.®® Great progress is underway to reveal how tau ultra-structures
associate and how cellular macromolecules direct conformational states.*® By contextualizing how
cellular macromolecular interactions drive tau conformational diversity, we can begin to zoom in
on the specific electrostatic interactions that contribute to directing functional and pathological
conformers. In support of this idea, detection of unresolved densities in cryo-EM structures are
observed.”13%¢ |t remains unclear what is occupied by these densities, but it is apparent that these
cofactors are not proteins, rather its postulated they are cellular components including
metabolites, salts, or polyanions which could have been incorporated during the fibril formation to

modulate tau’s conformational fate.



1.4 Chemical, Physical and Genetic Perturbations Direct Tau Aggregation Outcomes.

Tau aggregation can progress via multiple pathways®’ directed by specific physiochemical
modifications and converge on distinct conformational states.*® A number of chemical and
physical perturbations, including cleavage, post translational modification (PTMs), and
polyelectrolytes initiate the misfolding and propagation of aggregates to disrupt tau homeostasis.
Chiefly, these perturbations modulate the strength of inter- and intramolecular electrostatic
interactions, to stabilize or (destabilize) aggregation prone conformers and modulate kinetic
equilibriums.3® Constituents of the diverse cellular milieu, including cellular metabolites, metals,
and polyanions, likely contribute to stabilizing tau conformers, and thus contributing to aggregate
multiplicity and fibril diversity.**#° Early conformational changes in the MTBR and PRR are crucial
for directing aggregation induction.® In vitro, several polyanions demonstrate preferential activity

for early aggregation events.®3

1.4.1 Splicing Isoforms & Proteolytic Cleavage.

In the human brain, six different isoforms of tau (comprising 352—441 residues) is expressed
(Figure 1B). Tau isoforms are generated via alternative splicing of the MAPT gene and contain
either 0, 1, or 2 N-terminal inserts (ON, 1N or 2N, respectively) and 3 to 4 repeat sequences at
the C-terminus (3R or 4R). B-structure in the repeat domains governs tau aggregation
propensity,® therefore, isoform specificity (e.g., 3R vs 4R) and proteolytic truncations modulate

tau’s inherently susceptibility to self-association.

Moreover, disruption of tau’s primary structure via truncations is generally permissive of
aggregation. A substantial proportion of endogenous tau exists in fragments in the human brain;*
pro-aggregation neurotoxic tau fragments are generally produced via proteolytic cleavage or
physiological damage. Proteolytic processing of tau regulates the abundance of full-length

proteins and produces truncated forms that are important for normal neuronal function and



pathological mechanisms in neurodegeneration. Upon removal of the N- and C-termini, tau
exhibits faster aggregation than full-length tau*? and tau truncation selectively enables
pathogenicity.**#* Several tau fragments generated by endogenous proteases have been
reported in human disease and in murine models.*?4>46 AK280, a toxic gain of function truncation
is associated with some forms of FTD,*’ elicits tau aggregation in mice* and promotes
spontaneous aggregation of recombinant tau. Further, several caspase-mediated**>! and
calpain-mediated truncations*® are detected in NFTs of AD brains. Terminal regions of tau sustain
tau solubility and counteract aggregation via unfavorable long-range interactions, therefore, are
essential to sustaining soluble, functional tau. In rarer instances, tau truncations are protective. A
truncated form of tau generated by intron 12 retention termed TIR-MAPT (Truncated by Intron
Retention MAPT) is protective, and less prone to aggregation, as it stabilizes a local aggregation

resistant conformation.>?

1.4.2 Post Transitional Modifications

In addition to truncation, tau homeostasis is intricately regulated by post translational
modifications which modulate its physiological and pathophysiological functions. Tau is prone to
modification by a number of functional moieties including, phosphorylation,>® acetylation,®
ubiquitination, glycation, glycosylation, SUMOylation, methylation, oxidation, and nitration which
have all been explored in great detail. In disease, chemical modulation to tau’s local charge
presentation via PTMs is thought to induce dissociation of tau from the MT rendering tau localized
to the cytoplasm, increasing its probability of self-association instigated by cellular metabolites
and cellular machineries. In AD brain, Tau is abnormally hyperphosphorylated at many sites, to
date, more than 40 phosphorylation sites have been identified®*®> — although many are
permissive of aggregation, some site-specific modifications inhibit aggregation.® Many have

beautifully described how posttranslational modifications can influence its physiological

10



outcomes, we don’'t seek to rehash this work, rather, contribute to the growing narrative

contextualizing the expansive tau interactome.

1.4.3 Genetic Modifications (De)stabilize Local Structure. Point mutations in the tau gene
amend the aggregation propensity of Tau. A number of disease-associated point mutations
produce high-aggregation propensity species.®” Indeed, charge is a critical feature of protein
folding regimes, but not all modifications will significantly alter tau’s charge presentation. Disease
associated mutations®® and proline isomerization® can renders tau’s charge state unmodified, but
exacerbate aggregation. Mutation of a critical proline at position 301 demonstrates an instance
wherein modification, destabilizes the local structure flanking an aggregation motif 2%VQIVYK?3!1,
resulting in high aggregation propensity.*® Therefore, it becomes more apparent that charge alone
isn’t the sole indicator of aggregation induction, rather one feature of many plausible cellular

interactions directing this fascinating protein conversion.

1.5 Macromolecules Regulate Charge Presentation

1.5.1 Polyelectrolytes

In vitro, tau protein folding does not occur autonomously. Polyelectrolytes neutralize tau’s charge
along its domains to stabilize or destabilize tau conformers. Polyelectrolytes have ionizable
groups in their repeat domains which contribute to modulating the ionic strength of the counter
ions (tau) in solutions to screen tau’s electrostatic repulsion. Many intrinsically disordered proteins
require interaction with binding with partners before they can perform Intrinsic functions.®® Tau’s
interaction with its native binding partner, tubulin, facilitates neuronal stability, but non-native
binding to anionic biopolymers facilitates pathological aggregation and neuronal
deterioration.3361-62 Several polyanionic biomolecules including heparins, anionic micelles, acidic
peptides, and nucleic acids have been implicated in tau aggregation and associated with

postmortem brain slices of individuals with tauopathies.®* Polyanion binding to tau is believed to

11



partially shield its positive charge and stabilize aggregation domains, facilitating self-association.
Other reports suggest that some electrostatic interactions can destabilize the hexapeptide motifs,
suggesting a model were a number of synergistic and antagonistic tau-polyelectrolyte interactions
function in synchrony to enable or deter protein aggregation.®® Below we describe a several

biomolecules known to interact with tau and enable or inhibit its aggregation capacity.

1.5.1.1 Glycosaminoglycans

Glycosaminoglycans (GAGS) are long (roughly 10—-100 kDa), linear, unbranched polysaccharides
consisting of repeating disaccharide units which regulate a suite of physiological reactions.¢
GAGs are broadly grouped into two categories: non-sulfated (hyaluronic acids, HA), and sulfated
(chondroitin sulfate, dermatan sulfate, keratan sulfate, heparin and heparan sulfate).®” Indeed,
tau and GAGs differ in cellular localization, GAGs localize near the cell surface or in the
extracellular matrix whereas tau is an intracellular protein. However, tau’s ability to traverse

synapses, in its prion-like spreading mechanism increases the probability tau-GAG interactions.

Hyaluronic Acid

Hyaluronic acid (HA), a non-sulfated homo-polymer consisting of alternating residues of 3-D-(1,3)
glucuronic acid (GIcA) and B-D-(1,4)-N-acetylglucosamine (GIcNAc).%® HAs are reported as a non-
functional tau co-factor unable to produce aggregation prone species in vitro, even with increasing
polymer valency and charge screening.®®* Mechanistically, it is unclear why these molecules are
functionally inert, but sulfate groups on sugar backbones are considered an essential regulator of

aggregation induction for sugar scaffolds, 8% which HA lacks.

Heparin and Heparan Sulfate
Heparin (HS), a member of the glycosaminoglycan (GAG) family of sulfated polysaccharides are

highly sulfated linear polysaccharides of various chain lengths ranging from 2 - 40 kDa decorated
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with variable sulfates on repeating units of (1,4) a-l-iduronic or B-d-glucuronic acid (d-GIcA), and
a-d-glucosamine (d-GlcN) disaccharide units.®® Sulfate variability in the disaccharide contributes
to complex microheterogeneity of heparins.”® Structurally, heparin is similar to a lesser sulfated
isoform, heparan sulfate. Heparan has a defined domain structure with fewer I-iduronate

residues,®®’! but both polymers are capable of binding tau and initiating aggregation.5®"2

HS is the most well studied polysaccharide used for tau aggregation induction in vitro. It's
postulated that heparin-induced electrostatic interactions stabilize aggregation prone tau
conformers by increasing ionic strength of the system and decreasing unfavorable long-range
electrostatic interactions between heparins and tau. Early research has demonstrated
recombinant 3R tau isoforms form PHFs under physiological conditions in vitro when incubated
with heparin or heparan sulphate.” NMR chemical-shift perturbations of full-length tau binding to
heparin confirmed its biding to repeat domains but also reveal conversions to alpha-helical
structures in regions outside of the core, 274> demonstrating early conformational reorganization
of tau upon heparin binding. Additional studies assessing the glycan determinants of the heparin-
induced tau aggregation, reveal that sulfation patterning and oligosaccharide chain lengths directs
nucleation speeds, aggregation kinetics, and fibril morphology.’® Using immobilized heparin and
tau K18/K19 truncations demonstrated K18/K19 preferentially binds to longer-chain heparin
oligosaccharides,” suggesting a specific role for valency in tau-polyanion aggregation regimes.
Further, heparan is associated with NFTs in AD brains and other tauopathies,’”"® suggesting

GAGs might play a pivotal role in fiber formation in vivo.

Chondroitin Sulfates. Chondroitin Sulfate (CS) is a major component of brain extracellular matrix
that interacts with other matrix proteins and cell surface receptors. Chondroitin sulfate A (CS-A)
consists of an alternating copolymer B-glucuronic acid-(1-3)-N-acetyl-B-galactosamine-

4-sulfate.®® Dermatan sulfate (DS), otherwise known as chondroitin sulfate B (CS-B) consists of
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the same scaffold. CS is known to associate with lesions of AD and possibly potentiate the
regression of neurites around senile plaques and NFTs.”® In murine models, CS with reduced
molecular sizes and altered disaccharide composition is associated with AD pathology,

suggesting molecular scaffold and size are important features directing ND tauopathies.

Protein-glycan interactions are functionally diversified by a unique sulfation code. Naturally
occurring sugars can be modified to produce a number of unique patterning on glycans to
modulate their function such that they vary in side chain presentation, and conjugation (i.e. a or
B conjugations) to increase structural diversity.8° Therefore, tau’s potential for conformational
diversity could possibly be as vast as its glycan interactome and diversity of binding partners in

physiological environments.

1.5.1.2 Polypeptides

Polyamino acids (polypeptides) are biopolymers consisting of repeating amino acid units (-[NH-
CHR-COQ]x-) formed by condensation polymerization of amino acid monomers. In solution,
polyaminoacids can adopt higher-ordered structures through cooperative hydrogen bonding
which directs specific physiological outcomes. Of the charged amino acids, glutamic acid and
aspartic acid are anionic at physiological pH and could be important biopolymers directing tau
aggregation. Poly-L-Glutamic Acids (PLEs) are observed to bind to K18 and K19 repeat
domains’™#®! and preferentially decrease the lag time of ON4R tau constructs in concentration-
dependent manner in vitro** — suggesting PLE likely contributes to early remodeling events of

tau self-association.

Considerably less mechanistic information is known about these polyaminoacids in directing tau
aggregation compared to GAGs. While polyamino acids likely modulate aggregation induction via

similar charge screening mechanisms as previously discussed; it's plausible that polyaminos
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specifically behave like a polyelectrolyte brush when in close proximity to a charged solid interface
(tau), forcing them to stretch orthogonally to the protein interface, instead of adopting random-coil
arrangement. Consistent with this model, glutamic acid oligomers (PLEs) have been observed to
form polyelectrolyte brushes with functionally divergent behaviors directly correlated with their

chain length, grafting density, and chemical structure.®?

1.5.1.3 Polyphosphates

Polyphosphates (PolyPs) are linear polymers consisting of up to 3-1000s of orthophosphate units
linked by energy-rich phosphoanhydride bonds.8® PolyP exists in mammalian brain at micromolar
concentrations,® and functions as a regulator of neuronal excitability.®> In the human brain,
inorganic PolyP functions as a calcium-dependent glio- and neurotransmitter to mitigate
communication between astrocytes.®%8” The link between polyP and ND disease still requires
investigation, but recent investigation proposes a model that suggests excessive release of
neuronal polyP is correlated to neuronal cell death in ALS and FTD. Thus, polyP could possibly

serve as a novel clinical biomarker for detecting disease.

In vitro polyphosphate is believed to initiate tau aggregation by increasing the local concentration
of tau seeds via inter- and intramolecular scaffolding.6?8° Consistent with this hypothesis,
increasing evaluation of multivalent phosphates reveals a mechanism that associates polymer
activity to its valency — where low valency phosphates tend to behave as weak inducers of tau
aggregation in vitro. Low valency triphosphates, cyclic phosphates, and phospo-nucleic acid
conjugates poorly stimulate aggregation induction, and longer, multivalent chains are generally

more permissive of aggregation.
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1.5.1.4 Nucleic acids

Ribonucleic Acids

Ribonucleic acid (RNA) is an essential polymeric molecule that regulates genetic coding,
regulation, and expression. Growing evidence suggest tau regulates RNA metabolism in
dysregulated states,®®®? NFTs are enriched for RNAs,°>% and tau-RNA binding initiates
aggregation in vitro.®* In ND pathologies, positive RNA biomarkers are observed in aggregates of
patients samples derived from Pick’s and AD brains,® suggesting a direct correlation between
tau-RNA binding and pathology. Mechanistically, RNA prompts tau’s conversion to insoluble
material via charge neutralization through the phosphate backbone which binds near the MTBR
allowing tighter packing of tau molecules and cross-B fibril formation.®® The interaction of RNA
(polyA and polyG) and tau side chains reveals essential contacts with R406, H407 that supports
the formation of C-terminal core fibers (residues 391 — 426),% which are distinct from cores
observed in patient samples and heparin-derived samples, revealing how polyanion identity can

shift fiber conformation, and possibly potentiate distinct pathology.

In vivo, cytosolic and nuclear tau aggregates are enriched with diverse RNAs, including small
nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), mRNA, tRNA.*® Recombinant 2N4R
tau can non-specifically bind adenine (A), cytidine (C), and uracil (U) heteropolymers and induce
tau aggregation and induces unique tau strains.® Interestingly, RNA-induced fibrils exclude the
R2 as revealed by cryo-EM® and modulate R2 protease sensitivity.>* RNA-induction enables a
dramatic downstream c-terminal shift in the fibrillar core that significantly diverges from
established core structures.®!! The significance of the R2 repeat is unclear, but some
pathologically derived fibrils also exclude R2% suggesting that RNA modulates protein stability in
pathogenic states, and shifts its early self-association events converging on fibrillar species
exclusive of the MTBR region — but it’s unclear if a similar core would form in the presence of a

higher ordered RNA species, like tRNA or rRNA, which would likely differentially interact with tau.
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Deoxyribonucleic Acid

Deoxyribonucleic acid (DNA) is a nuclear polymer composed of two polynucleotide chains
responsible for transmitting genetic information and regulating the growth and development for all
organisms. Although tau is primarily considered a cytosolic protein, early reports demonstrate
tau’s association with DNA and chromatin.®’ Isoform specificity, phosphorylation, and aging has
been shown to alter tau’s cellular localization and is permissive of localization in the nucleus of

neuronal and non-neuronal cells.%8-1%

In addition to endogenous nucleic acids, several reports suggest microorganisms and viruses
potentiate AD and other neurodegenerative diseases. Bacterial pathogens have the potential to
cross the blood brain barrier (BBB) and invade the brain parenchyma. Invasive extracellular
pathogens have including Porphyromonas gingivalis (the main pathogen that causes
periodontitis), have been detected in the CSF and in post mortem brain of individuals with AD.01-
104 The interplay of pathogenic infections and ND disorders has received increasing attention
suggesting a direct link between infectious disease burden and neurodegenerative progression

in vivo and in vitro.105106

1.5.1.5 Anionic Micelles and Vesicles

Anionic lipids are a broad group of naturally occurring molecules composed of a hydrophilic head
and a non-polar tail group with diverse physiological functions. Lipids are an essential structural
component of the cell membrane and have several critical functions regulating energy storage,
and cell signaling. In ND pathology, the lipid surface may facilitate protein-protein associations by
increasing their local concentration and promoting the stabilization of aggregation-competent

protein conformers, similar to the proposed mechanism of action of polyanionic biopolymers.
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Increasing evidence demonstrates a correlation between aberrant lipid metabolism and
neurodegenerative disease. Lipidomics assessments of Alzheimer’'s disease (AD) patients
revealed augmented quantities of glycerophospholipids, sphingolipids, and diacylglycerols (DAG)
in plasma and brain'®” and associated with lipid rafts in murine models AD.1%® Above critical
concentrations free fatty acids form micelles through a self-assembly process governed by a
complex interplay of solvent-mediated interactions, where hydrophobic moieties are sequestered
in aqueous solution and hydrophilic groups are exposed. Fatty acids such as arachidonic acid,
linoleic acid, and phosphatidyl-L-serine, and oleic acid promote aggregation induction in vitro
above their reported CMCs,'% consistent with acting in micellar form.*1° Further, small quantities
of lipids, including phosphatidylcholine (PC), cholesterol, and sphingolipid, are associated (PHFs)
purified from the brains of AD patients,!!! further supporting the idea that tau can bind to

membranes and higher-order lipid aggregates.

1.5.2 Protein Quality Control and Redox Imbalance

Importantly, its crucial to contextualize the significance of cellular aging and its contribution to
proteostasis decline in the neurodegenerative process, as declining proteostasis machinery is a
hallmark of neurodegenerative tauopathies. Because of the postmitotic nature of neurons and
their limited regenerative capacity, ensuring balanced handling of protein synthesis, folding,

unfolding and degradation is indispensable to preserve functions of the CNS.

Indeed, a degree of disruption to protein homeostasis, including neuroinflammation is present in
normal aging regimes and in response to harmful stimuli. Neuroinflammation is an advantageous
physiological response that supports the clearance of cellular debris and assists in tissue repair.t!2
However, sustained inflammatory signaling can alter cellular redox status, by disrupting the
balance of oxidative species (OS) and antioxidant enzymes, ultimately contributing to ND

pathology.**1* Neuronal redox potential is critical for tau PHF assembly — imbalances between
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ROS and the anti-oxidation pathway promote to enhanced tau polymerization by oxidation of SH
groups in critical cysteine residues.'** Tau contains two cysteines, Cys®?? and Cys??, located in
the MTBR capable of forming disulfide cross-links.!'*>11 Cysteine oxidation of tau is crucial for
attenuating tau aggregation, however, Cys®*?? and Cys?®! are functionally distinct and are
differentially incorporated into patient-derived tau fibers. Tau cysteine to alanine substitutions
revealed disruptions to Cys®? destabilizes oligomer formation, and mediates toxicity and

dysfunction in vitro!'® and in Drosophila tauopathy models.*’

1.5 Discussion

As more research emerges, tau’s vast interactome is becoming ever evident and highlights a
semi-selective interaction regime with diverse cellular constituents that vary in molecular scaffold,
backbone flexibility, and chemical substitutions. To thoroughly assess how tau might confer its
conformational diversity, understanding the neuronal chemical landscape in healthy and
perturbed states is necessary to achieve this purpose. A combination of native cellular factors
including PTMs, inducers, metabolites, and cellular proteostasis networks likely act synergistically
or antagonistically to regulate tau homeostasis and conformational fate. Understanding these
unique tau interactions are warranted to further rationalize anion mediated protein folding regimes
and what this might mean in the context of disease. Uncovering the molecular details of tau inter-
and intramolecular interactions upon ligand binding is of fundamental importance in molecular
biology and is of practical significance in deconvoluting the molecular features of macromolecules
in directing tauopathies. Can we one day resolve enough molecular resolution to correlate anion

binding to folding pathways?

Establishing a comprehensive look at the complexity of the cellular environment as it pertains to
tau protein aggregation could benefit drug discovery regimes. Developing a detailed

understanding of the effects and significance of individual and combinatorial changes in the tau
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assembly pathway is required for selecting the best molecular species to target for detection and
therapeutic strategies. Employing comprehensive metabolomics studies to reveal metabolites
associated with ND patients could indeed be a plausible start to guide investigative and targeted
therapeutic tactics. Defining the chemical landscape that directs protein structure and function, is

certainly valuable for informing strategic mechanisms for targeting disease pathways.

20



1.7 Figures
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Figure 1.1. Domain architecture of tau isoforms and common caspase modifications.
Amino acid numbering corresponds to the 441-residue isoform. (A) Domain
architecture of the full-length 2N4R tau isoform. The overall charge and charge of
each domain is indicated. N-terminal domain (NTD); proline-rich region (PRR);
microtubule-binding repeats (MTBR); C-terminal domain (CTD). (B) Domain
architecture of tau’s six splice isoforms, construct size, and charge at neutral pH are
indicated. (C) Common tau truncations. The charge (delta) for each truncation
compared to 2N4R tau is indicated.
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and eventual NFT assembly (right).
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Chapter Il

Chemical Features of Polyanions Modulate Tau

Aggregation and Conformational States

2.1 Abstract

The aggregation of tau into insoluble fibrils is a defining feature of neurodegenerative tauopathies.
However, tau has a positive overall charge and is highly soluble; so polyanions, such as heparin,
are typically required to promote its aggregation in vitro. There are dozens of polyanions in living
systems and it is not clear which ones might promote this process. Here, we systematically
measure the ability of 37 diverse, anionic biomolecules to initiate tau aggregation, using either
wild type (WT) tau or the disease associated P301S mutant. We find that polyanions from many
different structural classes can promote fibril formation and that P301S tau is sensitive to a greater
number of polyanions (28/37) than WT tau (21/37). We also find that some polyanions
preferentially reduce the lag time of the aggregation reactions, while others enhance the
elongation rate, suggesting that they act on partially distinct steps. From the resulting structure-
activity relationships, the valency of the polyanion seems to be an important chemical feature,
such that anions with low valency tend to be weaker aggregation inducers, even at the same
overall charge. Finally, the identity of the polyanion influences fibril morphology, based on electron
microscopy and limited proteolysis. These results provide insight into the crucial role of
polyanion—tau interactions in modulating tau conformational dynamics with implications for

understanding the tau aggregation landscape in a complex cellular environment.
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2.2 Introduction

The class of neurodegenerative disorders known as tauopathies, including Alzheimer’s disease
(AD), cortical basal degeneration (CBD) and progressive supranuclear palsy (PSP), are
characterized by the accumulation of insoluble protein aggregates in the brain2. These
aggregates are primarily composed of microtubule-associated protein tau (MAPT/tau), an
intrinsically disordered protein that is expressed as a series of six distinct splice isoforms3#. Tau’s
isoforms are composed of a variable number of N-terminal domains (ON, 1N or 2N), a proline-rich
domain and either three or four microtubule-binding repeats (3R or 4R; Fig 1A). The common
adult isoform of tau, ON4R, is strongly cationic at physiological pH, with an isoelectric point of
~9.5. Accordingly, it has been known for decades that purified tau is highly soluble and not prone
to spontaneously self-associate in vitro, even at extremes of pH and temperature®. Rather, tau
aggregation is typically initiated by the addition of polyanionic biomolecules, such as heparin
sodium (HS), which leads to relatively rapid self-assembly®. It is thought that the polyanions
reduce charge repulsion between cationic tau monomers, allowing the juxtaposition of
aggregation motifs within the R repeats’®. These observations suggest that polyanions could also
be involved in the initiation of tau aggregation in vivo. In support of this idea, HS is associated
with tau pathology in patient brains® and unresolved densities are observed in some purified,
patient-derived tau fibril samples, which are hypothesized to be anions or salts'®!. At present,
we do not know the identity of the critical natural anion(s) or how their chemical properties might

contribute to tau aggregation or fibril structure.

Structural studies have revealed that the core of tau can adopt a variety of conformations within
fibrils; for instance, postmortem brain slices derived from patients with PSP and CBD contain tau
fibrils with distinct folds!?1>. Could the identity of the anion help dictate these specific

conformations? To reach the fibril state, tau is known to transition through intermediate structures,
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including oligomers?®1’, While many factors likely contribute to the eventual structural differences
between fibrils'®2°, we hypothesize that the polyanion could help guide early stages of the self-
assembly process and contribute to determining the final structure. Indeed, an increasing body of
evidence suggests that polyanions have an effect on early stages of fibril nucleation in vitro?=23,
Yet, only a limited number of anions, including those in the broad categories of sugars®, fatty
acids?4, nucleic acids®®, and phosphates?®?” have been studied for their ability to promote tau self-
assembly and a systematic study, involving direct comparisons between these varied molecules

under the same experimental conditions, is lacking.

Here, we collected 37 chemically and structurally diverse anions and tested them side-by-side in
a thioflavin T (ThT) assay to identify those that mediate tau’s aggregation. We find that a
surprisingly large number of anionic biomolecules, including sugars, polypeptides, nucleic acids,
amino acids and lipids, promote this process. Valency appears to be an important feature of these
molecules, because only polyanions of sufficient repeat length were able to promote fibril
formation. We also find that a disease-associated mutant, P301S tau, is sensitive to a larger
number of anions (28/37) than wild type (21/37), which could be one reason why it is linked to
severe disease. A subset of the inert anions were found to inhibit tau aggregation in the presence
of heparin. To explore the potential impact of polyanions on the conformation of tau fibrils, we
selected some of the most potent inducers and explored the resulting fibrils by limited proteolysis,
sedimentation and transmission electron microscopy (TEM). Remarkably, we find that the identity
of the polyanion has a dramatic effect on tau fibril conformation. Together, these results expand
our knowledge of the role of polyanions in tau aggregation in vitro. Based on these findings, we
speculate that the chemical composition of specific anions is one important factor in shaping

induction potential and fibril conformation.
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2.3 Experimental Section

2.3.1 Recombinant protein expression and purification

The gene encoding human ON4R tau was cloned into a pET-28a vector and transfected into E.
coli BL21(DE3) competent cells. Starter cultures were grown in Luria broth (LB) containing 50
pHg/mL kanamycin overnight at 37 °C with constant shaking at 200 rpm. Then, 20 mL of the starter
culture was used to inoculate 1L of Terrific broth (TB), containing 50 pg/mL of kanamycin. Cells
were grown at 37 °C, with constant shaking, until ODeoo between 0.6 and 0.8 was reached. At this
point, the incubation temperature was set to 30 °C, and NaCl (500 mM) and betaine (10 mM),
were included in the growth medium. After 30 minutes, expression was induced with 200 uM IPTG

for 3.5 h at 30 °C.

To purify tau, cells were pelleted and resuspended in a lysis buffer containing 20 mM MES (pH
6.8), 1 mM EGTA, 0.2 mM MgCl;, 5 mM DTT, and 1x cOmplete™ protease inhibitor cocktail
(Roche). Cells were lysed by sonication and then boiled for 20 minutes. The lysate was clarified
by centrifugation for 30 minutes at 30,000 x g. The clarified supernatant was dialyzed overnight
into His binding buffer (1x PBS, 20 mM imidazole, 200 mM NaCl, and 5 mM b-mercaptoethanol

(BME)) and purified by affinity purification.

His-tagged tau was bound to Ni-NTA resin for 1 h at 4 °C with constant mixing. The resin was
washed using 500 mL of His binding buffer (1x PBS, 20 mM imidazole, 200 mM NacCl, and 5 mM
BME), wash buffer 1 (1x PBS, 10 mM imidazole, 300 mM NaCl, and 5 mM BME) and, wash buffer
2 (1x dPBS, 15 mM imidazole, 100 mM NacCl, and 5 mM BME), and then eluted using 30 mL of
elution buffer (1x PBS, 300 mM imidazole, 200 mM NaCl, and 5 mM BME). Tau was further
purified using reverse-phase HPLC, as described previously!4. The His tag was not removed, as
it was found to not interfere with the aggregation reactions?42°, The protein was then lyophilized

and resuspended in tau buffer (1x dPBS, 2 mM MgCl;, and 1 mM DTT). Protein concentration
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was determined using the bichinchronic acid (BCA) method. Purity was >95%, as judged by

Coomassie gels (Supplementary Fig. S11).

2.3.2 Compound Preparation

All compounds including anions and polyanions were sourced from commercial vendors and used
without further purification. See Tables 1 and 2 for details of the catalog numbers. Each polyanion
was freshly prepared in assay buffer (1x Dulbecco’s PBS pH 7.4, 2 mM MgCl,, 1 mM DTT) and
sterilized with a 0.2-micron filter before each experiment. Lipid inducers (arachidonic acid, linoleic
acid, phosphatidyl-L-serine) were handled similarly, except that they contained a final

concentration of 5% ethanol to maintain solubility.

2.3.3 Tau aggregation and kinetic screening

The ThT-based aggregation screen was performed in a miniaturized, 384-well plate format?*. The
microplates (Corning 4511) were pre-rinsed with 20 pL 0.01% Triton-X to minimize interactions
with the sides of the plate. In each well, tau (10 uM), thioflavin T (10 uM), polyanion (see Tables
1 and 2) for concentrations) and assay buffer (Dulbecco’s PBS pH 7.4, 2 mM MgCl;, 1 mM DTT)
were added to each well, to a total volume of 20 uL. The aggregation reaction was carried out at
37 °C with continuous shaking and monitored via fluorescence (excitation=444 nm, emission=485
nm, cutoff=480 nm) in a Spectramax M5 microplate reader (Molecular Devices). Readings were
taken every 5 min for at least 24 h. Each experiment was performed in triplicate wells. All

components of the aggregation reaction were freshly prepared each day.

2.3.4 Data processing
For data processing, the ThT signal produced by three replicates of the tau-only controls (no
inducer) were averaged and this background was subtracted from corresponding samples. These

values were typically less than 5 to 10% of the overall signal. For inducers with ThT background
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greater than 10%, mainly chondroitin sulfate A, inducer + ThT background was further subtracted.
To identify the dose of inducer for subsequent kinetic analyses, we first determined the inducer
concentration required to produce half-maximal ThT fluorescence signal by fitting the
fluorescence curves to a sigmoid in GraphPad PRISM. Using the half maximal concentration, we
analyzed the kinetic parameters of tau aggregation using the Grace plotting program
(http://plasma-gate.weizmann.ac.il/Grace/) and fitting the aggregation curves to the Gompertz
function: y=Aet®"(-L.0®) as previously described?*. In that equation, the lag-time is defined by the
inflection point; the inverse of apparent elongation rate constant (ti-b). In addition, A represents
the maximum ThT signal, and the apparent elongation rate constant is 1/b. For error analysis, we
considered the kinetic measurements from individual experiments and used them to calculate
standard error of the mean (SEM), without considering additional error introduced by goodness

of fit.

2.3.5 Fibril preparation for proteolysis

The aggregation reaction was performed in 1.5 mL Eppendorf tubes for 48 hours with constant
agitation at 1200 rpm. The reactions included tau (10 uM) and inducer (see Tables 1 and 2 for
concentrations) in assay buffer (Dulbecco’s PBS pH 7.4, 2 mM MgCl;, 1 mM DTT) with a total
volume of 300 pL. After 48 hours, the reactions were subjected to ultracentrifugation (Beckman
Optima™ Max-XP Tabletop Ultracentrifuge) using a TLA-55 Fixed-Angle Rotor at 103,000 rcf to
remove monomeric tau and excess inducer. Pelleted tau fibrils were then resuspended in 1/3-1/4
of the reaction volume and the concentration was determined by Coomassie band intensity

measured against a standard and quantified in ImageLab (BioRad).

2.3.6 Limited proteolysis
Soluble tau and freshly prepared fibrils were digested with Promega sequencing grade trypsin at

a protein:protease ratio 500:1 for 60 minutes at 37 °C. The reaction was performed in 40 mM
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HEPES 40 mM NaCl pH 8.0. Reactions were quenched with 3X SDS loading buffer + 1 mM
PMSF and immediately heat denatured at 95 °C for 5 minutes. The proteolysis reactions were
separated using a 4-20% polyacrylamide Tris-glycine SDS-PAGE denaturing gel (Invitrogen).
Gels were transferred to nitrocellulose using a TurboBlot (BioRad) and analyzed using antibodies
corresponding to several tau epitopes (anti-tau 1, 5, 13 and anti-tau 4R). Mouse anti-tau 1, 5
(Thermo) and rabbit anti-4R tau (Abcam) were prepared 1:1000 in Intercept T20 (TBS) Antibody
Diluent (LiCor) and anti-tau 13 (Abcam) was prepared 1:5000. All secondary antibodies were

prepared 1:10000 in 1:1 TBST and T20 (TBS) Antibody Diluent (LiCor).

2.3.7 Transmission electron microscopy

ON4R tau™T fibrils were freshly prepared as described above in the kinetic screening assay, for
36 hours without ThT present. The corresponding samples were pooled and subsequently
immobilized on 600-mesh carbon-coated copper grids (SPI). The samples were incubated for 30
seconds on a glow-discharged grid, and then the solution was removed by filter paper. Three
washing steps with double distilled H>O were followed by three staining steps with 0.75% (w/v)
uranyl formate (Electron Microscopy Sciences). The samples were imaged using a FEI Tecnai 10
operated at 100 keV. Micrograph images were recorded using a 4kx 4k CCD camera (Gatan).

The fibril dimensions were measured using the ImageJ software.

2.3.8 Fibril Sedimentation

Tau fibrils were prepared as described in the kinetic screening assay, excluding ThT. Samples
were subsequently pooled and centrifuged at 13,000 rpm for 30 minutes at RT. Supernatants
were removed, and the insoluble material was washed with 100 pL of assay buffer (1x dPBS, 2
mM MgCl;, 1 mM DTT) followed by an additional 30-minute centrifugation at 13,000 rpm.
Following the wash, the buffer was removed, and fresh assay buffer was added to each sample.

Samples were sonicated for 10 minutes, mixed with 3X SDS loading buffer, and boiled for 5
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minutes prior to analysis on a 2-20% denaturing gel. Gels were stained using Coomassie brilliant

blue and imaged using a ChemiDoc Imaging system.

2.4 Results and Discussion

2.4.1 Creation of an anion library

In choosing anions for a chemical library, we sought to incorporate benchmark compounds, such
as heparin sodium (HS), as well as molecules from a variety of structural classes that had never
been previously tested for their effects on tau aggregation. Accordingly, we purchased anionic
sugars (1-12), polyphosphates (13-19), short chain fatty acids (20-24), polypeptides (25-30) and
oligonucleotides (31-34; Fig 1B), as well as anions from more chemically diverse classes, such
as antibiotics (36), biladienes (37) and synthetic polymers (i.e polystyrene sulfonate, 35). Only a
subset of these compounds (1, 6, 13, 15, and 31), had, to our knowledge, been previously tested
for their effects on tau aggregation. While the major goal of this panel was to sample different
scaffolds, some of the library members varied in their chemical properties. For example,
fondaparinux (7), polyphosphate (15), and polyadenylic-polyuridylic acid (poly-AU; 32) have
varying charge density: -10 per monomer for compound 7, -1 per monomer for 13 and -2 for 25
(Fig 1B). Thus, we also hoped that screening this collection might also begin to reveal chemical

features important for tau aggregation.

Previous work had shown that anions employ at least two mechanisms to promote tau self-
assembly. For example, HS (1) is an example of the polymer class of inducers, and it is decorated
with sulfates from a repeating disaccharide unit (Fig 1B). HS and related compounds are thought
to mitigate the unfavorable, long-range electrostatic interactions in tau, favoring hydrophobic
collapse of the core®3%-32, However, another mechanism is linked to monovalent anions, such as
arachidonic acid (20), which are thought to function by first forming micelles on which tau

assembles*-3®, In our anion library, examples of both categories are included, and we anticipated
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that polymers, such as sugars, nucleotides, and phosphates, might function similarly to HS, while

the lipids and other non-polymers, might potentially function as micelles.

2.4.2 Screens identify the subset of anions that promote tau aggregation

To evaluate the anion library, we measured tau aggregation using a 384-well, plate-based, ThT
platform (Fig 1C)?*. Briefly, our goal was to first screen each anion at a range of concentrations
to reveal which ones could support tau aggregation; then, we would focus on the most potent
inducers to perform more detailed kinetic and structural studies. In these experiments, we
employed two purified, recombinant human proteins; ON4R tau (WT; Table 1) and a ON4R P301S
mutant (P301S; Table 2). P301S is a genetic mutation associated with FTD-linked Parkinsonism-
17 (FTDP-17) that produces severe frontal temporal atrophy®®. It is known that P301S is more
aggregation prone than WT in the presence of HS*'*® so we reasoned that it might be more

sensitive to weaker inducers.

In the initial screens, we tested each member of the anion library at a range of concentrations.
These ranges (see Supplemental Tables 1 and 2) were either selected from the literature (for
known inducers) or chosen empirically (for those that had not been studied previously). These
experiments were performed in triplicate using ThT signal measured every 5 minutes for a
minimum of 24 hours with shaking at 37 °C (see Methods). At the same time, we performed
experiments in the absence of tau protein to reveal any anions that might produce artifacts.
Indeed, this control was important because we found that gangliosides (23-24), and several
nucleic acids, including tRNA (33), polyA (31), and polyAU (32), produced ThT signal in the
absence of protein (Supplemental Fig S1) and, accordingly they were excluded from further
analysis (Supplemental Tables 1 and 2). Chondroitin sulfate A (CS; 2) produced a relatively
modest tau-independent signal which could be subtracted from the experimental samples

(Supplemental Fig S1), so this inducer was carried forward into the next experiments. For the
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remaining anions, we placed them into three categories based on the maximum ThT signal that
they produced. Those considered to be “inactive” failed to reach saturation and yielded 40 or less
RFUs (ARFU < 40) above baseline at 24 hours (Supplemental Tables 1 and 2; Supplemental Fig
S2). Inducers were determined to be “moderately active” if they yielded a ARFU > 40, but did not
reach a maximum ThT signal at the highest tested concentration of the anion (Supplemental Fig
S3). Finally, inducers were “active” if they produced ARFU > 40 with a full sigmoidal curve
(Supplemental Figures S4 and S5). For these anions, we determined their relative potency by
fitting the sigmoid of the dose response and determining the half-maximal value (ECso).
Importantly, we noted that a subset of “active” anions produced a hook-like effect in their dose
response; they initially promote ThT signal at lower concentrations and then become inhibitory
with increased dosing (Supplemental Fig S6). For example, polystyrene sulfonate (35) becomes
inhibitory at concentrations above 250 pg/mL. For this subset of molecules, we estimated ECsg

using the upper inflection point as the top concentration.

One of the striking results from this screen is that tau aggregation is achieved with a large number
of diverse anions. More specifically, for WT tau, we find that (11/37) molecules are strongly active
and (10/37) are modestly active (Supplemental Table 1). Together, these active molecules
represent 6 out of the 7 structural categories (Fig 2), suggesting that many classes of anions, with
a variety of backbones, can support tau self-assembly. However, these molecules were not all
equally potent. Of the molecules tested, the sugars (1, 2, 8-10) and generally have the lowest
ECso values (e.g. active at the lowest concentrations; Tables 1 and 2), while phosphates (15-18)
tend to be the least potent (e.g. require the highest concentrations). It is important to note that
these comparisons are imperfect because the natural polymers used here are heterogeneous in
length and valency, so it is difficult to compare their molar concentrations. Finally, we were

surprised to find that several of the anions are “inert” (unable to produce ThT signal), including
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hyaluronic acids (3-6), kappa carrageenan (11), pectin (12), dibasic pyrophosphate (13),
trimetaphosphate (19), fusidic acid (36) and bilirubin (37) (Tables 1 and 2). This finding suggests
that charge alone is not sufficient to drive the amyloid process. We wondered whether a subset
of these “inert” molecules might serve as inhibitors of other anions. To test this idea, we co-
induced WT tau with heparin and a subset of the “inert” molecules. We found that some
compounds, such as hyaluronic acid (6) and kappa carrageenan (11) did not interfere with HS-
mediated tau aggregation (Supplemental Figure S2C. Others, such as fusidic acid (36) and pectin
(12) partially blocked heparin’s activity (Supplemental Figure S2C). We reason that these

inhibitory anions might partially limit heparin and other active anions from binding to tau.

In addition to having different potency values, we also find that anions produced different levels
of maximal ThT signal (Supplemental Table 1 and 2). Maximum ThT fluorescence is likely a
product of the number of fibrils, the number of ThT binding sites in those structures and the
chemical features of the binding sites (e.g. hydrophobicity)®. Thus, these results begin to suggest

that the conformation(s) of the fibrils formed by the different anions might be distinct.

2.4.3 Kinetic studies reveal the differential effects of anions on lag time and/or elongation
rate

In aggregation reactions, the lag time is used to estimate the time required for an inducer to initiate
formation of oligomers, while the elongation rate is representative of multiple steps, including
monomer addition and fibril fragmentation.*® Thus, we reasoned that comparing these values for
reactions initiated by different anions might provide further insight into the steps that are affected.
In these experiments, we used each anion at or near its ECso concentration, using triplicate wells
and repeating the studies three times with independent tau protein samples (n=9, three biological
replicates). This type of comparison is important because it normalizes anion potency and allows

direct comparisons between them. From the resulting data, the lag time and elongation rate were
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determined with the Gompertz function using the grace plotting program (see the Experimental
Section). To facilitate comparisons between anions, we plotted the reciprocal of the lag time (lag
time?) to calculate an “induction strength”; where higher values are indicative of faster
aggregation (Fig 2). Although there is considerable variability within classes, we find that sugars
generally initiate fibril formation the fastest, with lag times around 2 to 2.5 hours for WT tau (Fig
2B; Supplemental Table 1). In contrast, the polyphosphates promote aggregation with
considerably longer lag times (~6 to 9 hours). Next, we similarly plotted the reciprocal of the
elongation rate for each reaction (Fig 2C); where high values are indicative of faster progression
of fibril assembly. Again, there are differences between and within chemical classes, but sugars
tend to produce the fastest elongation speeds. With both sets of values in-hand, we could then
identify anions that might preferentially impact lag time or elongation rate. Indeed, we noted that
HS (1) tended to produce dramatic effects on lag time, with comparatively little effect on elongation
rate, as previously reported’. However, other sugars, such as 2 and 8, had relatively strong effects
on both steps. Other compounds, such as 7 and 9, had a disproportionate impact on elongation
rate. Thus, the identity of an anion seems to determine which steps in the aggregation process

are most impacted.

2.4.4 Mutant P301S is sensitive to a wider range of anions

Although we have, to this point, focused on the results obtained with WT tau, these experiments
were also performed, in parallel, using mutant P301S tau. A comparison between the results
obtained with these two proteins suggested that, as expected, most anions that induce weak or
moderate ThT signals for WT tau give relatively stronger signals using the P301S construct, with
shorter lag times (Supplemental Table 2). Indeed, for a few anions, such as 14 and 27-29,
aggregation was only detected with P301S. We also noted that even the cation, poly-L-lysine (30),
which was originally selected as a negative control, was able to weakly stimulate ThT signal for

P301S. Crowding agents are known to accelerate aggregation®!, so it is possible that poly-L-
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lysine might operate by this mechanism. Another unexpected result was that a small number of
anions, such as 2, 9, 20, and 35, produced relatively faster elongation rates for WT vs. P301S
(Fig 2). Regardless, in most cases, we found that P301S was more sensitive than WT for nearly
all of the anions. These findings support a model in which the strong link between this mutation

and FTD could be, in part, a product of its sensitivity to a wider range of naturally occurring anions.

2.4.5 Anions require a combination of both charge density and valency to support tau
aggregation

In these screens, we found that molecules from a surprising number of chemical classes could
support tau assembly. Therefore, it seems likely that the individual details of the scaffold
backbone (e.g. sugar, peptide, etc.) might be relatively less important than their shared physical
features, such as charge and valency. Indeed, careful studies using purified heparins and
polyphosphates have also pointed to a key role for valency in tau aggregation?®. To test this idea
in more detail, we obtained additional anions, including dimeric ones, within the phosphate and
amino acid chemical series and tested them in ThT assays. Within these series of chemically
defined molecules, we compared their activity on a per monomer, molarity basis. The results
supported the idea that anion valency seems to be an essential feature of inducers. For example,
synthetic poly-L-glutamic acids (26 — 29) decrease lag times with increasing valency (Fig 3A; p
value 0.0002), but have do not have a specific effect on elongation rate constants (Supplemental
Figure S9; p value 0.1549). Similar relationships were observed with phosphates of varying length
(Supplemental Figure S9). We next wondered whether other chemical features, such as charge
density, might similarly correlate with effects on lag time or elongation rate. However plots of
charge density (-e/kD and -e/A) showed no correlation (Fig 3B; Supplemental Figure S9),
suggesting that this feature is not critical. As previously suggested,” we speculate that multivalent
anions might bridge multiple tau monomers, increasing their local concentration and, ultimately,

enhancing self-assembly. However, valency is clearly not the only important feature because
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highly valent compounds with sparse charge, such as hyaluronic acids (3-6), are ineffective
inducers, suggesting that an optimal balance of charge density and polymer valency may be

important.

2.4.6 The identity of the polyanion modulates protease sensitivity and fibril conformation
In addition to their effects on assembly kinetics, we hypothesized that the identity of the polyanion
might impact the structure of the fibrils. Here, we define structural conformation based on
differences in susceptibility to limited proteolysis and appearance of the fibrils by negative stain
transmission electron microscopy (TEM). The advantage of limited proteolysis is that it reveals
potential differences in the “fuzzy coat” of tau fibrils (e.g. regions outside of the well-folded core),
a region that makes up the bulk of tau fibrils and has been shown to adopt heterogeneous
conformers!*42=45_ Accordingly, WT tau fibrils formed from some of the most potent inducers: HS
(1), polyphosphate (15), poly-L-glutamic acid (25), polyA (31), sodium alginate (9), and
polystyrene sulfonate (35), were incubated for 60 min with the protease trypsin at a
protein:protease ratio of 500:1 and then analyzed by SDS-PAGE. To distinguish fibril regions
resistant to digestion, we probed these samples using several anti-tau antibodies (Tau 1, Tau 5,

4R, and Tau 13), which have epitopes that span the domains of tau (Fig 4A).

In the limited proteolysis experiments, we observed rapid degradation of soluble tau, which is
consistent with its intrinsic disorder and many trypsin cleavage sites (Fig 4b; Supplemental Fig.
S7). For the fibrils, we generally observed resistance to proteolysis and, more importantly, we
observed differential proteolytic banding between samples. Conformational divergence is perhaps
most apparent when probing the proline rich region (PRR). For example, using the anti-tau-5
antibody (residues 210-230) three bands ranging from 25 — 37 kDa are apparent for heparin- (1),
poly-L-glutamic acid- (25) and sodium alginate- (9) induced samples, whereas a single faint band

persists for polyP (15), and no protease resistant banding is observed in this same region using
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polyA (31), or polystyrene sulfonate (35). Probing further upstream in the PRR, using the anti-tau-
1 antibody (residues 192 — 204), the initial similarities observed between 1 and 9, and 25 diverge.
Specifically, heparin (1) and sodium alginate (9) maintain a similar proteolysis profile with two
bands between 30 to 37 kDa, in addition to the emergence of a ~15 kDa band. For poly-L-glutamic
acid (25), however, the fibrils remain resistant to degradation in this region, with two intense bands
appearing around 25 to 30 kDa. Interestingly, the 15 kDa fragment also appears in samples
induced with polystyrene sulfonate (35) and this is the only region where this sample displayed
protease resistance. Probing the N-terminal domain (NTD; residues 20 — 35) reveals that the
fibrils formed using poly-L-glutamic acid (25) and heparin (1) were most resistant to digestion,
whereas polyP (15), polyA (31), and sodium alginate (9) conferred moderate resistance, and PSS
(35) is susceptible. This result suggests that the fibrils formed in the presence of compounds 1,
9, 15, 25, and 31 have NTDs that are oriented in manner that completely or partially shields them
from proteolysis (Fig 4C). Other anions, such as polyA (31) and PSS (35) might create fibrils or
protofibrils that are considerably less stable. Together, findings using these three antibodies (Tau
5, Tau 1 and Tau 13) support a conclusion in which inducers impact the conformation(s) of the

fuzzy coat.

The R2 repeat region of tau is particularly important because previous work has shown that it is
included in a subset of patient-derived core structures but excluded from others!2, Interestingly,
we observe that the R2 repeat is included in the protected core of fibrils formed in the presence
of heparin (1), which is consistent with heparin-induced tau structures*®, sodium alginate (9), poly-
L-glutamic acid (25), and polyphosphate (15), but that it is excluded from those formed using
polyA (31) or polystyrene sulfonate (35). Thus, it seems likely that only a subset of the inducers
promote the formation of R2-containing fold. Indeed, our results with polyA (31) are consistent
with cryo-EM evidence, which has shown that the R2 region is excluded from the cores of fibrils

formed using RNA?°. The biological and/or structural significance of R2 positioning is not yet

53



known, but it is interesting that the identity of the polyanion can cause dramatic changes to R2

protease sensitivity.

To confirm that the partial proteolysis samples were enriched for fibrils, we also performed SDS-
PAGE analysis on the soluble (S) and insoluble, pellet (P) components after centrifugation. These
sedimentation studies also serve the important objective of confirming the ThT assays and
providing an independent measure of fibril formation. For both WT and P301S tau (Supplementary
Figure S8), we confirmed that anions that are strongly active in ThT (1, 8, 10, 15) also shift tau
into the pellet, with nearly full conversion to insoluble material. Likewise, anions determined to be
weakly active (17) or inert (3 - 6) yielded incomplete conversion (Supplemental Figure S8). Thus,
these sedimentation studies both corroborate the ThT assays and provide further evidence of

differences in the potency of anions.

Finally, we used negative stain transmission electron microscopy (EM) to examine and compare
the supramolecular architecture of tau fibrils. These experiments also served the added goal of
independently confirming whether the measured ThT signals were due to the formation of amyloid
fibrils. AD-associated tau fibrils tend to have a twisted or straight conformation by TEM, with
relatively long fibrils that have an average diameter around 30 nm to 15 nm. Therefore, we wanted
to study the fibrils formed by our anions and compare them to this benchmark. A full set of
representative TEM images are shown in Suplemental Fig S10. Focusing just on those that were
studied by limited proteolysis, we found that samples prepared using heparin (1), fondaparinux
(7), polyphosphate (15) sodium hexametaphosphate (18), and, nadroparin calcium (8) had
characteristic amyloid morphologies (Fig 4D). Those formed from 8, 7 and 20 were particularly
interesting, as they yielded twisted and straight fibrils with an average diameter of ~25 to 30 nm.
The results with HS (1) are consistent with previous findings*® and included a mixture of twisted

and straight fibrils. In contrast, flaments generated using sodium alginate (9) and polystyrene
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sulfonate (35) are relatively monomorphic and distinct. Fibrils formed using sodium alginate (9)
were particularly striking in their unusual and consistent morphology; moreover, they tended to
produce slightly thicker fibers (33 nm, n = 30) compared to the other inducers (Fig 4E). In the
broader TEM screen, we also observed oligomeric (i.e. spherical) and amorphous structures in
samples formed from polyAU (31) and hyaluronic acid (6). These anions produced poor ThT
signals, so their lack of ThT reactivity correlates well with the imaging. Together, these results
support our hypothesis that polyanion identity strongly impacts the conformation of tau fibrils, such
that the protein can be directed into strikingly different shapes by the chemical properties of the
inducer.

2.5 Conclusion

The role(s) of anions in tau self-assembly have remained elusive. Many pioneering manuscripts
have shown that individual polyanions promote this process??27:3%47:48 "\jth the most attention
placed on heparins and polyphosphates. Here, we expand the landscape of tested anions, with a
special focus on those naturally occurring ones that tau might encounter in the brain. We also
tested them side-by-side to avoid interpretations that could arise due to differences in
experimental conditions (e.qg., buffer, tau concentration). From these screens, we found that tau
aggregation is enhanced by a wide variety of anions. Indeed, the most pervasive theme is that
anions with dramatically different scaffolds (e.g., sugar, polyphosphate, etc) are capable of
supporting tau self-assembly. This finding suggests that degenerate physical features, such as
valency and charge, are more important than the specifics of the scaffold from which the anions
are displayed (e.g, polymer, micelle). For example, the sparsely charged hyaluronic acids (3-6; 1
charge per repeat) and the low valency compounds (14, 29, 30) were relatively poor at promoting
fibril formation, but highly charged and multivalent molecules (1, 2, 7, 15, 20, 21, 35) from many
chemical series can induce this process. Together, these results are broadly consistent with a
model in which polyanion-assisted aggregation proceeds via minimizing the electrostatic

repulsion between positively charged tau monomers, allowing subsequent inter- or intra-

55



molecular scaffolding of monomers. Yet, the identity of the scaffold must also be important at
some level because different anions produce distinct tau fibril morphologies. For scaffolds that
have sufficient valency, it seems likely that more subtle features, such as flexibility or charge
density, might then favor differential effects on lag time, elongation rate, and, ultimately, the
structure of the resulting fibrils. For example, heparin sulfate (1) and sodium alginate (9) are both
repeating di-saccharides, yet they produce dramatically different tau fibrils, as judged by either
proteolysis or EM (see Fig 5). We speculate that the molecular details of the tau-anion contacts

might be an important step in “folding” and fibril formation.

In the intact brain, soluble tau likely encounters many diverse and abundant biological molecules
that bear a negative charge, including many of the proteins, lipids, nucleic acids, and metabolites
tested here. Thus, it is interesting to consider the implications of the results in that context. For
example, we find that the identity of the anion can have a strong impact on the structure of tau
fibrils; thus, differences in the anion composition of specific brain regions could help dictate what
types of fibrils are supported. In addition, it is possible that mixtures of anions, as likely
encountered in complex cellular environments, could produce new structures or structures of
mixed conformation. This is an important consideration because structural studies have shown
that filaments formed in vitro using HS as an inducer do not have the same structure(s) as those
isolated from patient brains.“® It is possible that different anions or combinations of anions might
better replicate the patient-derived structures in vitro. Finally, we found that several polyanions,
such as hyaluronic acids, are not capable of supporting aggregation at all. Similarly, low valency
anions, such as triphosphate, were also remarkably poor at promoting tau aggregation and others,
such as fusidic acid 36, are even inhibitors. This is an important observation because these
anions might serve as competitors in vivo; binding to cationic sites on tau and buffering the

protein’s interactions with other, aggregation-promoting polyanions. If this supposition is true, then
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the relative concentrations of both active and inert and inhibitory anions might combine to dictate

whether tau forms fibrils.

It is important to note that recombinant tau produced from Escherichia coli was used in these
studies, so the proteins are devoid of post-translational modifications (PTMs). In vivo, the overall
charge of tau will be tuned by multiple PTMs, including phosphorylation, acetylation, and
ubiquitination**%°, These modifications can either add a negative charge (phosphate) or neutralize
a positive one (acetylation), thus altering the isoelectric point and, in turn, adjusting tau’s
sensitivity to polyanions®. Indeed, recombinant tau fibrils induced using HS (1) are significantly
different than those formed using phosphorylated tau®2. Future studies will be needed to
deconvolute the impact of the vast number of possible PTM combinations. Likewise, mutations in
tau might also impact its interactions with anions by altering the overall structural landscape of
the protein. Indeed, we found that P301S tau was sensitive to a wider range of anions than WT,
which might partly underlie this mutation’s important role in FTD. There are hundreds of additional

mutations linked to tauopathy®3, which might also vary in their response to polyanions.

More broadly, electrostatic forces are essential in mediating protein-protein interactions
(PPIs)**%®, not just those found in tau. Here, we screened a library of naturally occurring and
synthetic polyanions and found striking differences in how they promote tau self-assembly. It
seems likely that a similar, screening-based approach could be adopted to probe the potential
roles of polyanions on other PPls. While crowding agents, such as polyethylene glycol, are

sometimes explored®®, systematic studies of polyanion libraries are less common.
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Figure 2.1. Workflow for testing the effects of a polyanion library on tau self-assembly. (A) The domain
architecture of the common adult isoform of tau (ON4R). The overall charge of the domains is indicated and
the location of the his-tag and the P310S missense mutation are shown. N-terminal domain (NTD); proline-
rich region (PRR); microtubule-binding repeats (MTBR); C-terminal domain (CTD). (B) Chemical structures
of 37 anionic biomolecules, grouped by series. When appropriate, the minimal repeating unit is shown, and
the average polymer length (n) is indicated in the (Supplemental Tables 1 and 2). Compounds 33 and 34
are shown as cartoons because they do have repeating structure (see Methods). (C) The workflow for
screening the anion library. Briefly, ON4R tau (WT) and ON4R P301S mutant tau (P301S) proteins were first
tested against a range of concentrations of each library member in ThT assays. Anions were excluded from
further analysis if they produced artifacts (Supplemental Fig. 1) or if they failed to produce a ThT signal 40
RFUs above baseline fluorescence (ARFU < 40) at 24 hours. For the remaining molecules, the half-
maximal effective concentration (EC50) was determined, and subsequent kinetic studies performed at that
anion concentration. From those studies, the kinetic parameters, including lag-time and elongation rate
were determined.
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Figure 2.2. Anions have differential effects on lag time and elongation rate. (A) Representative ThT assay results,
comparing heparin sodium (1), polyphosphate (15), sodium hexametaphosphate (18), poly-L glutamic acid (25),

induction strength (lag time™)

elongation speed (elongation rate-")

12

and polystyrene sulfonate (35) on recombinant ON4R WT Tau (left) and ON4R Tau P301S (right) aggregation
kinetics. The anions were used at their half-maximum concentration (see Tables 1 and 2) and tau proteins at 10
MM. Results are the average of at least three independent experiments performed in triplicate and the error bars
represent SEM. For each result, the signal from control experiments using no tau was subtracted. (B) Anions

have differential effects on lag time. Values are plotted as reciprocal (lag-1), termed the induction strength.

Inactive inducers and those with weak signal were omitted from the analysis (see text). Results are the average
of at least three independent experiments performed in triplicate and the error bars represent SEM. (C) From the
same aggregation reactions, the elongation rate was calculated and plotted as the reciprocal (elongation rate-1),
termed the elongation speed. Results are the average of at least three independent experiments performed in
triplicate and the error bars represent SEM.
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Figure 2.3. Polyanion valency is an important parameter in dictating tau fibril formation. (A) 2N solutions of poly-L-
glutamic acid (PLE) of discrete molecular weights (n = 20, 50, 100 or 200) were used to induce WT and P301S tau
(10 uM) for 24 hours at 37°C with constant shaking (left). From the resulting curves, lag time and elongation rate
were extracted (right). A Pearson t-test was performed to measure the correlation between valency and kinetic
parameters. Results are the average of at least three experiments performed in ftriplicate and the error bars
represent s.e.m (n=9). Results are shown for P301S because it gives more robust signal compared to WT tau. (B) A
Pearson t-test was performed to determine the correlation between charge density (-e/kD) on the lag time (left) and

elongation rate constants (right).
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Figure 2.4. The identity of the polyanion impacts tau fibril structure. (A) The general workflow for tau fibril
proteolysis. Fibrils were prepared using the corresponding inducer at its analysis concentration (see
supplemental table 1), purified by ultracentrifugation, and subsequently proteolyzed using trypsin. Proteolysis
products were separated by SDS PAGE and probed using anti-tau antibodies (anti-tau 13, 1, 5, and 4R)
(top). The domain architecture of ON4R tau, showing the location of the epitopes for anti-tau antibodies
(bottom). (B) Tau fibrils are generally resistant to proteolysis, but the digestion patterns depend on the
identity of the inducer. The protease resistant fragmentation of ON4R WT tau filaments differentially induced
using heparin (1), polyphosphate (15), poly-L-glutamic acid (25), polyA (31), sodium alginate (9), or
polystyrene sulfonate (35). (C) Summary of the proteolytic regions of each fibril samples. (E) Representative
electron micrographs of negatively stained fibrils from recombinant ON4R tau assembled in vitro at the end
point of each reaction. Scale bar, 100 nm. Black arrows indicate twisted filaments, and white arrows indicate
straight fibers. (D) Quantification of the average diameter of recombinant fibrils (n = 30).
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2.7 Supplemental Figures
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Figure 2.81. Identification of anions that produce thioflavin T (ThT) artifacts inthe absence of tau fibrils. (A) Summary
of the screen, in which anions were incubated with 10 uM ThT in the absence of fibrils. A subset, including chondroitin
sulfate A (2), Ganglioside disodium salt (23), Ganglioside diammonium salt (24), polyA (mRNA) (31), Polyadenylic-
polyuridylic acid (polyAU) (32), tRNA (33), and fusidic acid (36) produced ThT fluorescence in the absence of protein.

(B) Raw data from the “no protein” controls. Results are the average of technical triplicates and error is SEM.
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Figure 2.S2. Raw curves supporting the activity of anions in the ThT assays. (A) Results from ThT assays
for the subset of anions that are unable to promote tau aggregation (termed “inert”). (B) Results from ThT
assays for the anions that have high background. For these anions, we rely more heavily on the
sedimentation and TEM experiments. (C) A subset of the “inert” anions (36, fusidic acid; 12, pectin) are able
to partially inhibit the activity of heparin when added simultaneously, while others (6, hyaluronic acid; 11
kappa-carragenan) are not. All results are the average of technical triplicates and error is SEM. Results are
the average of two independent experiments performed in triplicate and error is SEM.
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Figure 2.83. A subset of anions weakly induce tau aggregation. Raw ThT plots for the subset of anions that were
designated as “weakly active” for (A) WT tau and (B) P301S tau. Results are the average of at least three

independent experiments performed in triplicate and error is SEM.
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Figure 2.S4. Raw ThT results for the anions determined to be “active” against WT tau. For these anions, we
performed full kinetic and dose range screening. Results are the average of at least three independent
experiments performed in triplicate and the error bars represent SEM (n=9).

65



(01) heparin sodium

@
=3
S

— 352ug/mL
7% — 176 ug/mL
2 —— 88ug/mL
& 400 e
E 22 ug/mL
200 e
—— 55ug/mL
10 15 25— Oug/mL
time (h)
(8) nadroparin calcium
1500
— 1000 ug/mL
500 ug/mL
Z 1000+ o
£ 125 ug/imL
E %007 62.5 ug/mL.
31.25 ug/mL
0 ug/mL
0
(14) tetrabasic pyrophosphate
2500
— 2000 ug/mL
0 — 1000 ug/mL.
2 T 500 ug/mL
: U
£ |‘I‘|Hm!!u|wu\\Lumm|M:u\l‘}l‘m‘l“lul\l\l\\l\l\l\l 250 ug//mL
G S BHugini
et 62.5 ug/mL.
I 0 ugiml_
10 15 20 4000 ug/mL
time (h)
150 (20) ArA
— 200uM
— 100uM
2 — 50uM
g — 0uM
=
£ 50
0+ ’ . i .
¢ 2 . 1520 25
time (h)
(25) PolyLglu (PLE mix mw)
3000
— 500 ug/mL
— 250 ug/mL
2 2000+ iy
E — 62.5ug/mL
E 19005 31.25 ugimL
— 15625
—= Oug/mL
0 . . i : )
0 2 L 15 20 25
time (h)
(29) PLE 200
800
— 300 ug/mL
7 G — 150 ug/mL_
2 R — 75 ugimL
£ ] QUIMIIAN — s uom
E MY 4575 ugm
7 — 9.375ug/mL
—=— 4.6 ug/mL
—— Oug/mL

time (h)

(02) CS-A
800

250 ug/mL
125 ug/mL
625 ugimL.
31.25 ug/ml
15.62 ug/mL
7.8125 ug/mL
0 ug/mL

600

B
m“m}mm“mm}m\}n\u|ummmummummmmmmmnuu

ThT (RFUs)
g

N
=3
=3

time (h)

(9) sodium alginate

500 ug/mL
250 ug/mL
125 ug/mL
62.5 ug/mL.
31.25 ug/mL
15.625 ug/mL
0 ug/mL

=
S
3

ThT (RFUs)
»
S

N
S
S

time (h)

(15) polyP

1000 ug/mL
500 ug/mL
250 ug/mL
125 ug/mL
62.5 ug/mL.
31.25 ug/mL
0 ug/mL

|

il

ThT (RFUSs)

UL I
A

time (h)

(21) linoleic acid

100 uM
50 uM
ouM

=]
3

ThT (RFUs)
g

10 15 20

time (h)

25

(27) PLE 50
300 ug/mL
150 ug/mL
75 ug/mL
37.5 ugimL
18.75 ug/mL.
9.375 ug/mL
4.6 ug/mL.

0 ug/mL

ThT (RFUs)

time (h)

(33) tRNA

500 ug/mL
250 ug/mL
125 ug/mL
62.5 ug/mL.
0 ug/mL

ThT (RFUS)

time(h)

ThT (RFUs)

ThT (RFUs)

(07) fondaparinux

1000 ug/mL
500 ug/mL
250 ug/mL.
125 ug/mL
62.5 ug/ml
31.25 ug/mL

15.625 ug/mL
0 ug/mL

I AT
ulﬂlwumuuumumuuwWW

Il
il

time (h)

(10) DSOSCS

N
=3
=3
3

1000 ug/mL
500 ug/mL
250 ug/mL
125 ug/mL
62.5 ug/mL.
31.25 ug/mL
15.625 ug/mL.
0 ug/mL

o
3
3

=)
=3
3

o
3
3

T T
15 20

time (h)

(18) NaHMP

1000 ug/mL
500 ug/mL.
250 ug/mL.
125 ug/mL.
62.5 ug/mL.
31.25 ug/mlL.
15.625 ug/mL.
0 ug/mL

ThT (RFUs)

500

15
time (h)

10

(22) PLS

200 uM
100 uM
50 uM
ouM

ThT (RFUS)

25
time (h)

(28) PLE 100

300 ug/mL
150 ug/mL
75 ug/mL.
37.5 ug/mL
18.75 ug/mL
9.375 ug/mL
4.6 ug/mL
Oug/mL

ThT (RFUs)

¥ T
10 15
time (h)

(35) PSS

1500
1000 ug/mL.

500 ug/mL
250 ug/mL
125 ug/mL
62.5 ug/ml
31.25 ug/mL
0 ug/mL

ThT (RFUs)
a
3
8

o
S
=3

T
it

time (h)

Figure 2.S5. Raw ThT results for the anions determined to be “active” against P301S tau. For these anions,
we performed full kinetic and dose range screening. Results are the average of at least three independent

experiments performed in triplicate and the error bars represent SEM (n=9).
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Figure 2.S6. Several anions accelerate aggregation at low concentrations, but then inhibit it at higher
concentrations (producing a “hook effect”). Raw ThT results are shown for (A) WT Tau and (B) P301S tau. Each
curve represents are the average of three experiments performed in technical triplicate and the error bars
represent SEM (n=3). The two independent, biological replicates are shown (1, 2, etc.). As stated in the text,
these inducers were used at EC50 values that were selected after excluding the higher concentrations.
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Figure 2.87. Full Western blots for the images shown in the partial proteolysis studies (see Figure 4). The full,
uncropped Western blots for the partial proteolysis studies, using antibodies (a) Tau 4R (b) Tau 5 (c) Tau 1 and

(d) Tau 13. See text for details.
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Figure 2.S8. Sedimentation assays reveal the extent of tau fibrilization. After incubation of tau with anions, centrifuga-
tion was used to separate the insoluble pellet (P) and soluble (S) components, followed by analysis by SDS-PAGE.
The concentration of anion used in these studies is the “analysis concentration”, as denoted in Sl Tables 1-2.
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Figure 2.89. Polyanion valency is an important parameter in dictating tau
fibril formation. (A) 2N solutions of polyphosphates including
pyrophosphate (13-14), tripolyphosphate (16), sodium
hexametaphosphate (18) or sodium trimetaphosphate (19) were used to
induce aggregation of WT (left) or P301S tau (right) . The relative valency
is indicted (n=x). These results further support the conclusions in Figure
3. (B) Correlation analysis of the effect of charge density (as determined
by approximate Angstrom distance of the repeat unit (-e/A) on lag time
(left) and elongation rate (right) using a Pearson t-test, demonstrating that
these parameters do not correlate for either WT or P301S tau. These
results support the conclusions in Figure 3.

70



(1) heparin sodium (7) fondaparinux (8) nadroparin calcium (9) sodium alginate

100 nm

5 100 i

100 nm

100 1

(15) polyP (16) tripolyphosphate (17) diad. pentaphos (18) Na hexameta phos

1 QO nm S b 100 it
s (- bl Sk

100 T

(20) arachadonic acid (21) linoleic acid (22) phosphatidylserine  (23) ganglioside di na. salt

S i . 100 v

(24) ganglioside di am. salt (35) polystyrene sulfonate (31) polyA (31) polyAU

100 aim

100 fim

100

(13) pyrophosphate dibasic (14) pyrophos tetrabasic (19) trimetaphosphate (6) hyaluronic acid

100 T

100 nm 3 100 nm . 100 om

Figure 2.810. Raw TEM images, supporting and extending the results from the ThT and sediminatation
assays. Results are representative of collected images. Results are shown for WT tau. Inactives and weakly
actives are grouped at the bottom. Scale bar is 100 nm.
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Figure 2.811. Purity of expressed tau proteins, as judged by
Coomassie gels. The samples are shown after the His-tag
affinity step and after the final HPLC purification, for both the
WT ON4R tau and P301S ON4R tau. The samples were 95%
pure, as measured by ImageJ.
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2.8 Supplemental Tables

Table 2.S1 Characteristics and results from the anion library screening against WT tau.

MW of repeat charge per [charge density|  charge olymer dosin EC50] |[analysis] | avg Ia avg |endogenous
Nbr. compound CAs number| " % PPN | Mw range (Da) | e e ay | denity (eiA) | clavsification |  charged groups (ogiml) (E‘glmL]) [(ughYnL)] (nourey| clongation | in human
rate constant | systems?
1|heparin sodium salt 9041-08-1 573.40( 17000 - 19000 -4 -6.98 -0.27 sugar 9 suLf::z:)/(;l 352-5.5 453 88 1.8 1.76 yes
2|chondroitin sulfate A #J 39455-18-0 475.38 6000 - 33000 -2 -4.21 -0.15 sugar | 1 carboxyl /1 sulfate| 250 - 31.25 57.0 125 24 0.20 yes
3|hyaluronic acid (8-15 kD) 9067-32-7 402.31| 8000 - 15000 -1 -2.49 -0.07 sugar 1 carboxyl| 500 -62.5 —| 500 —| —] yes
4|hyaluronic acid (30-50 kD) 9067-32-7 402.31( 30000 - 50000 =1 -2.49 -0.07 sugar 1 carboxyl[ 500 - 62.5 = 500 = =] yes
5|hyaluronic acid (120-350 kD) 9067-32-7 402.31[120000 - 350000 =1 -2.49 -0.07 sugar 1 carboxyl[ 500 - 62.5 = 500 = = yes
6 |hyaluronic acid (mixed mw) 9067-32-7 402.31 NA| -1 -2.49 -0.07 sugar 1 carboxyl| 500 -62.5 —| 500 —| — yes
7|fondaparinux sodium--- [114870-03-0 1728.04 1728.04 -10 -5.79 -0.34 sugar |8 sulfates / 2 carboxyl| 1000 - 31.25 —| 500 —| — no
8|nadroparin calcium ) 37270-89-6 591.45 — -6 -5.07 -0.21 sugar | 4 sulfates/ 2 carboxyl {1000 - 31.25 548 125 1.5] 047 no
9|sodium alginate - 1) 9005-38-3 749.0({120000-190000 -2 -2.67 -0.12 sugar 2 carboxyls|1000 - 31.25 —| 125 28 0.24 no
dermatan sulfate and oversulfated | 475.38 2 -4.21 -0.15 1 carboxyl / 1 sulfate
10|chondroitin sulfate R 696.52 & 5 718 -0.38 SUgar| corbonyt /4 sufates| 100076125| 884|125 06 143)  yes
11|kappa carrageenan 11114-20-8 401.32p00000 - 800000 -1 -2.49 -0.08 sugar| 1 sulfate| 200-12.5 —] 500 —] — no
12|pectin 9000-69-5 353.3(50000 - 180000 -1 -2.83 -0.07 sugar 1 carboxyl| 500 -62.5 —] 500 —] — no
13|sodium pyrophosphate dibasic 7758-16-9 101.96 221.94 -1 -9.81 -0.31| phosphate 2 phosphates| 4000 -62.5 =] 2000 = =] yes
14|sodium pyrophosphate tetrabasic 7722-88-5 101.96 265.90 -1 -9.81 -0.31| phosphate 2 phosphates| 4000 - 62.5 —] 2000 —] — yes
15|polyphosphate 10361-03-2 101.96 NA -1 -9.81 -0.31| phosphate 1 phosphate| 1000 - 125 167.0 250 6.6 0.20 yes
16 |tripolyphosphate -+ 7758-29-4 101.96 367.85 -1 -9.81 -0.31| phosphate 3 phosphates| 4000 - 500 —] 2000 —] — yes
17|Diadenosine pentaphosphate |- 75522-97-3 101.96 916.37 -1 -9.81 -0.31| phosphate 5 phosphates| 500 - 31.25 —] 500 —] — yes
18|sodium hexametaphosphate |- 68915-31-1 101.96 611.77 -1 -9.81 -0.31| phosphate 6 phosphates| 1000 - 15.6 —] 500 9.2 0.22 no
19|sodium trimetaphosphate 7785-84-4 101.96 305.89 -1 -9.81 -0.31| phosphate 3 phosphates| 4000 - 62.5 —| 4000.0 —| — no
20|Arachadonic acid 506-32-1 30447 — -1 -3.28 -0.12 lipid 1 carboxyl| 30.5-1.9 = 31 3.9 0.25 yes
21 [linoleic acid 60-33-3 28045 — -1 -3.57 -0.12 lipid 1 carboxyl| 28.04 - 1.75 = 28 43 2.67 yes
22|phosphatidyl--serine 51446-62-9 78207 = 2 253 -033 lipid 1 "“"zzf;‘:;;l 185-118)  —| 79| 32 109 yes
23 ioside disodium salt 7 37758-47-7 1470.80 — -2 -1.36 -0.20 lipid 2 1000 - 31.25 —| 100 —| — yes
24|Ganglioside diammonium salt # [62010-37-1 1602.90 = -2 -1.25 -0.20 lipid 2 carboxyls[1000 - 31.25 = 100 = — yes
25 [poly-L-glutamic acid ) 26247-79-0 151.10 50000-100000 -1 -6.62 -0.33| amino acid 1 carboxyl| 500-15.6 370 625 3.1 1.46 yes
poly-L-glutamic acid (n = 20) 26247-79-0 151.10 3000.0 -1 -6.62 -0.33| amino acid 1 carboxyl 300-4.6 —| —| —| — yes
poly-L-glutamic acid (n = 50) 26247-79-0 151.10 7500.0 -1 -6.62 -0.33| amino acid 1carboxyl 301-4.6 —] —] —] — yes
poly-L-glutamic acid (n = 100) 26247-79-0 151.10 15000.0 -1 -6.62 -0.33| amino acid 1 carboxyl 302-4.6 —] — —] — yes
glutamic acid (n = 200) 26247-79-0 151.10 30000.0 -1 -6.62 -0.33| amino acid 1 carboxyl 303-4.6 —] — —] — yes
30|poly-L-lysine 25104-18-1 151.10 150000-30000 1 6.62 0.33| amino acid 1 amine| 500 -31.25 —] — —| — yes
31|polyA (MRNA) # 26763-19-9 267.24 NA| -1 -3.74 -0.11| nucleic acid 1 phosphate| 500 -62.5 — 500 —| — yes
32 ;‘:}'{;‘:S;‘V;C"m'y”"dy“c acdd | 24936-38-7 67140 NA| 2 298 -0.06| nuceic acid 2 phosphates| 500-62.5 —| s000| — — ves
33[tRNA (yeast) # 9014-25-9 —] 25000.0 —] — —| nucleic acid —| 500-15.6 —] 500.0 — — yes
34 [random nuc sequence N8080127 —] — —] —] —| nucleic acid —| 100-3.125 —] 500.0 —] —] yes
35polystyrene sulfonate ) PSS4K| 184.2 4800.0 -1 -543 -0.32 synthetic 1 sulfate| 500 - 31.25 —| 625 29 045 no
36 |Fusidic acid sodium salt 7 751-94-0 538.7 — -1 -1.86 -0.13 misc 1 carboxyl| 1000 - 31.25 —| 500 — — no
37|bilirubin 635-65-4 584.7 =] =2 -3.42 -0.10 misc 2 carboxyls| 500 - 62.5 = 500 = =] yes
Key
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Table 2.S2 Characteristics and results from the anion library screening against P301S tau.

charge per| charge charge " " elongation
Nbr. compound CAS number | MWofrepeat | vy o6 (Da) rergea': den;?:y densirg/ (- |, polymer charged groups dosing | [ECS0] |[analysis]|  lag rgte er;: T.%e,,'.‘:: y
unit (Da) > (ugimL) |(ug/mL)| (ug/mL) | (hours)
unit (-e/kD) elA) constant systems?
1]heparin sodium salt 9041-08-1 573.40[ 17000 - 19000 -4 -6.98 -0.27 sugar 3 sulfates / 1 carboxyl 352-11 135 88] 047 3.05[yes
2|chondroitin sulfate A 7 39455-18-0 475.38( 6000 - 33000 -2 -4.21 -0.15: sugar 1 carboxyl / 1 sulfate {250 - 31.25 48.7 125 0.9 0.86|yes
3|hyaluronic acid (8-15 kD) 9067-32-7 402.31( 8000 - 15000 -1 -2.49 -0.07 sugar 1 carboxyl [ 250 - 31.25 —] 500.0 —] —|yes
4|hyaluronic acid (30-50 kD) 9067-32-7 402.31(30000 - 50000 -1 -2.49 -0.07 sugar 1 carboxyl | 250-32.5 —] 500.0 —] —|yes
5|hyaluronic acid (120-350 kD) 9067-32-7 402.31R0000 - 350000 =1l -2.49 -0.07 sugar 1 carboxyl [250 - 31.25 = 500.0 = —|yes
6 |hyaluronic acid (mixed mw) 9067-32-7 402.31 NA] -1 -2.49 -0.07' sugar 1 carboxyl (250 - 31.25 — 500.0 — —|yes
7 i 114870-03-0 1728.04 1728.04 -10; -5.79 -0.34. sugar 8 sulfates / 2 carboxyls [1000 - 31.25 725 500 3.17] 0.18|no
8|nadroparin calcium (J 37270-89-6 591.45 —] -6/ -5.07 -0.21 sugar 4 sulfates/ 2 carboxyl]000 - 31.25 | 116.0 125 047 1.11|no
9|sodium alginate (|J 9005-38-3 749.0[120000-190000 -2 -2.67 -0.12. sugar 2 carboxyls [1000 - 31.25 13.5 62.5 293 0.51|no
dermatan sulfate and oversulfated 475.38 -2 -4.21 -0.15! 1 carboxyl / 1 sulfate
R it it () EPREIEE 696.52 e 5| 718 038 Sugr B e e s a4 e o
11|kappa carrageenan 11114-20-8 401.320000 - 800000 -1 -2.49 -0.08 sugar 1 sulfate| 200-125 —] 500.0 —] —|no
12|pectin 9000-69-5 353.3$0000 - 180000 =il -2.83 -0.07: sugar 1 carboxyl [ 500 -62.5 = 500.0: —] —|no
13 [sodium pyrophosphate dibasic 7758-16-9 101.96 221.94 -1 -9.81 -0.31| phosphate 2 phosphates (4000 - 62.5 —] 2000 —| —|yes
14|sodium pyrophosphate tetrabasic 7722-88-5 101.96 265.90 -1 -9.81 -0.31| phosphate 2 phosphates (4000 -62.5| 531.8 2000 2.85 0.25|yes
15|polyphosphate 10361-03-2 101.96 NA =1 -9.81 -0.31 1 ph 1000-125| 146.3 250 0.67. 1.04|yes
16 |tripolyphosphate -+ 7758-29-4 101.96 367.85 -1 -9.81 -0.31| phosphate 3 phosphates [4000 - 62.5 —] 2000 —] —|yes
17|Diadenosine pentaphosphate |- 75522-97-3 101.96 916.37 -1 -9.81 -0.31| phosphate 5 phosphates 500 - 31.25 —] 1000 — —|yes
18|sodium hexametaphosphate || 68915-31-1 101.96 611.77] -1 -9.81 -0.31| phosphate 6 phosphates | 1000 - 15.6 65.1 125 2.07 0.22|no
19|sodium trimetaphosphate 7785-84-4 101.96 305.89 -1 -9.81 -0.31| phosphate 3 phosphates #000 - 31.25 — 2000 — —|no
20|Arachadonic acid 506-32-1 304.47| = =1l -3.28 -0.12. lipid 1 carboxyl | 30.5-1.9 = 31 0.75 0.37|yes
21|linoleic acid 60-33-3 280.45| —] =1 -3.57 -0.12: lipid 1 carboxyl [28.04 - 1.75 —] 28 0.9 0.35|yes
22|phosphatidyl-I-serine 51446-62-9 792.07 - -2 -2.53 -0.33] lipid 1 phospate / 1 carboxyl | 18.5-1.16 - 79 1.1 0.29|yes
23|Gangloside disodium salt 7 37758-47-7 1470.80 — 2 -1.36 -0.20 lipid 2 carboxyls [1000 - 31.25 — 100! — —|yes
24|Gangloside diammonium salt 62010-37-1 1602.90 —] -2 -1.25 -0.20 lipid 2 carboxyls [1000 - 31.25 —] 100 — —|yes
25|poly-L-glutamic acid () 26247-79-0 151.10{50000- 100000 -1 -6.62 -0.33 amino acid 1 carboxyl | 500-15.6 26.0 62.5 0.57 2.48|yes
26 |poly-L-glutamic acid (n = 20) 26247-79-0 151.10 3000.0 -1 -6.62 -0.33| amino acid 1 carboxyl | 300 - 9.375 —] — —] —|yes
27 |poly-L-glutamic acid (n = 50) 26247-79-0 151.10 7500.0 -1 -6.62 -0.33| amino acid 1 carboxyl | 300 - 9.375 750( 04 0.55 yes
28|poly-L-glutamic acid (n = 100) 26247-79-0 151.10 15000.0 -1 -6.62 -0.33| amino acid 1 carboxyl | 301 -9.375 750( 04 0.55 yes
29|poly-L-glutamic acid (n = 200) 26247-79-0 151.10 30000.0 =i -6.62 -0.33 amino acid 1 carboxyl | 302 -9.375 75.0] 02 0.52 yes
30 |poly-L-lysine + 25104-18-1 151.1050000 - 300000 1 6.62 0.33| amino acid 1 amine | 500 - 31.25 =] 250 =] —|yes
31|polyA (MRNA) # 26763-19-9 267.24 NA -1 -3.74 -0.11nucleic acid 1 phosphate (1000 - 31.25 — 500 — —|yes
32 ;‘:)'Iyya:j)"y'f'c'p°'yu”"y"°a°'° 24936-38-7 7140 NA 2| 298 -0.06| nucleic acid 2phosphates | 500-625]  —|  500[  —| —|ves
33[tRNA (yeast) 7 9014-25-9 — 25000.0 = —] —| nucleic acid —| 500-62.5 = 500 21 0.49(yes
34|random nuc sequence N8080127 — —| — —] —|nucleic acid —| 100-3.125 — —| — —|yes
35|polystyrene sulfonate L PSS4K 184.2 4800.0 -1 -5.43 -0.32| synthetic 1 sulfate |500 - 31.25 - 62.5 1.7/ 1.38|no
36 |Fusidic acid sodium salt 7 751-94-0 538.7 — =1 -1.86 -0.13 misc 1 carboxyl [1000 - 31.25 — — 500 —|no
L_37]bilirubin 635-65-4 584.7 — -2 -3.42| -0.10\ misc 2 carboxyls | 500 - 62.5 —| — 500 —|yes
Key
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