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Abstract

Seeking the Structural Basis of Tau Seeding
by

Zhikai Zeng

Tau is an intrinsically disordered protein found in neurons that binds and stabi-
lizes microtubules. Under pathological conditions, tau aggregates into amyloid fibrils
and this process is central to several neurodegenerative diseases, collectively known as
tauopathies. It has been proposed that tau pathology occurs in a ”prion-like” mech-
anism, where pathological tau conformers (termed ”seeds” or ”strains”) recruit native
monomeric tau to form amyloid aggregates by templated seeding. Recently, a high-
resolution clue that distinct tau strains underpin different tauopathies came to light:
tau fibrils isolated from tauopathies were found to have distinct core structures by cryo-
electron microscopy. These fibril core structures are unique to and homogeneous within
one disease, but typically different between different tauopathies. This dissertation is
aimed to answer two key questions, which remain unclear in the current state of knowl-
edge: (1) what are the defining properties or conditions that determine the shape of
a fibril (e.g. physico-chemical conditions, tau state such as mutations, fragmentation,
and/or the presence of cofactors)? (2) What structural properties of the fibril are repli-
cated and propagated in seeding, if at all? This work will guide you through a tour
to establish the experimental conditions that enable in wvitro tau seeding and use these

conditions to gain a molecular understanding of tau structures in seeded fibrils.
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Introduction



Introduction Chapter 1

The tau protein is an intrinsically disordered protein (IDP) in its unbound state and
becomes partially structured when bound to microtubules [I]. Under pathological condi-
tions, tau dissociates from microtubules and forms aggregated inclusions that are directly
implicated in various neurodegenerative diseases, collectively known as tauopathies [2] [3].
Pathological tau inclusions are insoluble amyloid fibrils with cross-f secondary structure,
formed by the stacking of monomeric tau to assemble fibrils in a process referred to as
aggregation [4]. It was recently confirmed by cryogenic electron microscopy (cryo-EM)
that tau protein adopts a variety of atomic structures (that we henceforth refer to as tau
“shapes”) when incorporated in fibrils. The cryo-EM structures of post-mortem human
brain-derived tau fibrils, thus far of Alzheimer’s disease (AD) [5) 6], Pick’s disease (PiD)
[7], corticobasal degeneration (CBD) [8 @], chronic traumatic encephalopathy (CTE)
[10], progressive supranuclear palsy (PSP) [11], 12], argyrophilic grain disease (AGD) [12]
and globular glial tauopathy (GGT) [12] reveal that a core segment of tau is precisely
folded into a distinct shape, unique within each tauopathy disease category, that stacks
in identical replicates into long (up to micrometer) fibrils. It seems that the defining
differences between tauopathy phenotypes lie at the atomic structural detail of the fibril
structure.

The findings by cryo-EM are consistent with the hypothesis that fibril shapes are the
determinant of the selectivity of conformation-dependent antibodies, such as GT-7, GT-
38, and 18F12 that can distinguish AD-tau from pathological tau of other tauopathies
[13, 14]. However, it has never been directly verified at high resolution whether the basis
of the recognition by these antibodies of tau lies in the fibril shapes, and if so, which
fibril motif, and/or post-translational modifications (PTMs) and specific tau fragments.
For instance, immunotherapy (such as using the monoclonal antibody UCB0107’s mouse
version, antibody D [I5]) relies on the hypothesis that seeded aggregation of tau ag-

gregates will faithfully propagate a given fibril shape with the affinity to the antibody.
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Introduction Chapter 1

Hence, verifying and understanding the mechanisms of tau fibril shape formation and
propagation is crucial for therapeutic development.

During the development of the work described in this dissertation, we and others
found that tau aggregates from different sources can induce aggregation of monomeric
tau in vitro and in vivo [106] (17, 18, 19 20, 21], 22] 23, 24], 25, 26, 27]. These misfolded
tau species that are capable of recruiting and inducing aggregation of tau monomers are
known as tau “seeds”. In witro seeded aggregation is often facilitated by the addition
of polyanionic cofactors and reducing agent, and/or sonication treatment of the seeds,
even though the effect of these conditions on seeding is poorly understood. Our group
understands that it is impossible to recreate the exact biological conditions needed to
generate the disease-relevant end structures of tau fibrils, not only because of the com-
plexity of the biological milieu but also because of the timescale of tau fibril formation
occurs over decades during aging. However, we aim to recreate artificial conditions for
tau aggregation that results in the formation of converged fibrils with similar folds as the
disease fibrils. Once such conditions are found, these offer promising tools for further de-
velopment of therapeutic strategies for tauopathies. Furthermore, despite the prevailing
hypothesis that seeding generates daughter fibrils with similar structures that preserve
the structure of the parent fibrils, direct experimental validation is lacking, and what
exact structural features are transmitted and preserved is not known. Therefore, this
dissertation is aimed to investigate the experimental conditions that enable tau seeding
and verify the templated seeding mechanism at high resolution. Specifically, this work
focuses on two key, fundamental questions: (1) what are the defining properties or con-
ditions that determine the shape of a fibril (e.g. tau state such as the disulfide bonding,
fragmentation, and the presence of cofactors)? (2) What structural properties of the
fibril are replicated and propagated in seeded aggregation of tau, if at all?

Disulfide bonds formed between two thiol groups from cysteine residues were proposed

3



Introduction Chapter 1

to play a role in tau aggregation and may be important for fibril shape formation [28,
29, [30]. Although it has been reported that intramolecular disulfide bonds impede tau
aggregation [31] 28], the view of intermolecular disulfide bonding’s role in tau aggregation
remains controversial. Some studies showed that intermolecular disulfide bonds facilitate
tau aggregation |31, B2, B3], while another suggest otherwise [34]. Interestingly, recent
evidence suggests that disulfide cross-linked tau dimers induce tau seeded aggregation
and transmission in HEK293 biosensor cells and primary neuron culture [35], indicating
the importance of tau disulfide bond formation in tau pathogenesis. Besides, reducing
agents are commonly used in various in vitro studies to avoid disulfide bond formation;
NFTs are found to induce seeded aggregation of recombinant tau in the presence of
DTT [17, [36]. The precise mechanisms underlying these observations remain unclear.
Chapter 2 of this dissertation is set out to explore the role of disulfide bonding in tau
aggregation. The outcome of this study found that incubation under reducing conditions
or mutation of cysteine to another uncharged residue leads to increased aggregation. Both
intermolecular and intramolecular disulfide bonds hinder tau aggregation, and disulfide
bonds are not the driving force for tau aggregation. The results of this chapter also
rationalize the use of cysteine-less protein as a monomeric substrate in the following
chapters.

In addition to the role of disulfide bonds in aggregation, we are also interested in the
effect of polyanionic cofactors (e.g. heparin) on tau aggregation and seeding. Cryo-EM
found unknown non-tau densities within CTE folds [10], CBD folds [§], and PSP folds
[T1], suggesting that cofactors may be involved in tau aggregation in these tauopathies.
As for in wvitro studies, heparin-induced fibrils are widely used as seed to induce tau
aggregation in vitro and in vivo [37, [38], 139 40, 41]. Heparin is also present in seeding
reaction buffer in some studies [42], 43] 44, [45 46]. One hypothesis is that the initiation

of tau aggregation in human and animal models is driven by pathogenic cofactors, which
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Introduction Chapter 1

are also needed to assist the soluble tau monomers to interact with the seeds wn witro.
However, whether the cofactors serve as reactants that incorporate into the product
fibrils or only act as catalysts that can be removed without breaking the fibrils has not
been elucidated. Therefore, chapter 3 of this dissertation discusses the role of cofactors
in aggregation. The results in this chapter demonstrated that cofactors, specifically
heparin and RNA, bind to tau proteins, and are incorporated into tau fibrils at specific
stoichiometry and that cofactors are essential for in wvitro seeding. The results of this
chapter thus suggest that in neurons under pathological conditions, tau aggregation can
be facilitated by interactions with polyanionic cofactors, which may, in turn, determine
the shape of the fibril.

Besides the use of reducing agents and cofactors in seeding, the seed (e.g. heparin-
induced fibrils) is often subjected to sonication before the treatment of cells or recombi-
nant monomer [37, 38, 39, 40, [41]. It was recently proposed that monomeric tau release
from heparin-induced fibrils by sonication maintains aggregate-templated conformations
that provide high seeding capacities [39]. Sonication may result in fibril breakage into
a mixture of short fibrils, and some studies hypothesized that short fibrils provide more
open fibril ends as templates and thus seeding is enhanced [45], [47], [48]. In contrast, some
studies suggested that the propagation and spreading of sonicated fibrils could be due
to soluble tau aggregates and oligomers [38], or monomers [39] formed during sonication.
Therefore, the effect of sonication on tau fibrils and the nature of the infectious seeding
agent remains controversial. Here, chapter 4 is aimed to understand the effect of son-
ication on tau fibrils and the nature of tau seeds. Results of this chapter showed that
sonication induces artificial fragmentation in heparin-induced tau fibrils and the fibril
fragments are seeding competent to trigger further amyloid formation both in wvitro and
in cells. Mass spectrometry results showed that upon sonication, tau fibrils are more

protected compared with monomers, but the fragmentation cleavage sites are random.
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Introduction Chapter 1

Since it is not clear which fragment is responsible for the seeding activity observed, we
argue that sonication, especially long-time sonication should be used to process fibrils
with caution.

As we established the experimental conditions that are crucial for in vitro seeding
and affect fibril shape formation, we set foot to explore what tau fibril structural proper-
ties are replicated and propagated in seeding. Although in vivo and in vivo data provide
strong circumstantial evidence that seeding with patient-derived materials can propagate
disease structures [16], (17, 18], 19} 20} 21 22 24], 49| (50} 23], [51], molecular-level structural
characterization is needed to show what motifs and shapes are propagating in seeding and
what environmental conditions are required for faithful structural replications. In chapter
5, we used two types of seeds, generated in HEK293T cell lines engineered to express spe-
cific tau variants, upon seeding with post-mortem CBD and PSP human tissue materials.
We made the selection because these cell-derived seeds are more disease-relevant than
heparin-induced fibrils; human materials passaging through and amplified by HEK293T
cells have been shown to maintain tauopathies strain properties [27), 49, [50], whereas
heparin-induced tau fibrils are different from disease folds [5], 6, [7, 10 [8, [11], 12} O] and
are more heterogeneous [26], [52]. In this project, we successfully achieved robust in vitro
seeding activity by inducing aggregation of recombinant tau monomer with CBD and
PSP cell-derived seeds without added cofactors, sonication treatment of the seeds, or
the use of a reducing agent. To investigate the structure of seed-induced fibrils at high
resolution, electron paramagnetic resonance (EPR) based double electron-electron reso-
nance (DEER) distance measurements coupled with site-directed spin-labeling (SDSL)
were used. DEER is a powerful biophysical technique used to assess long-range distances
of 1.5-8 nm between two amino acid residues of interest. Compared to NMR or cryo-EM,
DEER distance measurements provide a fast and flexible solution to characterize par-

tial features of tau conformational ensembles irrespective of structural heterogeneity in
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Introduction Chapter 1

the sample. By employing DEER distance measurements, we found that CBD and PSP
seed-induced fibrils have distinct conformations compared with heparin-induced fibrils,
and a subpopulation resembles CBD and PSP disease folds. These results indicated that
by controlling the experimental conditions and by using a shape-defined seed, we could

converge the tau aggregation pathway towards distinct fibril shapes.

1.1 Tau Protein

Tau is a microtubule-binding protein (also known as microtubule-associated protein,
MAP) that is encoded by the MAPT gene on human chromosome 17q21. There are six
major isoforms in the human brain [53] (Fig. [L.1)). Alternative splicing of exons 2 and 3
produces tau isoforms with no (ON, without exons 2 and 3), one (1N, without exon 3), or
two (2N, with exons 2 and 3) amino-terminal inserts, whereas alternative splicing of exon
10 produces isoforms with either three (3R, without exon 10) or four (4R, with exon 10)
microtubule-binding regions. This generates proteins that in humans are between 352

and 441 amino acids in length.

N-terminus projection region Pro-rich region MTBR C-terminus
| [ ne]n2 | [pr | P2 |rRi|r2|R3]Ra] | 2nar
1 45 74 103 151 198 244 275 306 337 369 441

| [ N1 —] [P ] p2 |rRi|R2[R3]|Ra] | 1nar
74 103

[ pr ] P2 |ri|re|R3]rRa] | onar
44 103

| [ na]n2] [ p1 [ P2 [Ref—]r3]ra] |

275 306

| [ N1 — [ pi ] P2 |rRi|—r3]|ra] [ w3
I:l—l [ pi ] P2 |rRi|—r3]|ra] [ on3r

Figure 1.1: Six isoforms of tau protein.



Introduction Chapter 1

The expression of tau isoforms is developmentally regulated. Whereas the fetal human
brain expresses only ON3R tau, in the adult brain all six isoforms are present, with a 1:1
ratio of the 3R and 4R isoforms. Splicing of exon 10 has received particular attention
because an altered 3R:4R ratio can cause tauopathy (which will be discussed in the next
subsection).

MAP2 and MAP4 are additional members of the MAP family; however, whereas
MAP4 is expressed in many tissues, MAP2 and tau are predominantly localized to neu-
rons. Early in development, tau is distributed throughout the neuron, and with matu-
ration, it becomes enriched in the axon [54]. This differs from MAP2, which is excluded
from axons. A pathological role has been identified for tau in the dendritic compartment
[55, 56], but under physiological conditions, the role of Tau in this compartment is less
understood. The localization of Tau to other organelles, such as nuclei, has also been re-
ported [57, 68| [59]. Invertebrate species such as the roundworm Caenorhabditis Elegans
have only one functional ortholog, Ptl-1 (protein with tau-like repeats-1) [60} [61], that is
required for the structural integrity of neurons [62].

Tau can be divided into four functional domains: the N-terminal projection domain,
a proline-rich region, the microtubule-binding domain, and the C-terminal region (Fig.
[1.1). Within the microtubule-binding domain are repeats that bind to the heterodimers
of a- and [-tubulin that in a polymerized form constitute the microtubules, thereby
facilitating motor-driven axonal transport [63]. Microtubule binding and assembly are
enhanced by the proline-rich region that contains seven PXXP motifs, of which a subset
interacts with the SH3 domain of a number of signaling molecules, including the tyro-
sine kinase Fyn [58, [64]. Fyn also interacts with Tau via its SH2 domain when Tau is
phosphorylated at residue Y18 [58| 65]. The short C-terminal region likely has a role in
inhibiting tau polymerization [60] [67]. Insight into the roles of the distinct tau isoforms

and their functional domains has been provided by determining the tau interactome and
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Introduction Chapter 1

the pathways through which these proteins are involved, suggesting a role for 2N Tau in
disease [68]. Considering its multiple interactions and localization, tau is best described
as a scaffolding protein.

Tau undergoes a remarkable degree of post-translational modification (PTMs) even
under physiological conditions, including N- and O-glycosylation, ubiquitination, trun-
cation, glycation, and oxidation, amounting to 63 unique PTMs that have been reported
in wild-type mice [69]. The most widely studied PTM is phosphorylation, owing to the
fact that the longest isoform of human tau contains 80 serine and threonine residues and
5 tyrosine residues, all of which can potentially be phosphorylated. An increase in tau
phosphorylation reduces its affinity for microtubules. PTMs are highly augmented in
the tauopathies, causing tau to accumulate in the cytoplasm and aggregate [70]. Hyper-
phosphorylation of tau destabilizes tau—microtubule interactions, leading to microtubule
instability and transport defects. Hyperphosphorylation also contribute to tau aggre-
gation [71]. Acetylation of tau at specific lysine residues has also been proposed to

contribute to the aggregation and accumulation of the protein [72] [73].

1.2 Tauopathies

Tauopathies are a group of clinically, morphologically, and biochemically heteroge-
neous diseases that are characterized by the deposition of tau aggregates. The primary
tauopathies are a subgroup of frontotemporal lobar degeneration (FTLD), an umbrella
term for neurodegenerative diseases characterized by neuronal and glial tau inclusions
with predominant atrophy of the frontal and temporal lobes. FTLD includes Pick’s
disease (PiD), PSP, corticobasal degeneration (CBD), globular glial tauopathy (GGT),
and argyrophilic grain disease (AGD). In contrast, AD is a secondary tauopathy that is

characterized by Tau pathology in combination with extracellular amyloid plaques. The
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Introduction Chapter 1

following section is an overview of these tauopathies.

1.2.1 Frontotemporal lobar degeneration with tau inclusions

FTLD is a group of diseases characterized by the degeneration of the cortex of the
frontal and temporal lobes, which commonly affects people under the age of 65. FTLD
with tau immunoreactive inclusions (FTLD-tau) accounts for approximately 40% of all
FTLD cases [74]. Pathologically, FTLD-tau is characterized by the widespread deposition
of tau in morphologically diverse intracellular inclusions, and these are associated with
severe neuronal loss in the frontal and temporal lobes, and superficial laminar spongiosis
in the cortex, and gliosis of the gray and white matter.

In FTLD, tau amyloid pathology is deposited in both neuron and glial cells. The
majority of glial tau pathology occurs in oligodendrocytes and astrocytes, and in some
instances, tau is seen in microglia [75], [76]. The morphology of the inclusions separates
FTLD-tau into the major subtypes of PiD, PSP, CBD, GGT, and AGD. These FTLD-tau
subtypes are clinically and pathologically heterogeneous with regard to the distribution,
type, and biochemistry of their Tau pathology, their uniting feature being that Tau
abnormally aggregates and forms filamentous deposits in the brain [77]. Here, a few
diseases are discussed. They are classified by the isoform of tau pathology (3R or 4R).

3R Tauopathies: Pick’s disease. PiD, first described by Arnold Pick, is charac-
terized by severe atrophy of the frontal, temporal, and parietal lobes [78]. The major
pathological hallmarks of PiD are significant neuronal loss, gliosis, and argyrophilic,
round, intraneuronal inclusions called Pick bodies [79]. Pick bodies are composed of fil-
amentous 3R Tau and characterized by straight filaments that are 15-18 nm in diameter
and twisted ribbons that are 20-22 nm wide; these assemblies are argyrophilic with some

silver stains but consistently negative with the Gallyas silver stain [80, 8T [82]. They are
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found predominantly in the hippocampus and frontal and temporal cortices [83]. To a
lesser extent, glial tau pathology is observed in ramified astrocytes and as round, Pick
body-like inclusions in both oligodendroglia and astrocytes [84, 85]. Interestingly, PiD
is the only tauopathy to be predominantly associated with 3R Tau inclusions.

4R Tauopathies. In contrast to 3R tauopathies, inclusions of 4R Tau are more
commonly observed and are the main pathological hallmark of a number of diseases,
including PSP, CBD, GGT and AGD.

Progressive supranuclear palsy. PSP is characterized pathologically by Tau in-
clusions in the pons, the subthalamic nucleus, and the substantia nigra [86]. Neuronal
Tau pathology is predominantly observed in subcortical structures and consists of NFT's
and globular inclusions that do not fit the characterization of Pick bodies as they are com-
posed of 4R Tau and are reactive with Gallyas silver stain [87]. Tufted astrocytes—Tau-
positive inclusions characterized by densely packed fibrils that form tufts in the proxi-
mal processes surrounding astrocytic nuclei—are the pathological signature of PSP, and
are detectable by Gallyas staining [8§]. Coiled bodies—intracytoplasmic inclusions that
surround the nucleus in oligodendrocytes—are also common and uniquely found in the
cerebellar medulla in PSP [89] 90].

Corticobasal degeneration. Cerebral atrophy in CBD is diverse, particularly com-
pared with atrophy in PSP, with neuronal loss and gliosis occurring primarily in the
frontoparietal cortex but also extending to the frontal and superior temporal lobes. In
contrast to the diversity of cerebral pathology, the distribution of pathology in the subcor-
tical areas is uniform, with the most prominent site of subcortical degeneration being the
substantia nigra, where moderate to severe neuronal loss and gliosis are always seen. In
addition to neuronal loss, CBD also has several characteristic neuronal and glial patholo-
gies. Ballooned neurons are predominantly found in the cortical and limbic regions and

are immunoreactive for phosphorylated neurofilaments and aB-crystallin rather than for
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Tau [91], 92]. Furthermore, although NFTs are rare in CBD, pretangles are commonly
observed in the cerebral cortex and subcortical nuclei [93]. CBD is distinguished from
PSP by the presence of astrocytic plaques, particularly in the cerebral cortex [94]. Coiled
bodies are widely distributed in degenerating areas in oligodendrocytes, and argyrophilic
threads—Tau-positive threadlike structures in the processes of astrocytes and oligoden-

drocytes—are observed in white and gray matter and are more severe in CBD than in

PSP [95].

1.2.2 Alzheimer’s Disease

AD is considered a secondary tauopathy due to the formation of NFTs in the presence
of extracellular amyloid plaques that are composed predominately of the amyloid-3 (Af)
peptide in a fibrillar form. In contrast to FTLD-tau, AD primarily affects people over the
age of 75 and presents as dementia rather than a change in behavior [96]. Furthermore,
in AD, Tau aggregates in the form of NFTs and neuropil threads that are composed
of both 3R and 4R Tau and are observed only in neurons. Tau-containing neurites
within amyloid plaques are termed neuritic plaques and are also composed of 3R and
4R Tau. Sporadic AD is the most common etiology, but a small percentage of patients
(i1%) have autosomal dominant inherited AD caused by pathogenic mutations in the
genes encoding the amyloid precursor protein (APP), presenilin-1 (PS1), or presenilin-2
(PS2). Tau pathology in AD begins in the transentorhinal cortex and then spreads to

the hippocampus and neocortex, giving rise to six progressive Braak stages [97].
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1.3 Tauopathy-specific protein fibril shapes in tau

fibrils

Besides differences in the isoform composition and tau pathology morphologies, recent
cryo-EM studies discovered that the core segment of tau derived from post-mortem brains
is precisely folded into distinct tauopaties, and stacks in identical replicates into long
fibrils. Specifically, distinct fibril shapes has been found in AD [5, 6], PiD [7], CBD [8, 9],
CTE [10], PSP [11, 2], AGD [12], and GGT [12].

N-terminus Pro-rich region MTBR C-terminus
’t ¥ 't ’?
' |PL|P2| RlL| R2]| R3| R4 ',',] Full-length Tau
l \‘ Q‘ \‘\‘ 441
R3 R4
PHF6* 273 |! AD fold
A 304 R3 R4 380
275 280 R3 R4
274 CTE fold
R3 R4
305 379
PHF6
5 254 I R3 | R4 378 Pick’s fold
vVQIVYK
s06[V QIVY K31y 274I R2 I R3 | R4 | |.e0 CBD fold

Figure 1.2: Schematics of the full-length tau and the fibril core constructs of four
disease folds[5], 6 7, 10, [8, 11, T2, @], showing the major domains and location of
the disease folds. The full-length tau here is the longest human tau isoform with
441 residues, containing N-terminus, proline-rich domain, microtubule biding repeats
(MTBRs) and C-terminus. The core of tau fibrils from the human post-mortem
AD brain (AD fold) spans residues 273/304-380, while the CTE fold spans residues
274/305-379. Pick’s fold contains residues 254-378. CBD fold spans from 274-380.
PHF6* (275VQIINK280, red segment) and PHF6 (306 VQIVYK311, purple segment)
are considered to be crucial for fibril formation[98], and PHF6 is included at least
partially in the all of the disease folds.

Tau fibrils from the human postmortem AD brain has a C-shaped core spanning
R3, R4, and the early C-terminus region (residues G273/G304-E380, Figure [1.2))[5], 6],

while tau fibrils extracted from post mortem CTE brains assume a more open C-shaped
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core spanning a similar region (residues K274/S305-R379, Figure [1.2)[10]. In contrast,
tau fibrils from PiD adopt a J-shaped core (residues K254-F378, lacking R2, Figure
[1.2).[7] As for tau fibrils from 4R tauopaties, including CBD, PSP, GGT, and AGD
that were reported thus far, comprise of R2-R4, and 10-18 amino acids of the C-terminal
region (such as the CBD fold spanning residues K274-E380, Figure .[8, 12] They were
further categorized into two classes based on the layers of the fold [12]: CBD fold and
AGD fold adopt a four-layered conformation while PSP fold and GGT fold assume a
three-layered core. Within these two classes, tau fibrils differs on a substructure level,
AGD fold resembles CBD fold but is slightly longer, and has a smaller non-tau cavity
between R2 and C-terminal segment; GGT fold is similar to PSP fold in the three-layered
arrangement but has distinct chain turns and C-terminal packing direction. For several
of these fibril structures, non-proteinous molecules have been suggested to be associated
within the core of CTE[L0], CBD[§], and PSP[I1] fibril. Although the identity of these
cofactor molecules is not known, their presence appears to be disease-specific.

The discovery that tau in different disease contexts can generate fibrils with distinctive
shapes that imprint disease phenotypic diversity is reminiscent of the characteristics of
prion proteins in the prion disease.[99] The pathological prion scrapie (also known as
”prion seeds” or ”prion strains”) has distinct conformations and properties and is known
to self-propagate by seeding the misfolding and aggregation of normal prion protein into

a pathological misfolded state as part of amyloid fibrils.
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1.4 Seeded aggregation of tau hints at a prion-like
behavior

Similar to prion seeds, misfolded tau aggregates (referred to as ”tau seeds”) have been
shown to transmit some features in vivo and in cells, such as the microscopic morphology
of tau fibril or cell-type specificity. Studies with animal models have demonstrated the
spread of tau pathology upon intracerebral injection of tau aggregates from patients,
mouse models, or recombinant tau containing disease mutations, as verified by immuno-
analysis with anti-tau antibodies. [16], 17, [18, 19, 20} 21] 22| 23| 24] The induced pathology
was found in brain regions anatomically connected to the injection sites and propagate in
a time- and dose-dependent manner, indicating that tau seeds from different sources are
able to convert endogenous tau into pathological inclusions with some key properties pre-
served. Such properties include the type of cell that can be infected, the spatial patterns
and distributions of the lesions in the brain regions.[24], [49] [50] Although antibodies (e.g.
GT-38) have been used to show that AD patient-derived tau seeds generate tau inclusions
in mouse brains that may be conformationally similar to that of the seed,[23, 5I] high-
resolution structural insight as to what protein folding motif is propagating in seeding is
missing.

Tau seeding has also been demonstrated in cells, where the formation of cellular tau
inclusions is monitored by the local increases of fluorescence-based signal in biosensor
cells, such as Forster resonance energy transfer (FRET)-based biosensor seeding assay. [50,
49, 27, 100] The Diamond lab created monoclonal clonal HEK293T cell lines expressing
truncated tau consisting of the microtubule-binding repeats (MTBR) (residues 244-372,
also known as K18) and the aggregation-enhancing mutations P301L and V337M, fused
with fluorescent sensors at the C terminus. This cell line serves as a platform to test the

competency of tau seeds derived from patient brain tissue samples, mouse brain-derived
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tau, and recombinant tau fibrils in inducing the misfolding and aggregation of naive K18
tau, and identifying emerging tau strains.[50] Based on the difference in the morphology
of cellular inclusions, limited proteolysis, and the seeding activity in a split-luciferase
assay, the Diamond lab proposed to have generated 18 distinct strains.[49] Strikingly,
tau seeds from brain homogenates of disease patients with AD, CBD, CTE, PiD, AGD,
and GGT were competent to generate inclusions with distinct macroscopic morphology in
cells. [27, [101] These observations offer promising circumstantial evidence that core protein
shape properties are propagated in seeding. A recent study cautioned that fluorescent
protein tags on K18 could inhibit aggregation of tau due to steric hindrance, and the
fluorescence signal increase in the cellular seeding assays may be due to factors other than
seeded tau aggregation|[102]. However, another study presented more supporting findings
by employing live cell imaging using the K18-based biosensor cellular seeding assay, and
observed three phases of amyloid aggregation according to the nucleation polymerization
model: a nucleation phase, a subsequent exponential elongation phase, and a final plateau
phase.[I03] The height of the plateau phase is dependent on the amount of AD patient
brain-derived seeds added initially to the cells, so the biosensor cellular seeding assays are
still of interest for clinical applications. In summary, templated seeded aggregation of tau
is a highly potent hypothesis that must be verified with direct structural biology studies.
For this, it is key to collect molecular-level structural information on the evolving and
aggregating tau populations, which in turn requires in vitro measurements at the current

state of the art.
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1.5 Tracking structural evolution of tau in seeded
aggregation

Given the distinct structural differences observed in different tauopathies[5, 6, [7), 10, 8]
11, 12} @], structural biology tools with sufficiently high resolution are needed to differen-
tiate between the different disease phenotypic fibril shapes and to verify the seed-induced
fibrils shapes. Ultrastructural and biochemical properties are often used as evidence for
tau conformations, such as low-resolution morphology[47, [104], secondary structure[47],
and proteolysis patterns[105, [106]. Similar features between the seed-induced fibrils and
the seeds are used as indications of tau templated seeding.[47, 42] 25| 46, B8, 106l 107,
104], T05] For example, Xu et al. showed in a recent study that recombinant tau fib-
rils generated with AD-tau seeds are similar to AD-tau in terms of their ultrastructure,
solubility, and conformation, as detected by conformation-dependent antibody DMRY7
and MC1 that selectively bind to AD tau aggregates, indicating that AD-tau may have
templated the aggregation of recombinant tau.[108] However, some studies found that
the seeded tau fibrils are different from the seeds due to unsimilar proteinase digestion
patterns and EM morphology.[105, 41] Therefore, tools that can directly track protein
shape formation and evolution are needed to resolve these critical questions of direct
relevance to therapeutics development.

Cryo-EM[5, 6, [7, 10, 8, 1], 12, @], crystallography[109, 110], and nuclear magnetic
resonance spectroscopy (NMR) [I11) 112, I13] can be used to study the structure of
mature fibrils with atomic resolution and molecular level details. However, they require
a significant degree of homogeneity in the sample or crystallization and are demanding
of sample type, quality and/or quantity. They are also challenging for discovery work
on heterogeneous samples or to capture transient conformational ensembles along the

course of aggregation. In contrast, EPR-based DEER spectroscopy provides an efficient
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and direct approach to characterize partial features of heterogeneous samples, even of
disordered proteins and partially aggregated biomolecules. It resolves the probability
distribution of intramolecular distances in the 1.5 to several nm ranges across a pair of

spin-labels attached to the molecule.

1.6 DEER for tracking structural evolution of tau
aggregation

DEER can obtain structural information of molecules of different sizes and complexity
by intramolecular distance measurements. [114} [I15] [IT6] It yields the mean distance and
distance distribution between a pair of paramagnetic spin-labels (commonly nitroxide-
based). If the molecule adopts multiple conformations, the labeled positions are separated
by multiple distances. When one of the conformations becomes dominant, a specific
distance between the labeled positions dominates and the distribution of this distance
is well defined. In this dissertation, I used DEER as the key technique to obtaining
structural information of tau. This section is dedicated to giving a brief overview of
DEER and its capabilities for elucidating tau structures.

For best performance, DEER is conducted with a pulsed Q-band EPR spectrometer
with high microwave power (such as 100-300 Watt from a traveling wave tube ampli-
fier). In DEER, pump and observer microwave pulses are used to selectively excite and
observe two distinct spin populations. When spins between these populations are spa-
tially proximal, they experience dipolar coupling that scales with T% , where r is the
distance between pairs of spins of the spin population selected by the pump and observer
pulses. A time-domain dipolar signal, S(t), is acquired by measuring the decay of the

dipolar coupling between an ensemble of spin-label pairs. The intramolecular distance,
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r, and probability distribution of distances, P(r), between the two labeled residues can

be reconstructed from S(t) [T17, 118 119 120, 121].

1.6.1 Measuring mean distances and distance distributions of

disordered and ordered structures

Rigid oligo(para-phenylene ethynylene) molecules serve as ruler models to showcase
DEER-derived distance measurements (Figure [1.3h). As shown in Figure [1.3f, the end-
to-end distance distribution of three of these ruler molecules of different lengths shows a
single narrow peak, reflecting the well-defined end-to-end distance of the ruler molecules
(monomer is 2.8nm, trimer is 4.Inm, and 5-mer is 5.4 nm). The capability of DEER
to capture multiple well-defined distances is well-documented [107, 122} 123, [124]. More
interestingly, DEER can quantify a broad distribution of distances originating for instance
from a conformational ensemble of IDPs or polymers. For example, poly(ethylene oxide)
(PEG, as shown in Figure ) is highly disordered, but still yields distinct end-to-end
distance distributions for the 13-mer, 25-mer, and 36-mer PEG [125]. As the chain length
increases, the mean distance moves to longer distances and the distance distribution
broadens (Figure[1.3f). The scaling of the DEER-derived mean end-to-end distance with
PEG molecular weight verified that PEG follows excluded volume behavior-a property
that has been known in the literature but never directly measured until recently. [I25] This
example showcases the ability of DEER to capture the conformational state of disordered
molecules via the peak position and shape of the distance distribution, P(r). DEER can
furthermore characterize partially ordered macromolecules, such as tau that in part has

adopted fibrillar structures and in part remains disordered.
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Figure 1.3: Chemical structure and schematic of (a). DEER ruler molecules of differ-
ent sizes, and (b). PEG of different sizes (31-, 35-, 36-mer). Since the ruler molecules
are more rigid, they are illustrated as a straight line. As for PEG molecules, curved
lines are used to demonstrate their flexibility. (c). End-to-end distance distribution
measured by DEER of the rulers and PEG molecules. The P(r)s of rulers are sharp

and narrow, while the P(r)s of disordered PEG molecules are broad.
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1.6.2 Capturing structural heterogeneity to assess conforma-

tional convergence in seeding

DEER spectroscopy coupled with site-directed spin-labeling (SDSL) provides a direct
solution to characterize partial features of the tau ensemble. A pair of cysteines are intro-
duced at residues of interest by site-directed mutagenesis, while the endogenous cysteines
are mutated into other residues, such as serines. The double-cysteine construct is then
labeled with nitroxide spin-labels, such as S-(1-oxyl-2,2 5 5-tetramethyl-2,5-dihydro-1H-
pyrrol-3-yl)methyl methanesulfonothioate (MTSL, represented with red dots in Figure
3). The sites for SDSL are carefully chosen to be terminal sites or residues that lie at the
exterior of the tau fibril core, once formed, to minimize adverse effects of the mutation
and spin-labels on the protein folding and aggregation process. To avoid intermolecular
spin interaction, at least 10-fold molar excess of mutation-free and label-free WT tau is
mixed with spin-labeled tau, so that doubly spin-labeled tau monomers will be stacked
between non-labeled tau along the fibril axis during fibrillization. By ensuring that spin-
labeled tau modified by SDSL constitutes a fraction (e.g. 5 or 10%) of the tau population,
intramolecular distances of tau incorporated into fibrils can be measured.[126], 127, [12§]

DEER-based distance measurements can therefore be used to capture emerging con-
formations and fibril structures of tau starting from IDP. The exact shape and maximum
peak position of P(r) sensitively depend on which segment of tau is flanked by the pair of
spin-labels. For instance, when tau is labeled by SDSL at residues 316 and 337, as shown
in Figure [I.4h, the pair of spin-labels spans most of R3, and its end-to-end distance
distribution should be different for the different tauopathy fibrils derived from human
post-mortem tissues. The IDP state of tau before aggregation has occurred yields a
characteristically broad P(r)(Figure[l.4p). When tau stacks to fibrils with -sheet struc-

tures and form a C-shaped core found in AD or a J-shaped core found in PiD (Figure
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1.4p), the emergence of distinct shapes and the narrowing of the distance distribution
is expected. This is illustrated in Figure with model data, in which the blue and
green P(r) data are generated based on the relative position of residue 316 and residue
337 observed from the PDB of AD fold [5] [6] and PiD fold [7], respectively. To verify
or refine the folding pattern of tau, one can choose pairs of labels spanning different
segments that will fold differently into distinct shapes. Figure illustrates tau that is
doubly labeled at residues 342 and 360. When tau is folded into a C-shaped fibril, the
labeled segment collapses, generating a short mean distance with a narrower distribution
(Figure [1.4[). When a J-shaped core is formed, the labeled segment extends, yielding a
longer mean distance.

DEER-derived P(r) has been used in the literature to characterize the structural
property of heparin-induced and seeded tau fibrils.[129, 45| 25] Heparin is a polyanionic
cofactor commonly used to induce tau aggregation in vitro. The Margittai group observed
that the heparin-induced fibril of K18 tau gives rise to multiple broad features in its in-
tramolecular distance distribution, while heparin-induced fibril of K19 tau (truncated
tau with R1, R3, and R4) generates a single narrow distance distribution.[129] The au-
thors concluded that heparin-induced K19 fibrils are more homogeneous than K18 fibrils.
Interestingly, seeding naive K18 monomer using K19 heparin-induced fibrils generated
homogeneous fibrils, resembling the property of the K19 seed, indicating that certain con-
formers are selectively propagated and can converge towards a more homogeneous fibril
population in the seeding process. DEER has been used to demonstrate conformational
selection in the literature upon multiple generations of seeding with heparin-induced
fibrils[45] or with transgenic mouse brain-derived fibrils.[25] In the study of Fichou et
al., N-terminus truncated 4R tau (referred to as taul87, spanning amino acid 255-441)
monomer was seeded with transgenic mouse-derived fibrils, resulting in multiple narrow

peaks in the distance distribution.[25] This implied that seeding generated structurally
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Figure 1.4: Schematic of applying pulsed DEER, spectroscopy for tracking the struc-
tural evolution of doubly spin-labeled tau from a modeled ensemble of intrinsically
disordered state (black) to a fibril state adopting distinct structures. Red dots rep-
resent nitroxide spin-labels MTSL that are introduced pairwise to tau. (a). Tau is
spin-labeled at residues 316 and 337 with MTSL in monomer, and the monomer aggre-
gates into either J-shaped core or C-shaped core fibrils. (b). Modeled P(r) spanning
316-337 of disordered monomers (black dash line) and structured fibrils of tau (blue:
J-shaped core fibrils, and green: C-shaped core fibrils). The distribution will be nar-
rower as tau changes from the intrinsically disordered state to an ordered fibril state.
(c). Tau is labeled at residues 342 and 360. (d). Modeled P(r) spanning 342-360 of
disordered monomers and fibrils in different structures.

better-defined fibrils compared to heparin-induced fibrils.
The above mentioned studies used truncated recombinant tau, but they demonstrate
the potential of DEER method to assess structures of tau fibrils and derive information

on seeding or aggregation mechanisms. Recently, modulation depth-based DEER anal-
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ysis was used to obtain conformational information during the binding process of the
molecular chaperone Hsp90 to full-length tau.[I30] The authors observed that Hsp90-tau
interaction results in the exposure of the MTBR regions of tau, followed by tau oligomer-
ization, shedding light on the mechanism of the Tau/Hsp90 interaction on a molecular
level. This study also shows that DEER methodology is versatile and transferable to
full-length tau.

The absolute distance represented in P(r) can be furthermore compared with known
atomic structures. Such evaluation was used to show that heparin fibrils|26] are distinct
from the AD fibril fold as established by cryo-EM[5]. Taul87 was labeled at selected posi-
tions, and the measured distance distributions between multiple pairs of spin-labels were
compared against the expected distance distributions from the AD fold by simulating
the spin-labels onto the PDB structure at the same sites using the RotamerConvolveMD
method. [I31] The distance distribution of the heparin fibrils indicated that the conforma-
tional ensemble is not only different from but also more heterogeneous than, that of AD
fibrils. Subsequent cryo-EM studies of heparin-induced 2N4R tau fibrils confirmed the
presence of heterogeneous structures with a dominant conformation.[52] Interestingly,
studies using solid-state NMR found that heparin-induced ON4R[132] and ON3R[I33]
fibrils are homogeneous, but distinct from the disease folds.

The DEER approach can determine whether the tau fibrils, once fully formed, adopt
disease phenotypic structures, and/or whether homogeneous fibrils are formed. Figure
[I.5h-h illustrates a set of pairs of sites strategically selected for spin-labeling to distinguish
different folds, including disease folds and heparin folds established by cryo-EM [5] [6] [7]
10, 8, 11}, 12, @]. The addition of spinn-labels might affect the fibril formation and it is
important to properly select the labeling sites and verify their effect on aggregation. This
matter is discussed in the later section “Challenges of DEER-based Distance Distribution

Measurements and Analysis”.
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Figure 1.5: (a-e). Hypothetical spin-label pairs for P(r) measurements highlighted on
the published atomic structures of different tau folds found by cryo-EM[5] 6] 7, 10 8,
11], 12, 9]. Pairwise labeling sites are color-coded in the same color. Pairs of distances
including 351-373, 340-378, 274-332, 334-360, and 305-328 can be used to distinguish
different folds and can be used as “fingerprints” to identify whether a certain fold is
formed, only partially or not. (i). Simulated P(r) of pair 351-373 from different folds
using the RotamerConvolveMD program[131].

The distances between the alpha carbon of the residues in these pairs derived from
the published PDBs can be used to estimate the mean distances measurable by DEER.
For example, as measured in the PDB files, the distances between sites 274 and 322

in the snake fold of heparin-induced 2N4R tau fibrils[52] is 1.4 nm, while this distance

in the CBD fold[§] is 3.9 nm. Hence, the P(r) of the pair 274-322 can differentiate
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between the CBD fold and heparin folds. Moreover, the P(r) of pairs spanning 351-373
and 334-360 can distinguish different disease folds, including AD, PiD, CBD, and CTE.
To be more accurate on the expected distance, we can simulate the expected distance
distribution by modeling the spin-labels onto the corresponding PDB structures by the
RotamerConvolveMD method,[26], [131] as shown in Figure for spin-label pairs 351-
373. This simulation demonstrates that DEER-derived P(r) of even a single strategic
spin-label pair can be used as fingerprints to distinguish between the AD, CTE, PiD, or
CBD folds. As for seeding, the comparison of the measured P(r) of seeded fibrils with the
computed P(r) fingerprints can reveal whether the expected shapes emerge and become
dominant. Once homogeneous and converged fibrils are formed, their final structure
needs to be determined by techniques such as cryo-EM, crystallography, and/or solid-
state NMR spectroscopy. However, even after converged fibril structures are solved, it
is important to gain an understanding of the mechanism by which disease-phenotypic
tau fibrils are formed and/or factors to enhance structural convergence to fibrils found

in tauopathies. Such goals have not been achieved to date.

1.6.3 Tracking evolving structures along the course of aggrega-
tion

DEER-based distance measurements can be used to capture evolving conformations
along the course of aggregation along different pathways by flash freezing at different
time points. Following this procedure, Eschmann et al. discovered that the R2 and R3
regions of tau, specifically the hydrophobic hexapeptide segments of tau known as PHF6*
(275VQIINK280) and PHF6 (306VQIVYK311), extend within the lag phase upon the ad-
dition of aggregation inducer heparin.[134] Both hexapeptides are known to promote the

B-strand formation, while the PHF6 segment is included in the core of every known type
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of tau fibril structure published to date[5, [6], [7, 10, &, 1T, 12, ©]. By directly measuring the
distance across sites encompassing the PHF6 and PHF6* regions using DEER, the au-
thors observed that these two segments are relatively protected in the soluble monomeric
state. The addition of heparin extends the conformations of these segments well before
they stack into [§-sheets, indicating the formation of partially structured intermediates
with an extended conformation. Therefore, when homogeneous and converged fibrils are
formed through different aggregation pathways (such as the hypothetical model shown in
Figure , one could use DEER-based distance measurements to track evolving struc-
ture of tau along these pathways and study how different folds are formed. Further

therapeutic development efforts can be focused on the fold formation regions to disrupt

%q/@q@

the process.
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Figure 1.6: Schematic of the hypothetical model for the formation of AD C-shaped
fibril (pathway 1) and PiD J-shaped fibril (pathway 2). The red dots represent the
nitroxide spin-labels MTSL that are used to track evolving structures.
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1.7 Challenges of DEER-based Distance Distribu-
tion Measurements and Analysis

DEER-based distance distribution measurements rely on spin-labels that are tethered
to the protein. This prevents characterizing tissue-extracted protein and requires a label-
ing procedure most often practiced on recombinant proteins. Since the addition of spin
labels may affect fibril formation, one should try to label the region that forms the outer
layer of disease folds based on which disease fold is under investigation, and multiple
pairs should be used to confirm the result. In addition, one needs to be concerned about
the effect of the labels on the observed aggregation pathways and structures, albeit the
spin-labels used for DEER are relatively small (264 Da for MTSL) compared to other
tags such as fluorophores. The aggregation kinetics and low-resolution morphology of
the mature aggregates are compared with and without labels to test the impact of the
spin-labels. If some labeling sites appear disruptive, a series of nearby sites can be used
for labeling to validate the distance results. Once converged structures are found by
DEER with multiple spin-label pairs, other techniques such as cryo-EM should be used
to confirm the formation of disease fold.

Another obstacle of DEER-based distance distribution measurements is imposed by
the background signal arising from intermolecular spin interactions and the effect of
spin-labels of neighboring proteins.[I35] To weaken the effects of the intermolecular spin
interaction, 5-10% of the doubly spin-labeled protein is used to produce the protein as-
sembly. In principle, the contribution from intermolecular interactions can be accounted
for by background correction, but current methods of doing so are not always robust.[119]
In particular, protein aggregates exhibit, by definition, a high local concentration of pro-
teins that are not randomly distributed (i.e. partially ordered aggregates). In the case

of amyloid fibrils, proteins stack along one direction, which tends to align spins along
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one dimension, i.e. the fiber axis. These situations make accurate correction of inter-
molecular interactions challenging. Further study of background signals will be critical
for accurate determination of intramolecular distances within aggregates.

As for DEER data analysis, the distance distribution reconstruction can be challeng-
ing because ambiguity can arise in determining the shape, width, and the number of
peaks of P(r), especially when the conformer population is heterogeneous and/or the
types of structures present are unknown. The P(r) reconstruction from time-domain
DEER data is an ill-posed problem and typically requires the use of a smoothing param-
eter when using model-free least-square minimization approaches relying on Tikhonov
regularization.[I36] In some cases, especially when the signal-to-noise ratio is poor, this
leads to ambiguity in the extracted distance distribution. Alternative approaches, such as
Srivastava-Freed Single Value Decomposition (SF-SVD)[II8], [137], in combination with
WavePDS based denoising algorithms[120], have been developed to provide a reliable
and automated reconstruction of P(r) for capturing multiple and partially ordered struc-
tures. When the exact knowledge of the number of conformers present in the sample
is inaccessible, one can use a model-based fitting strategy with standard functions such
as Gaussians.[I138] [139] Model-based fitting is robust and can provide an average of the
distance as well as how far these average distances deviate from the expected distances.
This approach was sufficient to show that heparin-induced fibrils are heterogeneous and
distinct from AD’s fibrils,[26] but it could not identify how many and what types of

conformers were present.

1.8 Final Remark

Based on the high-resolution structures of tau fibrils from post mortem tauopathies

patients solved by cryo-EM, [5] [6] [7, 10, 8, 1T, 12, @] we know that the defining differ-
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ences between tauopathy phenotypes may lie at the atomic structural detail of the fibril
structure. It is impossible to recreate the exact biological conditions needed to generate
the disease-relevant end structures of tau fibrils, not only because of the complexity of
the biological milieu but also because the timescale of tau fibril formation occuring over
decades during aging. Yet, very recently, astudy using high-throughput cryo-EM showed
that the AD and CTE folds can be reproduced in witro using a particular fragment of
tau and very specific aggregation conditions [140]. However, the propagation of disease
folds still relies on the structural propagation in seeding, which has not yet been verified
at high-resolution. Although in vivo and n vitro data provide strong circumstantial ev-
idence that seeding can propagate given tau fibril structures [141] [36] 27, [16, 17, 19] 20,
211, 22, 241, 149, 50|, 23, 51, [142], [143] [144] 145, 146, 147, 103, 148, 149, 150}, [151], [152], 153
1541, 100}, 155, 108, 148, 44], 42] 156, 157, 158, 103, 159, 160, 161, 162, 163, 164, 17, 165],
molecular-level structural characterization is needed to show what motifs are propagating
in seeding and what environmental factions are required for faithful structural replica-
tions. Compared to NMR or cryoEM, performing DEER to obtain a full distance distri-
bution P(r) is a fast approach to obtain valuable structural information in evolving and
heterogeneous samples. Such DEER-derived P(r) data can serve as a critical intermedi-
ary tool to characterize partial features of the tau conformational ensembles, irrespective
of structural heterogeneity in the sample, and to investigate the structural propagation
of tau during seeded aggregation and to inform future study with cryo-EM or NMR.
DEER offers an approach to explore key factors that lead to structural convergence to
disease-phenotypic fibril structures in seeding, including the physico-chemical conditions
(e.g. effects of liquid condensate, crowding, lipid membranes), the chemical property of
the tau protein (PTMs, mutations, fragmentation, etc.), the nature and origin of tau
seeds, and external cofactors. Once disease-phenotypic fibril structures are converged to

in vitro by DEER-derived P(r) data, cryo-EM and NMR will be needed to confirm the
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findings.

1.9 Permissions and Attributions

1. A part of the material presented in chapter 1 is submitted to The Journal of Physical

Chemistry B, and is currently under review.
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2.1 Introduction

Tau is an intrinsically disordered protein (IDP) found in neurons of the central
nervous system, and its physiological function is mainly to bind with and stabilize
microtubules[I66]. Tau is also found to form insoluble aggregates in the brain, known
as neurofibrillary tangles (NFTs)[167, [168]. The formation and accumulation of NFTs
is the pathological hallmark of various neurodegenerative diseases called tauopathies, in-
cluding Alzheimer’s disease (AD)[I69]. NFTs are high molecular weight amyloid fibrils
with B-sheet structure[I13]. It has been shown that NFTs formation is related to the dis-
integration of microtubules and the interruption of organelle transport along the neuron,
resulting in neuronal loss[I70] [I71), 172]. Therefore, it is of great interest to study tau
aggregation, especially the underlying mechanism and structure change on the molecular
level, in the hope of finding methods to inhibit or prevent this process.

To study tau aggregation in vitro, polyanionic inducers like heparin, RNA, or proteo-
glycans are used to trigger tau aggregation[173, 174 (175, [176]. The fibrils formed have
similar macroscopic morphology to those from AD patients’ brain[177, 178, [174]. A recent
study revealed that upon the addition of heparin, tau forms partially structured aggre-
gation intermediates first, and rearrange them into [-sheet structured aggregates|[179).
However, the driving forces for this process are still elusive. It’s been suggested that non-
covalent intermolecular interactions, such as hydrogen bonds between pairs of adjacent
[-sheet fibril strands, can drive tau aggregation[I80]. Electrostatic interactions between
the negatively charged heparin and the positively charged lysine residues of tau[I81], and
hydrophobic interactions between tau molecules as well as between tau and heparin[I82]
were also suggested to lead to tau aggregation. Furthermore, covalent bonds like disulfide
bonds formed between two thiol groups from cysteine residues were also proposed to play

a role in tau aggregation[28 29] [30]. It has been reported that intramolecular disulfide
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bonds would impede tau aggregation[31], 28], but the view of intermolecular disulfide
bonding’s role in tau aggregation has not yet reached consensus. Some studies showed
that intermolecular disulfide bonds facilitate tau aggregation[31] 132, 33], while another
suggest otherwise[34]. Interestingly, recent evidence suggests that disulfide cross-linked
tau dimers induce tau aggregation and transmission in HEK293 biosensor cells and pri-
mary neuron culture[35], indicating the importance of tau disulfide bond formation in tau
pathogenesis. The precise mechanisms underlying these observations remain unclear|[I83].
Besides, reducing agents are often used in various in vitro studies to avoid disulfide bond
formation; NFTs are found to seed in vitro aggregation of recombinant tau in the pres-
ence of DTT[I7,36]. In this study, we focused on investigating the precise role of disulfide
bonding in tau aggregation. Is it a driving or hindering force of tau aggregation?

To systematically study the role of intermolecular and intramolecular disulfide bonds
in tau aggregation, we measured the aggregation of two-, one- or zero-cysteine-containing
tau by thioflavin T (ThT) fluorescence, which probe for the presence of cross-3 structures.
Size exclusion chromatography (SEC) was used to isolate tau monomers and disulfide-
linked dimers. Blue native polyacrylamide gel electrophoresis (BN-PAGE) was performed
to confirm species formed by disulfide bonds. In the present study, we found that incu-
bation in reducing conditions or mutating the cysteines into another uncharged residue
leads to enhanced aggregation. Both intermolecular and intramolecular disulfide bonds

hinder tau aggregation, and disulfide bonding is not a driving force for tau aggregation.
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2.2 Results

2.2.1 Disulfide bonding has a strong influence on tau aggrega-

tion kinetics

Disulfide bond formation is spontaneous under non-reducing conditions. The longest
tau isoform has two naturally occurring cysteine residues at positions 291 and 322 (C291
and C322. Hence, it can form both intermolecular and intramolecular disulfide bonds.
Here, a truncated variant of the longest isoform, Taul87, is used. It spans from residue
255 to 441 (Fig. 2.1p), including both C291 and C322. This construct contains all four
microtubule-binding repeat domains and the C-terminal region, including the region that
forms the tau fibril core. Previous studies showed two hydrophobic hexapeptide stretches,
275VQIINK280 (PHF6*) in the R2 domain and 306VQIVYK311 (PHF6) in R3 domain,
form the core of the tau fibrils with S-sheet structure[4] [I84], [I85]. Several studies carried
out on heparin-induced fibers have shown that mostly the four repeat domains are packed
into a cross-g structure, forming the fiber core, and the rest remains disordered, forming
the so-called fuzzy coat[I86]. A recent study discovered with cryo-EM that heparin-
induced full-length tau fibrils are heterogeneous, with a dominant structure spanning
residues 272 to 330[52]. With the fibril core-forming regions included and the fuzzy coat
N-terminal truncated, taul87 aggregation rate is enhanced and the fibril morphology is
similar to full-length tau[179].

The overall effect of disulfide bonds on tau aggregation was studied by ThT fluores-
cence assay, which probes the formation of amyloid S-sheets, under non-reducing and
reducing conditions (Fig. 2.1p). ThT fluorescence assay allows us to compare the rate
of tau aggregation by comparing the slope of the increment, and the relative aggregation

extends by comparing the plateau of the curve. Three mutants of Taul87 were studied:
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Figure 2.1: (a) Schematic of full-length tau sequence including Taul87. Taul87

consists of four microtubule-binding domains (R1-R4) and C-terminal, including the

PHF6* and PHF6 regions. The two cysteines at the position of 291 and 322 are in

the R2 and R3 regions respectively. (b) ThT fluorescence of heparin-induced aggrega-

tion of Taul87 (50 pM) under non-reducing conditions (with no DTT) and reducing

conditions (with 1 mM DTT). Heparin was added at t=0h to initiate aggregation.
wild-type tau (referred to as WT), containing two native cysteines at locations 291 and
322; C291S mutant containing one cysteine at position 322 (C291 was mutated into ser-
ine, and the sample is referred to as C322 below); and C291S/C322S mutant, containing
no cysteine (referred to as Cysless). Heparin was added to all the samples to initiate
aggregation.

As shown in Fig. left panel, upon addition of heparin, all three tau mutants
aggregated under non-reducing conditions. Cysless had the highest aggregation rate,
reaching the plateau the fastest within about 3 hours. It also had the greatest relative
aggregation extend. C322 showed a lower aggregation rate compared with Cysless, reach-
ing the plateau in about 5 hours, with a lower aggregation extend. As for WT, it had
the lowest aggregation rate and likely the smallest aggregation extent.

Under reducing conditions where an excessive amount of dithiothreitol (1ImM DTT)
was used, the aggregation propensity of C322 and WT changed dramatically while Cys-
less remained similar (Fig. right panel). When DTT was used to break disulfide
bonds and keep the cysteines reduced, the aggregation extended and the rate of both

C322 and WT increased, reaching the plateau within 3 hours like Cysless. The kinetics
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of their aggregation became comparable to Cysless. The aggregation behavior of these
samples under reducing conditions was slightly different due to the influence of mutations
on aggregation, which was independent of disulfide bonding and markedly minor. De-
spite these differences, we still could assign a drastic change of tau aggregation behavior
to the prevention of disulfide bond formation. Both WT and C322 have an increased
rate of aggregation under reducing conditions, suggesting that disulfide bonds impede

aggregation.

2.2.2 Intermolecular disulfide bonds hinder tau aggregation

To clarify the role of intermolecular disulfide bonds in tau aggregation, C322 Taul87
was used to perform heparin-induced assembly in the presence or absence of DTT (Fig.
). (322 mutant possesses a single cysteine residue and therefore can only form inter-
molecular disulfide bonds but no intramolecular disulfide bonds. As in Fig. [2.1b, upon
the addition of heparin, C322 under reducing conditions reached a plateau faster, indi-
cating a higher aggregation rate than that under non-reducing conditions. Moreover, the
relative positions of plateaus showed a higher aggregation extend under reducing condi-
tions. Therefore, breaking intermolecular disulfide bonds would increase the aggregation
rate and extent. Furthermore, the addition of DTT did not change the fibril morphology
(SI Figures, Fig. S2.1).

To confirm the formation of intermolecular disulfide bonds in C322, we conducted SEC
and BN-PAGE to verify the presence of dimers formed via intermolecular disulfide bonds.
C322 were run on the HiLoad XK 16/600 prepacked with Superdex 200 equilibrated
with degassed running buffer (20 mM ammonium acetate, 100 mM sodium chloride,
OmM DTT). As shown in Fig. , two distinct elution peaks were present. Based on

the characteristics of the column used (see Materials and Methods) and the molecular
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weight of Taul87 (22 kDa), we assigned the first elusion peak to the intermolecular
disulfide-linked dimer and the second elution peak to the monomer. To further confirm
these species, each peak was collected separately (two samples are referred to as C322-
Dimer and C322-Monomer) and concentrated immediately after elution and run on BN-
PAGE. Note that tau is intrinsically disordered and migrates slower on native-PAGE
than structured proteins and standard protein markers with the same molecular weight.
Taul87 dimers show up around 146kDa standard protein marker, while monomer is
around the 66kDa marker. As in Fig. 2.2, the sample of C322 before SEC showed both
bands of monomer and dimer. However, in C322-Dimer obtain from SEC, dimer was the
main species. In C322-Monomer, a strong band for monomer was observed. Besides, a
light dimer band was also observed because no reducing agent was used in BN-PAGE,
and disulfide-linked dimer could form spontaneously even though we ran the BN-PAGE
immediately after the SEC to minimize the formation of the dimer. The overall intensity
of the dimer band was higher, which was consistent with the result from SEC where
the dimer peak has a bigger area than the monomer peak. These results suggested that
(C322 was a mixture of monomers and dimers, and the number of dimers was greater than
monomers. Taken together, these data confirm the formation of intermolecular disulfide
bonds.

To further verify that the intermolecular disulfide bonds hinder tau aggregation, we
ran the ThT fluorescence assay on the C322 monomer and disulfide-linked dimer sepa-
rately (Fig. ) (C322 dimer showed a lower aggregation rate by reaching the plateau
later, indicating that intermolecular disulfide bonding decreases aggregation kinetics.
Moreover, the relative positions of the plateaus were consistent with the fact that the
intermolecular-disulfide-linked dimer had the lower aggregation extend with the least
amount of fibril formed, while the C322 monomer had a higher aggregation extend.

Therefore, intermolecular disulfide bonds impede tau aggregation.
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Figure 2.2: (a) Elusion peaks of C322 and WT from size exclusion chromatography us-
ing HiLoad XK 16/600 prepacked with Superdex 200. C322 has both disulfide-linked
dimers and free monomers, while WT mainly consists of monomers. (b) Blue Native-
PAGE of C322-Dimer and C322-Monomer from SEC, the C322 sample before SEC,
and WT monomer sample separated from SEC. All samples were run under non-re-
ducing conditions. It is important to note that, since tau is intrinsically disordered,
the electrophoretic mobility of tau on native-PAGE will be different from structured
proteins and standard protein markers with the same molecular weight. Our results
show that taul87 monomer will show up at a molecular weight of 66 kDa of protein
marker, and dimer will show up at 146 kDa of protein marker. (c¢) Heparin-induced
aggregation of C322-Monomer and C322-Dimer from SEC, monitored by ThT fluores-
cence. (d) Heparin-induced aggregation of reduced WT monomer separated from SEC
(with ImM DTT) and non-reduced WT monomer, monitored by ThT fluorescence.
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2.2.3 Intramolecular disulfide bonds impede tau aggregation

To probe the role of intramolecular disulfide bonds, we examined W'T Taul87 which
possesses two cysteine residues and could therefore form both intramolecular and inter-
molecular disulfide bonds. SEC and BN-PAGE (Fig. and b) showed that monomer
was the dominant species in WT Taul87 and a neglectable amount of intermolecular-
disulfide-linked dimer was observed. Assume that the monomer fractions separated with
SEC had mostly intramolecular disulfide bonds, they were collected and concentrated.
This sample is referred to as WT-Monomer. The aggregation propensity of WT-Monomer
under non-reducing and reducing conditions was investigated with ThT fluorescence. As
shown in Fig. 2.2, reduced WT-Monomer showed an accelerated aggregation rate and
greater aggregation extend compared with the non-reduced WT-Monomer, indicating
that breaking intramolecular disulfide bonds promotes tau aggregation. In other words,

intramolecular disulfide bonds impede tau aggregation.

2.3 Discussion

Our results showed that both intermolecular and intramolecular disulfide bonds would
impede tau aggregation. Breaking disulfide bonds using a reducing agent could promote
tau aggregation. Therefore, the disulfide bond cannot be a driving force of tau aggre-
gation. Using WT Taul87 with two cysteines, we showed that intramolecular disulfide
bonds hinder tau aggregation. This is likely due to the formation of monomers with a
compact conformation by intramolecular disulfide bonds[28]. When the compact con-
formation is formed, fibril formation core regions are buried in the monomer, making it
harder for tau to interact and form fibrils. Besides, recent studies using cryo-electron
microscopy on the structure of tau fibril from tauopathies patients showed that the

two naturally occurring cysteine residues at positions 291 and 322 are not next to each
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other[5, 6, [7, 10, B, 1T, 12, @], indicating the lack of intramolecular disulfide bond in
human tau fibrils.

As for the role of intermolecular disulfide bonds, we separated C322 monomers from
disulfide-linked dimers using SEC. The heparin-induced aggregation of disulfide-linked
dimers showed a lower aggregation rate and extend compared with monomers, indi-
cating that the intermolecular disulfide bonds impede tau aggregation. It is possibly
because the disulfide-linked dimers are less aggregation-prone than free monomers. Ac-
cording to a previous study, heparin extends the PHF6* (275VQIINK280) and PHF6
(306VQIVYK311) regions of tau well before -sheet is formed and the extended confor-
mation is aggregation-prone. We hypothesize that in the dimer linked by the cysteines
at residue 322, PH6* and PHF6 regions may be more enclosed so it’s harder for heparin
to extend its PHF6* and PHFG regions, leading to a lower aggregation active.

Our finding is consistent with a recent study on the truncated tau fragment dGAE
composed of residues 297-391 from full-length tau[34]. The aggregation of dGAE was
enhanced under reducing conditions and its zero-cysteine variant aggregated rapidly,
forming long fibrils. The authors concluded that disulfide bonds inhibit tau aggregation
due to the formation of assembly-incompetent dimers via disulfide bonding. Moreover,
in the structure of AD tau fibril, cysteines are buried in two neighboring sheets and
no sign of an inter-sheet disulfide bond is shown. This finding also suggests that the
intermolecular disulfide bond does not assist tau aggregation.

However, our result is in contrast with other previous studies, where intermolecular
disulfide bonding was found to promote tau aggregation[35, B3], 187, B31]. The exact
reason behind these different findings is still unclear and further test is needed. In
summary, our in vitro study demonstrated that disulfide bonding is not a driving force
of tau aggregation. Both intermolecular and intramolecular disulfide bonds hinder tau

aggregation due to the formation of less aggregation-prone species. Conditions that are
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unfavorable to disulfide bond formation would promote aggregation.

2.4 SI Figures

Cysless (non-reducing condition) WT (reducing condition) WT (non-reducing)

2 microns

Figure S2.1. Transmission electron microscopy (TEM) images of cysless, WT under
different conditions. W'T fibril morphology is not changed when reducing agent DT'T is
added.

42



Chapter 3

Cofactors Are Essential Constituents
of Stable and Seeding-active Tau
Fibrils

43



Cofactors Are Essential Constituents of Stable and Seeding-active Tau Fibrils Chapter 3

3.1 Introduction

Amyloid aggregates are structured aggregates that are characterized by a high cross-
[-sheet content. They rely on an extended intermolecular hydrogen-bond network that
provides high stability, and allow even hydrophilic and charged domains to be dehydrated
and tightly packed in a protein assembly [188]. Amyloid aggregates have been conjectured
to be the most stable form of protein assembly [189]. The molecular forces from which
this extreme stability originates were revealed mostly based on model peptides forming
perfect cross-G-structures [190]. However, many amyloid aggregates are only partially
composed of amyloid cross-g-sheets, and likely do not possess the high stability of model
peptides.

The tau protein is an intrinsically disordered protein that is mostly present in neurons
and can form amyloid fibrils in several neurodegenerative diseases including Alzheimer’s
disease (AD), frontotemporal dementia, and Pick’s disease [191]. Tau is highly charged
and hydrophilic, making it highly soluble and stable in aqueous environments across
a wide range of pH and temperature. However, under pathological conditions, it can
assemble into amyloid fibrils in which parts of its microtubule-binding domain, predom-
inantly positively charged, densely pack into a cross-8-sheet arrangement [5]. However,
the triggering factors and driving forces of fibrillation of the highly soluble tau protein
remain unknown, and consequently neither the mechanism that achieves convergence to
a unique fibril structure nor the main fibril feature that contributes to its stability is
understood.

Aggregation mechanisms are most often studied with recombinant tau proteins or
fragments. In vitro fibrillation of tau is typically triggered with the help of cofactors,
most commonly heparin [192], but also other cofactors such as RNA [193] or arachidonic

acid [194]. In the last few years, seeding tau aggregation has been shown to be possi-
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ble by adding premade fibrils (seeds) to fresh monomers, but the seeding process is still
improved by the presence of cofactors (RNA or heparin) in solution [195, 196]. It has
been shown that heparin is a limiting factor in fibril formation [197, [198], but the exact
nature of association of heparin with the mature fibrils remains unclear, with conflicting
reports on whether heparin is part of [I99] or not part of mature fibrils [169, 198]. As
a result, the roles of heparin in tuning fibril formation, structure, and stability are un-
known. For instance, heparin-induced fibrils were shown to be more stable than AD fibrils
using chemical denaturation [156], [200], this stability was not addressed. In this study,
we assess whether cofactors are crucial constituents of mature fibrils and contribute to
their stability, or whether they only catalyze aggregation toward a self-sustained protein
assembly:.

Tau aggregates have been shown to propagate from neuron to neuron, and to be
able to seed aggregation [200} 27], that is, convert naive tau monomers into aggregates.
This led to the hypothesis that, in vivo, monomeric tau can spontaneously polymerize
into amyloid filaments when an appropriate seed template is provided. For that reason,
pathological origins of tau aggregation have mostly been searched in the properties of tau
itself, such as hyperphosphorylation, cleavage, high local concentrations, and alternative
splicing, but marginally in abnormal interactions with other cofactors. Paradoxically,
cofactors are always used for in vitro aggregation of tau, and even assumed to be bio-
logically relevant. Therefore, gaining an understanding about the influence of cofactors
on mature fibril properties will (i) provide key insight into the role of cofactors in fibril
stability and conformation in vitro, and (ii) guide the search for cofactors that assist in
seeding and spreading of tau aggregation in vivo. In this study, we used a set of bio-
chemical tools together with electron paramagnetic resonance (EPR) to characterize the

consequences of cofactor removal after fibril formation.
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3.2 Results

3.2.1 Fibrils assemble when cofactors are present

We used a truncated version of the longest human tau isoform, 2N4R, that contains
four repeat domains (R1 to R4), as well as the entire C-terminal region (residues 255 to
441, named here taul87), from which one of the two cysteines was mutated (C291S) to
perform site-directed spin-labeling for EPR [179, 201]. The construct, with the addition
of the aggregation-promoting disease mutation P301L [202], is referred to as tau through-
out the manuscript (SI Figures, Fig. S3.1A). Polydisperse heparin (average molecular
mass 15 kDa) and polyU (RNA, average molecular mass 900 kDa) were incubated with
tau to induce fibrillation. The addition of heparin or RNA to tau resulted in amyloid
fibril formation, as verified by significant increase of thioflavin T (ThT) fluorescence
intensity (SI Figures, Fig. S3.2) and the presence of fibrillar structures captured by
transmission electron microscopy (TEM; SI Figures, Fig. S3.1 B and C). We refer to the
heparin-induced and RNA-induced tau amyloid fibrils as heparin fibrils and RNA fibrils,

respectively.

3.2.2 Fibrils depolymerize when cofactors are digested

We tested whether these cofactors act as catalysts that assist fibril formation and
subsequently dissociate from the product, or whether they are reactants that are part of
the fibril scaffold and are necessary to ensure the stability of mature fibrils. To address
this question, we investigated the amyloid fibril quantity by preparing heparin fibrils and
RNA fibrils, and then degrading the cofactors via enzymatic digestion.

Heparin and RNA are cofactors that can be digested using heparinase and RNase,

respectively (see Methods and Materials). In their digested form, both cofactors become
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incapable of triggering fibril formation (SI Figures, Fig. S4). ThT fluorescence, which
provides an in situ measure of cross-f sheet structures, was used to quantify the amyloid
fibrils present in the sample. Heparinase and RNase were added to heparin fibrils and
RNA fibrils after maximal ThT fluorescence was reached, and were incubated for 7 hours,
resulted in a 20-30% and 60-70% decrease of ThT fluorescence, respectively (Fig. Fig.
3.1]A). This reduction of ThT fluorescence was 2-3 times more significant than the effect
of protein dilution (by enzyme addition). The control samples where buffer without
enzymes was added showed a signal decrease of about 10% and 30%, respectively (Fig.
Fig. ) These results show a significant loss of cross-3 sheet when cofactors were
digested.

The digestion of tau amyloid fibrils was further characterized by TEM (SI Figures,
Fig. S3.3). Both heparin and RNA fibril images showed no discernable population of
oligomeric or protofibrillar aggregates neither before nor after digestion (SI Figures, Fig.
S3.3 A-D). A statistical analysis of the width of heparin fibrils was carried out before
and after heparinase treatment. The distribution of fibril width (SI Figures, Fig. S3.3, E
and F) did not distinguish different fibril populations neither before nor after digestion,
and the average measured width was found to be similar before (15.3 & 3.9 nm) and after
(14.9 £ 2.8 nm) digestion. Thus, within the resolution provided by TEM, no preferential
fibril population subject to digestion could be identified.

The digestion of tau amyloid fibrils was independently investigated by continuous-
wave EPR (cw-EPR). cw-EPR of paramagnetic spins tethered to tau has been previ-
ously used to assess the packing and mobility of tau fibrils (18). The cw-EPR spectra
of spin-labeled amyloid fibrils can be decomposed into three components: a mobile com-
ponent corresponding to soluble low molecular mass species, an immobile component
corresponding to high molecular mass species (oligomers, aggregates, etc.), and a spin-

exchange component resulting from spin-labels that are within 5-A proximity due to
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Figure 3.1: Fibrils depolymerize upon cofactor digestion. (A) ThT fluorescence of
heparin-induced tau fibrils and RNA-induced tau fibrils before and after incubation
with different concentrations of heparinase/RNase. ThT fluorescence value measured
before enzyme addition was used as the normalization value. (B) cw-EPR spectra
(black) of tau heparin fibrils spin-labeled at site 322, before and after incubation with
heparinase. The simulation spectra (red) are composed of mobile (green), immobile
(purple), and spin-exchange components (orange). (C) Population of each component
extracted from cw-EPR spectrum analysis. (D) BNPAGE of heparin and RNA fibrils
before and after incubation. Freshly prepared tau monomers were loaded as reference

(soluble). In all panels, 1x heparinase: 1 U enzyme per 1 ug heparin; 1x RNase:
1.5 pg/mL. Error bars show SD (n >e 3).
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parallel, in-register, amyloid cross-/-stacking of tau (18). Here we spin-labeled the na-
tive cysteine 322, prepared tau fibrils with heparin, and acquired cw-EPR spectra before
and after heparinase treatment. The spectra were fitted using an established simulation
protocol (18) into populations of mobile, immobile, and spin-exchange components (Fig.
3.1B). Fitting results implied that 93 £ 1% of the spin-labeled tau in heparin fibrils is
in in-register amyloid cross-S-stacking, which decreases to 84 4 2% after digestion. This
loss was mostly compensated by increase of low molecular mass species (2 £ 0.3% before
and 13 + 2% after digestion), while the high molecular mass species remains similar (4
+ 1% before and 3 & 1% after digestion) (Fig. B.1C).

The increase of low molecular mass species interpreted from cw-EPR after digestion
was further tested for both heparin and RNA fibrils using blue native polyacrylamide gel
electrophoresis (BNPAGE; Fig. [3.1D). The results showed that tau fibrils after digestion
release a significant amount of solubilized monomer and dimer, in contrast to tau fibrils
before digestion, where no corresponding band could be discerned. Note that the ratio of
monomer /dimer remained unchanged for the sample before aggregation (“soluble” lane)
and after digestion. These results are direct evidence confirming that the decrease of

ThT fluorescence observed in Fig. results from a depolymerization of tau fibrils.

3.2.3 Bound cofactors are required to stabilize tau fibrils

We learned that digesting cofactors depolymerized tau fibrils. However, extending the
digestion for longer times or increasing heparinase and RNase concentration by 4 and 10
times, respectively, did not significantly decrease the remaining ThT fluorescence (Fig.
3.1A), which suggests that the maximal digestion had been reached and the remaining
ThT fluorescence came from species that are not sensitive to heparinase/RNase digestion.

These species can originate from either (i) fibril populations that are stable without a
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cofactor, or (ii) fibril populations stabilized by cofactors that are undigestible due to steric
hindrance. To answer this question, we quantified the amount of undigested cofactor by
separating the soluble cofactors from fibrils. Mature RNA fibrils were pelleted, washed,
and incubated with or without RNase, referred to as digested and nondigested RNA
fibrils, respectively. Digested and nondigested RNA fibrils were subjected to dialysis,
and the percentage of equilibrated RNA that flowed through the dialysis membrane was
measured by UV absorption and regarded as effectively digested RNA. Digested and
nondigested RNA (without tau) were used as controls. Results presented in Fig.
revealed a degree of RNA digestion of 81 + 2% and 36 + 3% for digested and nondigested
RNA fibrils, respectively. These results confirm that the majority of the RNA in RNA
fibrils was digested upon RNase treatment, while the small but significant difference
between digested fibrils (81 + 2%) and digested RNA alone (90 £ 4%) reveals that a
fraction of the RNA in the fibrils is protected against digestion. The above difference
of 9 + 6% is in qualitative agreement with the remaining ThT fluorescence (8 + 2%)
observed after digestion of pelleted fibrils. Note that the 36 + 3% of RNA flowed through
in the nondigested fibrils is close to the nondigested RNA control (28 + 5%), suggesting
it originates mostly from RNase contamination inside the dialysis tube that digests RNA
over the dialysis time of 24 h.

Heparin fibrils were prepared using spin-labeled heparin (heparin-SL), detectable by
cw-EPR. The double integral of a cw-EPR spectrum is directly proportional to the quan-
tity of spin-label, and hence yields the heparin concentration. We first confirmed using
a ThT assay that heparin-SL triggers tau fibrillation (data not shown). Dialysis as a
way of separating digested heparin from fibrils could not be applied because the dialy-
sis membrane seemed to react with the heparin-SL, yielding unreliable results. Instead,
digested and nondigested heparin-SL fibrils were subjected to filtration (0.2 pm) that al-

lowed the soluble heparin to flow through, while retaining the large fibrils and associated
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Figure 3.2: Cofactors are bound to fibrils and partially digested. (A) Schematic
diagram of experimental procedures. Digested soluble cofactors were separated from
tau fibrils via dialysis (RNA fibrils) or filtration (heparin fibrils) before measuring their
concentration in the flow-through by cw-EPR (heparin) or UV absorbance (RNA). (B,
Left) The concentration of spin-labeled heparin in the flow-through of a 0.2 pm filter
for heparin and heparin fibrils before and after digestion. The concentration is given
as the percentage of the concentration before filtration. (B, Right) RNA concentration
outside a dialysis bag (12 kDa molecular mass cutoff) at equilibrium was measured
and the percentage of RNA that flowed through is given on the y axis. Error bars
show SD of three independent repeats.

heparin (Fig. B.2]A). The concentration of heparin in the filtrate was determined by cw-
EPR and compared with the concentration before filtration to calculate the percentage
of soluble heparin (Fig. ) Both digested and nondigested samples retained a sig-
nificant amount of heparin (42 + 8% and 39 + 2% flowed through, respectively), while
the control with only heparin-SL (no tau fibrils) flowed entirely through (108 + 6%).
The observation that even after digestion a large portion of heparin is bound to fibrils
is in qualitative agreement with the ThT fluorescence that retains 80% of its intensity

after digestion (Fig. ) We however could not detect a significant difference between
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digested and undigested samples, in part due to the large variation in the measurement
of spin concentration (£8% for the digested sample).

Furthermore, we detected a reproducible change in EPR lineshape of heparin-SL upon
fibril formation (data not shown). A broadening of the central peak, implying slowed
dynamics of the spin-labels, was observed upon aggregation. These results are consistent
with the picture that (i) heparin is bound to fibril (line broadening between before and af-
ter aggregation), (ii) heparinase digestion detaches some heparin from the fibrils (line nar-
rowing between before and after digestion), and (iii) the remaining heparinase-resistant
fibrils still contain bound heparin (broadening after pelleting the digested fibers). Taken
together, the quantification of cofactors as well as the cw-EPR lineshapes of heparin-SL
strongly suggest that fibrils remaining after enzymatic digestion are stabilized by cofac-
tors that are still associated with the fibrils and could not be digested (the second of the

two posited scenarios).

3.2.4 Depolymerized Tau Monomers Have No “Memory” of the

Fibril State

Tau undergoes drastic conformational rearrangements upon aggregation. We tested
whether the released monomers after digestion recovered their original properties by
measuring their conformational feature, their capacity to reform fibrils, as well as their
capacity to seed aggregation.

We first tested whether or not released tau monomers were able to reaggregate. RNA
fibrils were pelleted before digestion to ensure that only insoluble fibrils were subjected
to digestion. The digested RNA fibrils were filtered and loaded onto a size-exclusion
chromatography (SEC) column to purify the released monomers. The aggregation of

these released monomers was then compared with freshly prepared monomers (i.e., that
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did not go through the fibril state) at an identical concentration. ThT fluorescence pre-
sented in Fig. showed that both fresh monomers and digested monomers displayed
similar aggregation kinetics and maximal quantity. Note that heparin was used for this
reaggregation experiment because of the difficulty of reliably removing RNase, even with
SEC.

The reaggregation assay of heparin fibrils was slightly different because heparinase
did not release enough monomers to rely on SEC purification. Instead, heparinase was
inactivated by heating the sample at 65 °C for 15 min. We then added fresh heparin
at a tawheparin molar ratio of 10:1 to both digested and nondigested heparin fibrils
(predigested fibrils and nondigested fibrils, respectively, in Fig. ) The change of
ThT fluorescence was recorded and normalized to a scale from 0 to 1. Upon addition of
heparin, the ThT fluorescence increased significantly more in the digested sample than in
the nondigested sample, showing that the released monomers can reaggregate. The small
increase in the nondigested sample might originate from the reaggregation of monomers
that were released when heating the sample at 65 °C.

The conformational features associated with fibril digestion were further investigated.
We have previously identified a signature of aggregation-prone tau conformations repre-
sented by a dramatic conformational extension around the amyloidogenic hexapeptides
PHF6 (306VQIVYK311) and PHF6* (275VQIINK280) [203]. Following a similar proce-
dure as shown in Eschmann et al. [203], we measured the distribution of intratau spin-
label distance, r, spanning residues 272 and 285 by double electron—electron resonance
(DEER). The distance distribution, P(r), was determined using the recently developed
picard-selected segment-optimized (PICASSO) singular value decomposition (SVD) of
the time-domain DEER decay [137, [120]. We first confirmed the expected distance ex-
tension around PHF6* when transitioning from monomer to heparin fibrils (Fig. [3.3B).

The releasing of tau monomer upon heparinase treatment resulted in the partial rever-
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Figure 3.3: Refibrillization and conformation recovery of depolymerized tau
monomers. (A, Left) ThT fluorescence of non/predigested heparin fibrils after heparin
addition at time t = 0 h. (A, Right) Aggregation of monomers purified from digested
RNA fibrils compared with fresh monomers. Curves of the same color show inde-
pendent repeats. (B) DEER time-domain signal (Left) and corresponding distance
distributions (Right), extracted with the SVD method, of tau labeled at residues 272
and 285 before and after digestion, compared with soluble monomer. (C) Quantifica-
tion of in vivo seeding experiments. The ratios of cells that contain fluorescent puncta
are reported. Digst, digested; fib, fibrils; Hep, heparin.

sal of the PHF6* distance extension (Fig. [3.3B), showing that the released tau lost

its aggregation-prone conformational signature of solvent-exposed PHF6*. The P(r) of
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the digested sample showed distinct features containing signatures of both the PHF6*-
protected conformation (e.g., peak at 2.2 nm) and the PHF6*-exposed conformation
(population at r ;4 nm), indicating the coexistence of both fibril and released monomers.

It was recently proposed that after aggregation, tau, even in its monomeric form,
maintains aggregate-templated conformations that provide high seeding capacities [39].
According to this hypothesis, the aggregation propensity of the tau monomers released
from the digested fibrils should be much higher than that of fresh tau monomers, as
the released monomers would populate fibrillation-prone conformations with increased
numbers of nucleation sites in the sample. We tested this hypothesis by measuring the
seeding propensity of heparin and RNA fibrils before and after cofactor digestion, both
in vitro and in vivo. We used a cellular seeding assay similar to previously established
assays [204], 100] in H4 neuroglioma. When the overexpressed proteins aggregate, they
form fluorescent puncta [204] due to the fluorescent protein mCerulean tethered to tau
(data not shown). Fig. reports the percentage of cells that exhibited puncta. While
all samples triggered seeding, there were no significant differences between digested and
nondigested fibrils, suggesting that the monomers released from fibrils are not seeding-
active. Furthermore, seeding was only possible when the fibrils were mildly sonicated.
We interpreted this observation by suggesting that breaking the fibril is necessary for its
efficient uptake, which again showed that monomers are not the active seeding species.
The same results were obtained with H4 cells expressing taul87 instead of K18 (data
not shown). Furthermore, we tested the seeding capacity of heparin fibrils in an in vitro
assay where the premade fibrils were added to fresh monomers in the presence or absence
of a cofactor (see next section for precise assay description). SI Figures, Fig. S3.4A
shows that digested fibrils have lower seeding capacity compared with intact fibrils, as
demonstrated with a smaller increase in ThT fluorescence (compare green with cinnamon

curves). This result is in good agreement with the idea that depolymerized monomers
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do not seed aggregation, and that the loss of seeding capacity is due to the loss of fibril
content after cofactor digestion. The monomers derived from fibrils have no memory of

the fibril state, neither in conformation nor in seeding capacity.

3.2.5 The Presence of Cofactor Sustains Fibril Seeding

To test the role of cofactors in seeding/spreading of fibrillation, we performed in
vitro seeding assays of tau over two generations with and without cofactors, using either
mouse-derived fibrils or heparin fibrils as seeds. The same tau construct as before was
used, taul87C291S, but without the aggregation-promoting P301L mutation. We made
this choice, as this tau variant is incapable of spontaneous fibril formation with RNA
(SI Figures, Fig. S3.5B). Five percent (mass) of heparin fibrils were added as seeds to
fresh tau in the presence or absence of RNA cofactor (polyU) while ThT fluorescence
was monitored. Fig. presents the ThT fluorescence of the seeding experiments after
10 h, while the full aggregation curves are shown in SI Figures, Fig. S3.5. The presence
of the RNA cofactor significantly increased the seeding capacity of both digested and
nondigested heparin-fibril seeds. For second-generation seeding, 10% of the end product
of the first generation was added to the fresh monomers, with or without cofactor (Fig.
B.-4A). As for first-generation seeding, the presence of cofactor significantly enhanced
the seeding activity. The same experiments were carried out using mouse-derived fibril
(rTg4510 mice expressing 2N4R-P301L) seeds (Fig. [3.4)A). In contrast, the presence
of a cofactor did not change the seeding capacity of mouse-derived fibrils in the first
generation (Fig. ) For second-generation seeding, where 10% end product of the
first-generation sample was used as the new seed, aggregation was observed only when
a cofactor was supplied (Fig. ) The aggregation kinetics appeared to be slower

compared with the other seeding experiment, as the ThT signal had not plateaued after
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10 h. Altogether, the results presented in Fig. show that cofactors are needed to
promote templated seeding, and suggested that unknown cofactor species are present in
mouse-derived material, which facilitated first-generation seeding without an extrinsic
cofactor, while the second-generation fibrils were incapable of seeding, unless extrinsic

cofactors were added.
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Figure 3.4: In vitro seeding of tau fibrils. (A) ThT fluorescence of recombinant
taul87C291S seeded with heparin fibrils or mouse-derived fibrils (mouse-derived) in
the presence or absence of cofactor (polyU RNA). In first-generation seeding (Left),
5% of preaggregated fibrils were added to fresh recombinant tau and incubated at
37 °C while shaking. In the second generation (Right), 10% of the end products of
first-generation samples were added to fresh monomers. Control refers to the seeds
with cofactor incubated without fresh tau. Error bars shows SD (n = 3). (B) DEER
distance distribution between residues 272 and 285 of heparin fibrils and mouse-derived
seed-induced fibrils (seed-induced fibrils) obtained from the SVD method. (C) ThT
fluorescence before and after RNase addition to the first and second generations of
mouse-derived seed-induced fibrils. Error bars shows SD (n > 3). gen, generation.

To test whether seeding with mouse-derived material impacted the structure of the
seeded tau fibrils, we performed DEER of doubly labeled taul87 at residues 272 and 285
(same sites as in Fig. [3.3B), whose aggregation was seeded with mouse-derived fibrils in
the presence of polyU RNA cofactor (1% seed). The distance distribution was obtained

using PICASSO [118] and compared with that of heparin fibrils (Fig. [3.4B). The P(r)s are
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significantly different, implying that seeded and heparin-induced fibrils are structurally
different, where specifically the seed-induced fibrils showed distinctly narrowed peaks
reflecting multiple, highly ordered, fibril populations. In contrast, heparin-induced fibrils
exhibited broader P(r) features that represent imperfectly packed (at least locally around
PHF6*) fibrils populating a continuum of distances. This result agrees with the view
that in vivo tau aggregates populate specific tau strains [49] that are structurally well-
defined [140], while heparin fibrils are highly heterogeneous [26]. This result shows at
high resolution a structural convergence of recombinant fibrils guided by mouse-derived
fibrils, suggesting that in vivo aggregates can transmit their structural properties to
naive tau by templated seeding. When the just-discussed mouse-seed-induced fibrils,
formed in the presence of polyU cofactor, were subjected to RNase treatment, again a
partial decay of the ThT signal was observed (Fig. [3.4[C), implying that the loss of j-
sheet packing also occurs when the fibrils are structurally templated by mouse-extracted

fibrils, underscoring the importance of the presence and nature of the cofactor.

3.3 Discussions

We have demonstrated that mature recombinant tau fibrils require cofactors to be
sustainably stable. Upon cleavage of cofactors by enzymatic digestion, the fibrils de-
polymerize, releasing soluble monomeric tau. The incomplete digestion of the cofactor
molecules (heparin or RNA) is likely due to allosteric hindrance that prevents the en-
zymes from accessing and cleaving their targets. The finding that in both RNA and
heparin fibrils only a defined and reproducible amount of cofactor can be digested sug-
gests that the fibrils are polymorphic, where in some types of aggregates the cofactors
are protected from digestion while in others they are accessible to the enzyme. Note that

single-point mutations change the extent to which ThT fluorescence is lost upon cofactor
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digestion (data not shown), suggesting that the mutations affect the tau conformational
ensemble within the fibril structure, and therefore the accessibility to the cofactors. The
significant difference seen in Fig. between the maximum digestible RNA (60 to 70%)
and heparin ( 20%) could be explained by different molecular arrangements of the fibrils
and/or by the nature of the enzymes, where RNase A (14 kDa) may be less sensitive to
steric hindrance than heparinase I (43 kDa) to process its target.

Our work suggests that the high stability of heparin-induced fibrils previously ob-
served [156, 205] is largely due to tau-cofactor interactions, and not due to superior
tau fibril packing and stability. This highlights the need to further understand the role
of cofactors in tuning the properties of tau fibrils of structure, stability, and seeding
capacity.

The finding that a polyelectrolyte cofactor is essential for the stability of fibrils pre-
pared in vitro has two major potential implications with respect to in vivo aggregates.
(i) Polyanion-induced recombinant tau fibrils make limited models (of in vivo aggregates)
that overestimate the role of the cofactor, and (ii) there is an unknown cofactor in the
fibrils formed in neurons, whose roles have been underestimated to date. While we can-
not rule out (i), the data presented here make a strong case for (ii). We have successfully
performed in vitro seeding of recombinant protein with heparin-induced fibrils and mouse
brain-derived fibrils. Without providing additional cofactors, no significant seeding was
observed with heparin-induced tau seeds, but the seeding capacity of brain-extracted
fibril seeds was high (Fig. [3.4A), in agreement with previous work [205, I7]. When
fibrils extracted from this successful seeding experiment were used as pristine seeds for
a second-generation seeding, no fibrils were formed (Fig. ), showing limited prop-
agation of mouse-extracted fibrils through seeding. However, when a cofactor (polyU
RNA) was provided in the reaction buffer, mouse-derive seeds, as heparin-induced seeds,

were made competent over multiple generations (Fig. ) This result is in good agree-
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ment with the hypothesis that an unknown cofactor is present in the mouse-extracted
aggregates that permits first-generation seeding, but not subsequent generations, as the
cofactor present in the original seed gets consumed. In contrast, when a cofactor is pro-
vided in the buffer, seeding can be sustainably carried out over successive generations,
as previously reported [135].

Fibrils seeded with mouse-extracted fibrils in the presence of RNA populated better-
defined fibril structures compared with heparin fibrils (Fig. [3.4B), but they too could
be partially digested (Fig. ), showing that RNA gets incorporated into the seed-
induced fibrils. Interestingly, 45% of the ThT intensity is lost in the digestion of the first
generation aided by RNA, while 70% of the ThT signal is lost in the second generation,
approaching the level of digestion of RNA fibrils (Fig. ) This is in good agreement
with the view that in the first generation, aggregation is partially aided by the unknown
cofactor from the mouse fibrils that is insensitive to RNase, while in the second generation
mostly extrinsic RNA is supporting the structures of the fibrils that are subject to the
same levels of degradation as the nonseeded RNA-induced fibrils. Consistent with this
picture is the observation that the mouse-extracted seed without the added RNA cofactor
is completely insensitive to RNase (data not shown) and is degraded by neither DNase
nor heparinase I. Studies to determine the stoichiometry and nature of the unknown
cofactor originating from the brain-extracted seed will be timely.

There is a large variety of bioelectrolytes that could interact with tau in vivo, including
DNA, RNA, glycoaminoglycan (GAG), and ATP. Although tau is mostly present in axons
[206], it is also found in neuronal nuclei [206] and is suspected to traffic in the extracellular
matrix [207]. The complexity of the cellular environment and trafficking makes it very
hard to unambiguously assess in situ the roles of a given cofactor in tau aggregation and
the pathogenicity. GAG, in particular heparan sulfate (HS), has been the most studied

interaction partner to tau [see, for instance, a recent review [208]], likely because (i) it
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was found colocalized with tau neurofibrillary tangles (NFTs) in AD brain [192], (ii)
heparin is a very efficient cofactor in promoting aggregation in vitro [192], and (iii) HS
has been shown to play an important role in tau internalization [208]. Although it is
unclear when and how HS interacts with tau, as the former is exclusively present on the
extracellular surface while the latter is mainly found in the cytoplasm, the fact that the
NFTs colocalize with HS [192] suggests that HS might be incorporated into in vivo tau
fibrils. Similarly, RNA has also been found to specifically associate with tau in neurons
[209], to be sequestered in tau pathological assemblies, not only in AD brains but also in
Pick bodies [210], suggesting that RNA might also be part of the final tau fibrils. Recent
advances in cryo-EM have allowed the identification of two very different fibril structures
in AD brains [5] and Pick’s disease [7], showing that different strains have very distinct
atomistic fibril structures. If polyelectrolyte cofactors were present in the mature tau
aggregates, they would not necessarily be visible on a cryo-EM electron density map
(their high flexibility would likely compromise their resolution), while their interactions

with tau could in fact modulate the differentiation toward a given strain.
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3.4 SI Figures
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Figure S3.1. Assembly of tau fibrils with cofactors. A. Schematic representation of

the tau construct used in this work (2N4R 255-441) that include the four repeat domains

(R1-R4) as well as the C terminal region; B. Representative TEM image of heparin-

induced tau fibrils and C. RNA-induced tau fibrils.
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Figure S3.2. ThT fluorescence trace of heparin-/RNA-induced tau fibrillation followed

by cofactor enzymatic digestion.

A. Heparin-induced samples were incubated at 37°C

until heparinase treatment where temperature was decreased to, and stabilized at, 30°C.

B. RNA-induced fibrillation and RNase treatment were performed at room temperature.

In the control samples buffer was added instead of enzymes.
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Figure S3.3. Dimension quantification of fibrils before and after digestion. TEM im-
ages show heparin fibrils A. before and B. after 1x heparinase treatment; RNA fibrils C.
before and D. after 1x RNase treatment. Histograms with gaussian fits of the measured

heparin fibril widths showed two similar populations of fibrils E. before and F. after 1x

heparinase treatment.
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Figure S3.4. (A) ThT fluorescence of in vitro seeding experiments. Time resolved

ThT curves of the seeded tau under the same conditions as in Fig. 4A. The control

represents seed with cofactor and without monomeric tau. Digested fibrils have a lower
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capacity to seed aggregation than undisturbed fibril seeds. (B) Controls of in vitro seeding
assays. ThT fluorescence of 20 M taul87C291S incubated with and without cofactor
(polyU RNA at 120 pug/ml) showed that fibrils were not seeded in the absence of seeds.

As a reference, mouse-fibrils seeds were added in the same condition (+seeds +cofactor).
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Figure S3.5. Full aggregation curves of seeding experiments presented in Fig. [3.4]
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4.1 Introduction

Tau misfolding and aggregation into neurofibrillary tangles (NFTs) is one of the
pathological hallmarks of tauopathies such as Alzheimer’s disease (AD). Tau pathology
in the brain is suggested to follow "prion-like’ behavior [18], with a cross-neuronal spread
of tau aggregates (referred to as "seeds”) from one brain region to another that triggers
aggregation of monomeric tau. Recombinant tau fibrils and tau aggregates extracted from
tauopathies brains or mouse model brains have been shown to act as seeds in various
model systems to spread tau pathology [18, 21T}, 212, 20, 107, 27, 213]. Despite the
evidence supporting the existence of seed in the initiation of aggregation, the biochemical
and biophysical properties of the seed responsible for tau seeding are still controversial.
Some studies argue that insoluble tau fibrils are the primary seeding competent species
[214], 201, 215, [36, 196]. Others suggest that monomer [39, 216] or oligomer [38] are seeds
and can trigger tau aggregation in cells and n vitro . However, in these studies, insoluble
tau fibrils were subjected to sonication before the treatment of cells or recombinant tau
monomer. Sonication may result in fibril breakage into a mixture of short fibrils and
peptides. It was hypothesized that short fibrils provide more fibril ends for tau monomer
to attach to and elongate [217] and thus seeding can be promoted. On the other hand,
some studies found seeding-competent oligomers [38] and monomers [39, 37] based on
sonication of fibrils. Therefore, the effect of sonication on tau fibril and the nature of the
infectious seeding agent remains unclear.

Here, we show that sonication induces artificial fragmentation in tau fibrils and prod-
uct fibril fragments are seeding-competent to trigger tau aggregation in wvitro and in
vivo. Mass spectrometry shows that upon sonication, tau fibrils are more protected than
monomer. However, fragmentation induced by sonication is a stochastic process and due

to the difficulty to identify which fragment of tau fibrils generated during sonication is
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responsible for seeding, we argue that sonication should be used to process fibrils with

caution.

4.2 Results

4.2.1 Recombinant heparin-induced tau fibrils upon sonication

exhibits seeding activity #n wvitro and in cells

First, we tested the effect of sonication on the seeding ability of heparin-induced re-
combinant tau fibrils. Specifically, truncated tau (22kDa, referred to as taul87) spanning
residues 251 to 441 of the longest isoform of tau that lacks any internal cysteines due to
serine substitutions (C299S and C322S) and contains disease-associated P301L mutation
was expressed and purified as described previously [134, 26]. Monomeric taul87 was
incubated with heparin for 24 hours to make mature fibrils. To test the seeding activity
of taul87 fibrils, fresh taul87 monomer was seeded with sonicated taul87 fibrils (xh-seed
refers to the sample derived from heparin-induced tau fibrils upon sonication for x hours).
Fibril formation was monitored by ThT fluorescence. As shown in Figure. [4.Th, pristine
taul87 heparin-induced fibrils (Oh-seed) exhibited minimal seeding activity, while fibrils
upon 1 hour sonication (1h-seed) and 3 hours sonication (3h-seed) showed increased ThT
fluorescence, indicating that sonication improved the seeding activity of heparin-induced
tau fibrils. To ensure the formation of fibrils, fibrils grown from 3h-seed as well as the
seeds were visualized by negative stain TEM (Figure. 4.1p).

To further test the seeding activity of the sonicated tau fibrils, we used previously
described biosensor cells [I00]. These cells stably express 4R tau repeat domain (RD)
containing the disease-associated P301L-V337M mutation. All cells express 4R-RD-Cyan

fluorescent protein and 4R-RD-yellow fluorescent protein (RD-CFP/YFP). Exogenously
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Figure 4.1: ThT fluorescence of in vitro seeded aggregation, TEM images, and cell
assay of in vivo seeding. (a)ThT fluorescence of seeding tau monomer with 5% (molar
ratio) of Oh-seed, lh-seed, and 3h-seed. Here, Xh-seed refers to the sample derived
from heparin-induced tau fibrils upon sonication for x hours. Oh-seed is non-sonicated
pristine fibril. (b) TEM images of Oh-seed, 3h-seed, and seeded fibril generated with
3h-seed. (c) seeding cells with short time sonicated heparin-induced fibril

applied seeds induce intracellular aggregation with resultant fluorescence resonance en-

ergy transfer (FRET) between CFP and YFP that can be measured via flow cytometry

[100]. Lipofectamine directly transduces tau aggregates across the plasma membrane

and increases the assay’s sensitivity by approximately 100-fold. Upon incubation with
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Lipofectamine and the seeds, we observed seeding in cells by the Oh-seed, 1h-seed, and
3h-seed (Figure. [l.1c. The degree of seeding activity is scored using ‘integrated FRET
density’, which is the product of the percent positive cells and the mean fluorescence
intensity of FRET-positive cells, and from this, we determine the extent of tau seeding
activity in cells [I00]. As shown in Figure. [4.1{, 1h-seed, and 3h-seed have a higher
seeding activity than Oh-seed and pristine tauRD fibrils. Interestingly, heparin-induced
fibrils upon mild sonication (3min sonication) did not show any seeding activity in vitro
but showed some seeding in cells. Therefore, we concluded that sonication improves the

seeding ability of recombinant heparin-induced tau fibrils, especially in cells.

4.2.2 Sonication induces artificial fragmentation in recombi-

nant tau monomer and fibril

To understand the effect of sonication on tau protein integrity, we sonicated taul87
monomer and fibrils for different amounts of time and ran the sonicated products on
SDS-PAGE. As shown in Figure. [£.2h, the intensity of the taul87 monomer band at
22kDa decreased as sonication time increases, while the intensity of bands lower than
22kDa increased. The total band intensity of the monomer upon 3h sonication is lower
than that of the monomer without sonication, indicating that the monomeric tau was
broken into smaller peptides with a molecular weight below 10kDa by sonication and
cannot be detected. As for heparin-induced fibrils (Figure. [4.2p), the band at 22kDa
showed the existence of the mature taul&87 fibrils in all sonicated products, implying that
the tau is more protected in the fibril samples. However, the total band intensity of
fibrils upon sonication was lower than the sample without sonication. We hypothesized
that the flanking segments of the fibrils surrounding the fibril core were more ready to

be fragmented by sonication than the core, and the sonication product is too small to be
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Figure 4.2: SDS-PAGE and the MS sum peptide intensity of tau upon sonication. (a)
SDS-PAGE of taul87 monomer and fibril after sonication. Taul87 monomers or fibrils
were sonicated for different amounts of time, and 2 ug of each sample was resolved
by SDS-PAGE and coomassie stain. (b) Sum tau peptide intensities found by MS in
monomer and (¢) heparin-induced fibril upon sonication.

visualized on the gel.
Mass spectrometry was used to further understand the fragmentation effect of soni-

cation on tau and to identify cleavage sites. Tau monomer and fibrils (with or without

sonication) were run on liquid chromatography-tandem mass spectrometry (LC-MS/MS)
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and the peptide population was analyzed by the sum tau peptide intensities. As shown
in Figure. [4.2k, the decrease in the intensity of MS sum tau peptide intensities showed
that 0.5-3h sonication fragmented tau monomer into peptides too small for MS to detect.
This is consistent with the SDS-PAGE result. As for the heparin-induced fibril (Figure.
4.2d), the MS sum tau peptide intensities decreased drastically when 3h sonication was
applied, indicating that tau fibrils were more protected from the artificial fragmentation
by sonication than tau monomers. Further analysis of the MS data (SI Figures, Fig.
S4.1 and S4.2) showed that the artificial fragmentation induced by sonication happens at

random sites, and no taul87 monomer or oligomer was found in the sonicated products.

4.3 Discussion

In Alzheimer’s disease and related neurodegenerative disorders, Tau protein is de-
posited in the form of large neurofibrillary tangles. These are bundles of long fibrils
that are poor candidates for disease propagation, and sonication has been widely used to
prepare seeding-competent materials. Our findings demonstrate that sonication induces
artificial fragmentation in tau fibrils, and tau fibril fragments (small aggregates) have
enhanced seeding activity compared to pristine, unsonicated fibrils. Fibril fragmentation
is essential for tau seeding and the spread of tau pathology [218]. It may facilitate sec-
ondary pathways [219] 220] such as branching [221] or secondary nucleation from the fibril
surface [222, 223] and thus contribute to enhanced aggregation. Seeding recombinant tau
with sonicated tau fibrils for multiple cycles has shown to select tau fibril populations
with different fragility and growth rates [45]. In contrast, another possibility is that long-
time sonication can break off seed-competent monomers from heparin-induced fibrils; a
study isolated monomeric species from heparin-induced full-length tau fibrils upon 3h

sonication and the monomers are seeding active [I06]. The authors discovered the struc-
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tural difference between the seed-competent monomers and inert monomers, indicating
that monomers are able to maintain stable seed-competent conformations. However, our
data show that tau fibrils upon 3h sonication under a similar condition were fragmented,
and no monomer was generated. Further experiments are needed to investigate whether
this is due to the use of truncated tau here.

In addition, we found that artificial fragmentation induced by sonication is a stochas-
tic process but whether this process mimics what happens in biological systems remains
unclear. In fact, the mechanisms that fragment tau fibrils and produce small aggregates
in cells are not well understood, but it may be in place because although small aggregates
and short fibrils can be taken up by cells [224] 225], and tau oligomers can be taken up by
cells more efficiently [150]. High molecular-weight fibrils derived from patients or made
with recombinant tau can also be internalized by cells [226] [151), 227]. The internalized
fibrils may undergo fragmentation in cells to provide a new surface to recruit monomers
to the fibril ends. Therefore, efficient seeded aggregation may depend on the ability of
these fibrils to break. Interestingly, a correlation between aggregate fragility and strain
spread was observed in yeast prions, where the more fragile conformer (or strain) had a
selective advantage [228]. In these organisms, the molecular chaperone HSP104, along
with other factors, is thought to provide the mechanical force that disrupts fibrils and
allows the separation of smaller aggregates into daughter cells [229]. However, no ho-
molog of HSP104 exists in mammalian cells. Whether molecular chaperones mediate the
fragmentation of tau fibrils is unknown. It could be another clearance-related mechanism
causing the fragmentation, or multiple mechanics running in parallel. Regardless of the
molecular details of these processes, fibril fragmentation appears to be a critical part of
tau seeding. Although sonication treatment of seeds is an easy way to enhance in vitro
seeding, due to the artificial fragmentation and the difficulty of identifying which fibril

fragment is responsible for seeding, sonication should be used with caution.
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Figure S4.1.(a)(b) Principal Component Analysis (PCA) from MS. The plots show

how sonication separates the groups along with component 2. Sonication clearly separates

the groups. (c)(d) loading plot shows which peptides contribute most to the separation.

There is no obvious cluster in one region so we concluded that the fragmentation induced

by sonication is a stochastic process. It produces some fragments that are seeding active.

Here, filled circles represent tryptic peptides, and squares represent semitryptic peptides

(fragments). The semitryptic species do not increase compared to controls - their signal

rather decreases over time as the peptides are getting further fragmented.
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Figure S4.2. Tryptic and semi-tryptic peptide intensity from MS. For the first misscle-
aved tryptic peptide one can see that the decay is faster compared to the two other tryptic
peptides as these peptides are being generated through the fragmentation of the first.
The artifact was generated either by trypsin unspecificity or in-vitro synthesis. However,
noting that these peptides intensity also decreased with sonication since peptides are

getting fragmented by sonication

4.5 Permissions and Attributions

1. The content of chapter 5 is the result of a collaboration with Professor Judith Steen
from the Boston Children’s Hospital (Harvard University), and a manuscript is in

preparation.

75



Chapter 5

CBD and PSP Cell-derived Tau

Seeds (GGenerates Heterogeneous
Fibrils with A Subpopulation

Resembling Disease Folds

76



CBD and PSP Cell-derived Tau Seeds Generates Heterogeneous Fibrils with A Subpopulation
Resembling Disease Folds Chapter 5

5.1 Introduction

Tauopathies are a varied group of neurodegenerative diseases defined by the deposi-
tion of fibrillar aggregates of microtubule-binding protein tau in the brain, the prevalence
of which is closely related to neurodegeneration.[230] 231] In the disease state, tau mis-
folds from a soluble monomer into a [-sheet-rich structure capable of self-propagating;
thus, tau becomes a prion. Although tau pathology in these diseases varies in morphol-
ogy and isoform composition [77], the defining difference between the clinical phenotypes
is thought to arise from the shape, or conformation, that tau misfolds into. This phe-
nomenon is explained by the strain hypothesis. Efforts to understand this disease mecha-
nism began in 2009 when Clavaguera et al. showed that brain homogenate from a sponta-
neously ill tau mouse model induced intracellular tau aggregation and spread of pathology
in wild type mouse brain [I8]. Subsequently, the Diamond and Lee labs reported that
recombinant tau fibrils alone induce aggregation of tau in vitro [232] 47, [36, 153] and in
vivo [20]. These findings confirmed that the transmission of tau pathology reported by
Clavaguera et al. was due to the prion-like behavior of the protein tau. Subsequently,
the Goedert lab showed that brain homogenates prepared from deceased patients with
a variety of tauopathies, including progressive supranuclear palsy (PSP), corticobasal
degeneration (CBD), and argyrophilic grain disease (AGD) could induce tau pathology
following inoculation in wild-type mice [162]. Moreover, the induced inclusions exhibited
immunostaining patterns similar to those seen in the corresponding human pathology,
implying the that each disease may be caused by a distinct tau strain. Testing this hy-
pothesis, cell models expressing the repeat domain of tau fused to a fluorescent protein
were used to demonstrate that each tauopathy is associated with a distinct tau strain that
is isoform-dependent and capable of maintaining its biological properties after passaging

in cells and mice [204) 49 27]. Strains are distinct with respect to inclusion morphol-
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ogy, sedimentation profile, seeding capacity, cell-type specificity, protease digestion and
guanidine denaturation patterns, and spatial patterns and distribution of the induced
lesions in the brain [204] [49], 27, 24 [105] 106}, 158, [161].

Building from this initial work, cryo-electron microscopy (cryo-EM) studies have
shown that tau strains arise due to differences in the conformation tau misfolds into.
For example, while tau fibrils isolated from Alzheimer’s disease (AD) patient samples
adopt a C-shaped fold [5] [6], tau fibrils in Pick’s disease (PiD) misfold into a J-shaped
conformation [7]. These structures all differ from those found in CBD [8] 9], chronic trau-
matic encephalopathy (CTE) [10], PSP [11],12], AGD [12], and globular glial tauopathies
(GGT) [12] patient samples. However, it is most notable that the recombinant heparin-
induced tau fibrils [52] adopt misfolded conformations that lack any homology with the
patient-derived fibrils, indicating that research focused on tau misfolding in disease must
use patient-derived fibrils as a starting material.

While cryo-EM has been a crucial tool to unravel the atomic basis of tau strains, it
is limited by the ability to resolve the structure of tau fibrils at the disease endpoint.
As a result, it remains unclear what factors govern the initial formation and propaga-
tion of strains in tauopathies. In wvitro recombinant tau fibrils induced by polyanionic
cofactors like heparin [I75] are commonly used to study the formation mechanism of tau
conformers, but the lack of homology between heparin-induced full-length tau fibrils and
patient-derived fibrils [52] has shifted the field away from the use of recombinant fibrils
generated using polyanionic cofactors. Interestingly, Lovestam et al. recently reported
that recombinant tau seeded with brain homogenate from a post-mortem AD patient
adopted the AD tau fold [I40], establishing experimental conditions for studying the
factors controlling structural specificity in tauopathies. With this tool in hand, it is now
capable to use biophysical approaches to understand how tau templates its misfolded

conformation in a strain-specific manner.
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To investigate tau misfolding in PSP and CBD, we first amplified tau fibrils isolated
from post-mortem patient samples in HEK293T cells engineered to express the repeat do-
main of tau (residues 244-378) with the P301L and V337M mutations fused to yellow fluo-
rescent protein (YFP; TaudRD*LM-YFP cells) to generated cell-passaged PSP and CBD
seeds. Tau4dRD*LM-YFP has been widely used in tau cellular seeding assays to under-
stand tau strain biology [142] 50], 147, 152] 227, 233, 234\ 100}, 216, 149], 103, [145] 148]. We
then used lysate from tau-infected cells to seed recombinant tau misfolding. Thioflavin
T (ThT) and negative stain electron microscopy (EM) were used characterize the result-
ing fibrils and EPR-based double electron-electron resonance (DEER) spectroscopy was
used to investigate protein structure during fibril formation. DEER provides an efficient
and direct approach to characterize partial features of heterogeneous samples. It resolves
the probability distribution of intramolecular distances from 1.5 to several nm ranges
across a pair of spin-labels attached to the molecule of interest. Our results show that
PSP and CBD seed-induced fibrils are conformationally distinct from heparin-induced
recombinant tau fibrils, and a subpopulation recapitulates the CBD and PSP disease

folds resolved using cryo-EM.

5.2 Results

5.2.1 Amplicfication of PSP and CBD patient materials in cul-

tured cells requires expression of 4R tau

To investigate tau misfolding in CBD and PSP, we first established Tau4dRD*LM-
YFP cells that stably propagate tau aggregates isolated from deceased patient samples
(schematic shown in Fig. [5.1j). Using a similar approach as previously described [27], tau

prions were isolated from brain homogenates via sodium phosphotungstate (PTA), which
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selectively precipitates aggregated proteins from soluble proteins [234, 235]. Protein
pellets were then incubated with TaudRD*LM-YFP cells for 4 days. The CBD and PSP
patient samples induced YFP-positive tau puncta, whereas a control patient sample had
no effect on the cells (Fig. ) Monoclonal cell lines stably propagating either CBD
or PSP tau were generated following single-cell plating of infected cells. Expression of
the 4RD-YFP construct was confirmed using lysate collected in RIPA buffer via Western
blot (Fig. [p.14).

Lysates from TaudRD*LM-YFP cells infected with CBD and PSP patient samples
were collected in 1X protease inhibitor, and were then used to seed recombinant trun-
cated tau containing all four repeat domains with the familial P301L mutation, as well
as the C-terminus (minus the first 10 residues of the first repeat; referred to here as
Taul87). Importantly, the two naturally occurring cysteines in this construct were mu-
tated to serines (C291S and C322S) to avoid the formation of disulfide bonds that may
inhibit tau aggregation [3I]. To determine if the cell-derived seeds could template tau
misfolding, thioflavin T (ThT) fluorescence measurements were collected over the course
of 24 hours. ThT is a fluorescent dye that has been established to bind specifically to
[-sheet structures of amyloid proteins [236] and provides an in situ determination of
[-sheet abundance. The CBD and PSP seeds induced an increase in Th'T fluorescence,
which was concentration-dependent (fluorescence intensity increased when 15% lysate
was used compared to 5%; . In comparison, polydisperse heparin (average molecular
mass 15 kDa, Galen Lab Inc.) induce fibrillation and ThT fluorescence with a substantial
increase in fluorescence emission, consistent with previous findings that heparin induces
tau misfolding into conformations that are distinct from those present in CBD or PSP
patient samples.

To confirm that the fluoresence increase in the ThT assay was due to the formation

of tau fibrils instead of soluble molecules in the cell-derived lysates, we pelleted tau in
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Figure 5.1: (a) Schematic of the cellular amplification of human materials and in
vitro recombinant tau seeding with cell-derived seeds. The insert shows the tau con-
structs used in this study. (b-d) PSP and CBD human-derived materials propagated
in TaudBRD(VM)-YFP cells (3RD cells) and TaudRD(LM)-YFP cells (4RD cells). (b)
Representative images of cells infected with CBD and PSP patient samples. YFP
is shown in green. (Scale bar, 50 pum). (c) Quantification of cell infection of 3RD
cells and 4RD cells using control (n = 6), CBD (n = 5), and PSP (n = 6) patient
samples was determined by summing the total fluorescence in each image and nor-
malizing to the cell count. Tau seeds isolated from CBD ({P < 0.001}), and PSP
({P < 0.001}) showed a significant increase in infectivity over the control samples in
4RD cells, whereas not in 3RD cells. Data are shown as the mean from five images
per well in six wells. *{P < 0.05}.(d) Cell lysate from HEK293 cells, 3RD cells, 4RD
cells, and CBD and PSP infected 4RD cells were analyzed for the presence of total
tau-YFP by Westernblot with the YFP antibody.
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the lysates by ultracentrifugation at 100,000 x g for 1 hour. Tau aggregates were then
resuspended in 20 mM HEPES buffer (pH 7.4) and were used as seed. ThT fluorescence
showed that the resuspended pellet induced aggregation of recombinant taul87 monomer
while the supernatant did not (SI Figures, Fig. S5.1). The resuspended pellet generated
a comparable plateau ThT value as non-centrifuged CBD seeds, indicating that the
seeding capability of cell-derived seeds is from the tau aggregates. In summary, cell-
derived seeds can induce recombinant tau to aggregate, and the amount of seeds used
dictates the quantity of tau transforming into [-sheets. The capacity of the seeds to
induce fibril formation is different from that of heparin since heparin-induced higher
plateau ThT signal. To maximize the seeded fibril product, 15% seeds were used in
subsequent experiments.

The morphology of the heparin- and seed-induced fibrils was characterized by negative
stain EM. As shown in Fig. , heparin-induced fibrils were long (straight and twisted,
SI Figures, Fig. S5.1) whereas the CBD and PSP lysate-induced fibrils appeared twisted,
with branching in some fibrils (SI Figures, Fig. S5.2). These findings are consistent with
our ThT incorporation data indicating that heparin induced the formation of tau fibrils
with a distinct conformation from the CBD- and PSP-induced fibrils.

To determine if the seed-induced fibrils exhibit prion-like activity, we infected the
TaudRD*LM-YFP cells with the heparin- and lysate-seeded fibrils. Visual comparison

of the cells infected with heparin fibrils or seed-induced fibrils shows distinct aggregate

morphologies (Fig. [p.2¢).
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Figure 5.2: (a) ThT fluorescence of tau aggregation induced by heparin or seeds. The
seeded aggregatlon has a relatively low maximum ThT and the curve was enlarged and
shown in the insert. Taul87 at 25 uM concentration were mixed with stoichiometric
amounts of heparin (8.25 uM), or 5% or 15% (w/w) of cell-derived seeds, and allowed
to aggregate in the presence of ThT at 37 °C. (b) Representative negative stain TEM
of heparin-induced fibrils and seed-induced fibrils. Full images are shown in Fig. S5.2.
(c) Representative images of Tau(4RD*LM)-YFP(1) cells infected with heparin fibrils
and seed-induced fibrils. YFP is shown in green. (Scale bar, 50 pm.)

5.2.2 PSP and CBD seeded tau fibrils have distinct conforma-

tions and a subpopulation recapitulates disease folds

To investigate the conformational features of the seed-induced fibrils, we employed
DEER to probe local packing and intra-tau distances. DEER has the unique ability to
measure distance distributions among samples in the 1.5-8 nm range between two elec-
tron spin-labels tethered to the protein. Because DEER is solely sensitive to paramag-
netic probes, it is particularly well suited for tracking protein aggregation, where protein

crowding and sample heterogeneity make the use of NMR, crystallography or cryo-EM
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challenging. Previously, we have used DEER-based distance measurements to study the
structure of heparin-induced fibrils and found that it is structurally heterogeneous and
distinct from AD fibrils [26], and this result was later verified by cryo-EM [52]. Following
a similar procedure as shown in Fichou et al. [26], the positions of the spin-label pairs
were rationally chosen to locate on the outer layer of the fibril core in the CBD and PSP
fibrils [10) §] so that the spacial effect of spin-labels to tau protein aggregation and shape
formation would be minimized. We also computed the expected distance distribution in
CBD and PSP fibrils from patients using the RotamerConvolveMD method [131], and
selected the spin-label pairs that are significantly different between the solution state and
the aggregated states, as well as in CBD and PSP disease fold. Finally, three spin-label
pairs were selected: 351-373, 334-360, and 340-378.

After the spin-label pairs were determined, we introduced two cysteines to taul87 at
desired sites by site-directed mutagenesis. MTSL electron spin-labels were then tethered
to the cysteine residues. In order to measure intramolecular distances, we diluted the
spin-labeled protein (Tau-SL) with unlabeled taul87. Seeding performed with spin di-
luted taul87 (90% unlabeled tau + 10% Tau-SL) had ThT fluorescence result similar to
unlabeled taul87 (SI Figures, Fig. S5.3). To prepare samples for DEER measurements,
heparin or 15% seeds were added to spin diluted taul87 to induce aggregation, and after
24 hours of incubation, samples were subjected to dialysis (molecular weight cut off 25
kDa) against DO buffer to remove excess monomers. We then measured the distribu-
tion of intra-tau spin-label distance, r, by DEER. The distance distribution, P(r), was
determined using Tikhonov regularization [I36] in combination with WavePDS based
denoising algorithms [120)].

Fig. demonstrates DEER-derived distances for heparin fibrils, CBD seed-induced
fibrils, and PSP seed-induced fibrils compared with the simulated DEER distance dis-

tributions expected from cryo-EM CBD fold and PSP fold [10} 8] by the RotamerCon-
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Figure 5.3: Intra-molecular DEER distance distribution, P(r), measured for heparin
fibrils (red solid), CBD seed-induced fibrils (blue solid) and PSP seed-induced fibrils
(green solid). Expected distances (doted curves) were similated from the published
PDBs of cryo-EM CBD fold (6tjo) and PSP fold (7p65) [10, 8] by the Rotamer-
ConvolveMD method [I31] and were also illustrated on the schematic views of their
cryo-EM folds. Three spin-label pairs were measured or simulated (a) residues 351-373
(b) 334-360 (c) 340-378. All replicates are shown in SI Figures, Fig. S5.4 and Fig.
S5.5

volveMD method [I31]. The schematic views of CBD and PSP folds are illustrated in
grey, with the spin-label pairs highlighted for each P(r) for visualization. The spin-label
pair at residue 351 and 373 was first used to compare the structures of different fibrils.
As shown in Fig. [5.3h, heparin fibrils exhibited a broad distance distribution and were
distinct from that of the CBD and PSP seed-induced fibrils, indicating that the heparin
fibrils are structurally distinct from the seed-induced fibrils, and are more structurally

heterogeneous (at least at this region). CBD and PSP seed-induced fibrils showed multi-
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ple narrowed peaks, indicating multiple ordered conformers. The measured P(r) of PSP
and CBD seed-induced fibrils had peaks close to the expected distances (marked in dotted
lines), indicating that a subpopulation of the CBD and PSP seed-induced fibrils resem-
bles the CBD and PSP fibrils found in patients, respectively. To investigate whether the
same implication applies to full-length tau, we seeded recombinant ON4R tau with CBD
and PSP cell-derived seeds using the same protocol. ON4R tau lack the acidic 29-residue
inserts in the N-terminal and was found abundant in humans. The seed-induced ON4R
fibrils showed similar results as compared with taul87 (SI Figures, Fig. S5.6), so the
conclusion is applicable to full-length tau.

We probe the existence of the C-shape found in the patient’s CBD fibrils by measuring
the distances between residues 334 and 360, and between residues 340 and 378. As
shown in Fig. [5.3p, P(r, 334-360) of CBD seed-induced fibrils have multiple peaks,
one of which was closed to the expected distance distribution. P(r, 334-360) of PSP
seed-induced fibrils have a dominant, narrow peak centered around 7.5nm, close to the
expected distance of 8nm. In contrast, the P(r, 334-360) of heparin fibrils is different
from the measured P(r) of seed-induced fibrils. Similar results can be observed in Fig.
for the distance spanning residues 340 and 378, P(r, 340-378). Therefore, the results
demonstrated that the seed-induced fibrils are structurally different from the heparin
fibrils, and are more structurally defined. Besides, in R3 to early C-terminus region, a
subpopulation of the seed-induced fibrils resembles the CBD and PSP fibrils derived from
patients. These show, at high resolution, that cell-derived CBD and PSP seeds can guide
partial structural convergence of recombinant tau, suggesting that cell-derived seeds may

transmit their structural properties to naive tau by templated seeding.
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5.3 Discussion

We have demonstrated that patient-derived CBD and PSP seeds can be amplified in
4R-containing cells but not in 3R-containing cells, suggesting the isoform specificity of
these 4R tauopathies as previously established [237, 27]. We have successfully performed
in vitro seeding of recombinant tau with the cell-derived CBD and PSP seeds without
any added cofactor or sonication treatment of the seeds. The cell-derived seeds recruited
recombinant tau (either full-length or truncated tau) and formed seed-induced fibrils,
albeit the extent of the seeded aggregation is relatively low compared with heparin-
induced aggregation. Using DEER-based distance measurements, we have shown at
high resolution that the CBD and PSP seed-induced fibrils had better-defined structures
compared with heparin fibrils (Fig. . Importantly, partial features from the measured
distance distributions of the seed-induced fibrils were similar to the expected distance
distribution simulated from the CBD fold and PSP fold [10, §], indicating a subpopulation
of the seed-induced fibrils resembles the CBD and PSP fibrils derived from patients at
the R3 to early C-terminus region.

Our results agree with the prevalent hypothesis that tau spreads in a ”prion-like”
behavior: pathological tau aggregates populate specific tau strains to native protein
through seeding. The diverse tauopathies’ fibril conformations revealed by cryo-EM
[7, 8, @, 10, 11, 12} 12] supports tau strain hypothesis and its unambiguous link to dis-
ease. However, what features the tauopathy fibril conformations are conserved in seed-
ing, if at all, has not been shown at high resolution. Previously, morphological evidence
and biochemical properties are often used as evidence for tau conformations, such as
macroscopic morphology [47, [104], secondary structure [47], binding to conformation-
dependent antibodies [108], and proteolysis patterns[105, [106]. Similar features between

the seed-induced fibrils and the seeds are used as indications of tau templated seeding
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[, (421 25, 46l B8, 106, 107, 104, 105, 108]. For example, Kaufman et al. [49] iso-
lated and characterized 18 tau strains that originated from either recombinant protein,
tauopathy mice, or patient brains. The isolated strains were distinguished by multiple
methods including inclusion morphology, detergent solubility, seeding, proteolytic diges-
tion, and toxicity. After inoculating transgenic mouse brains with the 18 strains, the
unique neuropathology patterns of each strain were faithfully transmitted, indicating
that the seed-induced fibrils in mice are similar to the seeds. In a more recent study,
Xu et al. showed that recombinant tau fibrils generated with AD patient-derived seeds
is similar to AD-tau in terms of their ultrastructure, solubility, and conformation, as
detected by conformation-dependent antibody DMR7 and MC1 that selectively bind to
AD tau aggregates, indicating that AD-tau may have templated the aggregation of re-
combinant tau. [108] However, some studies found that the seeded tau fibrils are different
from the seeds due to different protease digestion patterns and macroscopic morphology
[T05], 41]. Therefore, high-resolution evidence is needed to verify the templated seeding
in the tau strain hypothesis.

Here, we found that partial distance features of seed-induced fibrils were similar
to the expected distance from cryo-EM CBD fold and PSP fold, indicating that we
achieved partial convergence to these disease fibrils by seeding. A few factors may account
for partial convergence instead of full convergence. Firstly, the cell-derived seeds were
generated in cells expressing 4RD tau, which lacks N-terminus and C-terminus. Although
the 4RD tau in cells may be templated by human materials, residues outside of the
MTBR (especially the 369KKIETHKLTF378 segment in the C-terminal region which is
lysine-dense) could contribute to tau folding and strain propagation, so the CBD and
PSP folds may only be formed partially in cells. Moreover, a recent report suggests
that the fusion of 4RD tau to fluorescent proteins may induce steric hindrance and

inhibit tau aggregation [I02]. Therefore, the cell-derived seeds may be imperfect and
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further experiments with cells expressing full-length tau will be timely. Secondly, the
in vitro seeding conditions used in this study may not favor the propagation of specific
strains, so multiple conformers were populated. In fact, a recent study with cryo-EM
[140] showed that the addition of salt such as sodium chloride changed the shape of
tau fibrils and by changing the buffer condition of the tau construct used, the authors
generated recombinant tau fibrils identical to the AD fold or CTE fold. Therefore, further
optimization of the buffer conditions and tau monomer substrate is needed to investigate
how to fully converge recombinant tau into disease fibrils.

Furthermore, our results showed that DEER-based distance measurements can serve
as an important tool to study heterogeneous tau fibril samples and inform future cryo-EM
studies. Although cryo-EM tau structures [7, 8, 9] 10 [1T), 12} 12] have rightfully captured
the field’s attention, this method has limitations: a relatively small number of homoge-
neous brain samples can be studied, and only after extensive purification of fibrils from
large quantities of brain material. Besides, there is no structural information for residues
outside of the amyloid core that could contribute to strain formation, and only large
detergent-insoluble fibrils have been successfully imaged, which may not represent the
critical tau intermediates such as oligomers. In contrast, EPR-based DEER spectroscopy
provides an efficient and direct approach to characterize partial features of heterogeneous
samples, even of disordered proteins and partially aggregated biomolecules. It resolves
the probability distribution of intramolecular distances in the 2 to several nm ranges
across a pair of spin-labels attached to the molecule. Therefore, DEER can be used for
discovery work on heterogeneous samples or to capture transient conformational ensem-
bles along the course of strain formation or seeded aggregation. After the conditions
for structural convergence is achieved, cryo-EM can and will be used to characterize the
product.

In summary, we have demonstrated that the recombinant tau fibrils induced by CBD
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and PSP cell-derived seeds are structurally distinct from heparin-induced fibrils, and
a subpopulation of the seed-induced fibrils resembles the CBD and PSP fibrils from
patients in the R3 to early C-terminus region. These findings established that disease
folds are replicated at least partially through seeding, and the tau strains hypothesis is
partially verified at high resolution. Awareness and knowledge of tau strains will guide
both therapy and diagnosis. For example, unique conformations of tau will determine
the efficacy of small molecules in positron emission tomography (PET). For example, tau
strains found in tauopathies can guide us to design PET ligands that target a subset of
tauopathies but not others by target binding with a specific local conformation [238], and

seed-induced fibrils generated with recombinant tau can be used for molecule screening.
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5.4 SI Figures
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Figure S5.1. ThT fluorescence of aggregation of tau induced by prestine CBD seed,

supernatant from ultracentrifuge, and resuspended pellet. Supernatant and pellet were

obtained by ultracenrifuging cell-derived CBD seeds at 100,000 g for 1h at 4C. The pellet

was resuspended in 20mM HEPES buffer (pH 7,4). Same volume of the buffer was used

here as the non-centrifuge seed.

Heparin-induced fibrils PSP seed-induced fibris

Figure S5.2. Full TEM images of tau hepafin fibrils and seed-induced fibrils. The red

box in the images represent where the representative fibrils morphology was taken for

Fig. B2,
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Figure S5.3. ThT fluorescence of CBD seed-induced aggregation of spin-dilute tau.

15% CBD seed was mixed with unlabeled tau or spin-dilute tau (90% unlabeled tau

+ 10% labeled tau). Absolute concentrations were 50 uM for tau, 20 uM for ThT

respectively. 165 ug of seeds were added.
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Figure S5.4. DEER distance measurements of CBD-induced fibril: replicates and
background corrected data. Inserts in the P(r) are the background corrected time-domain

data.
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data.
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Figure S5.6. Comparison of taul87 and ON4R tau including the schematic represen-

tation of tau, and the P(r) spanning 351-373 (a) Taul87 (b) P(r) ON4R. (c) and (d)

schematic views of CBD and PSP cryo-EM folds. Labeled sites at residue 351 and 373

are highlighted

5.5 Permissions and Attributions

1. The content of chapter 5 is the result of a collaboration with Professor Amanda

Woerman from University of Massachusetts Amherst, and we are preparing the

manuscript together. We plan to submit it to Nature Structural and Molecular

Biology.
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The concept that the spreading of tau pathology in tauopathy occurs by a “prion-
like” mechanism is gaining popularity. The key elements of this hypothesis are that
diverse conformational tau strains exist in different tauopathies and that they induce
templated seeding of monomeric tau in cells. The distinct tauopathy fibril conformations
revealed by cryo-EM [7, 8 9] 10} 1T} 12} 12] supports the theory of tau strains. However,
despite the evidence hinting at the existence of prion-like tau seeds or strains in brain
tissues in tauopathies that can induce templated seeding in mouse models or in wvitro
[16], 17, 18, 19, 20% 21], 22] 23, 24, 25| 26l 27], many present studies used similar patterns
of neuropathological lesions in mouse, morphological appearance in cells at a microscopic
level, or relative resistance to proteolytic enzymes as evidence for conformations. More
work is needed to document at high resolution the structural characteristics of tau strains
and the exact structural features that are transmitted and preserved in tau seeding. The
work described in this dissertation employed the unique spectroscopic tools that the Han
lab specializes in to investigate the role of commonly used experimental conditions in the
determination of tau fibril shapes and to probe the structural properties of the fibril that
are replicated and propagated in tau seeding at high resolution.

To achieve robust in vitro seeding with recombinant tau, I set out to explore exper-
imental conditions that promote tau seeding, and to understand how these conditions
affect tau aggregation and shape formation, which is presented in chapters 2 to 4. The
first key condition I addressed was the use of reducing agents, such as DTT. I found
that incubation under reducing conditions or mutation of cysteine to another uncharged
residue leads to increased aggregation. Both intermolecular and intramolecular disulfide
bonds hinder tau aggregation, and disulfide bonds are not the driving force for tau ag-
gregation. Another key condition I addressed was the use of polyanionic cofactors (e.g.
heparin). Tau fibrils in tauopathies have been observed to be associated with non-tau

molecules so cofactors might play a role in disease pathogenesis [10, 8, 11I]. Recombi-
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nant tau assembly can be triggered in vitro by heparin and RNA. The strongly negative
charges on each of these molecules are likely to act as critical motifs for interaction with
tau. As in vitro seeding, some studies included cofactors in the seeding reaction buffer
without explaining their roles [42, 43|, [44] 45], [46]. Whether the cofactors serve as reac-
tants that incorporate into the product fibrils or only act as catalysts that can be removed
without breaking the fibrils has not been elucidated. In chapter 3, I have shown that
cofactors, specifically heparin and RNA, bind to tau proteins, and are incorporated into
tau fibrils at specific stoichiometry and that cofactors are essential for in vitro seeding.
The results suggested that in neurons under pathological conditions, tau aggregation can
be facilitated by interactions with polyanionic cofactors.

Besides the use of reducing agents and cofactors in seeding reaction, tau seeds are
often subjected to sonication before the treatment of cells or recombinant monomer
[37, 38, 39, [40], [41]. Inspired by a recent study showing that monomeric tau release
from heparin-induced fibrils by sonication maintains aggregate-templated conformations
that provide high seeding capacities [39], I set out to understand the effect of sonication
on tau fibrils and the nature of tau seeds. In chapter 4, I have shown that sonication
induces artificial segmentation in heparin-induced tau fibrils and fibril fragments are
seeding competent to trigger further amyloid formation in cells and with recombinant tau.
Mass spectrometry results have shown that upon sonication, tau fibril is more protected
compared with monomer. Since tau fibrils are fragmented randomly during sonication
and it is not clear which fragment is responsible for the seeding activity observed.

Finally, with the above-mentioned knowledge of the experimental conditions for seed-
ing, I further optimized in wvitro seeding protocol and achieved robust seeding using
disease-relevant tau seeds derived from HEK293T cells expressing tau upon seeding with
CBD or PSP patient materials, as described in chapter 5. In the final seeding protocol,

no reducing agent or cofactor was needed, and the seeds were not subjected to sonication
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treatment. Robust seeding was obtained by seeding recombinant tau with 15% (w/w)
CBD or PSP cell-derived seeds. Electron paramagnetic resonance (EPR) based double
electron-electron resonance (DEER) distance measurements coupled with site-directed
spin-labeling (SDSL) were used to investigate the structure of tau fibrils produced from
seeding at high resolution. I have shown that CBD and PSP seed-induced fibrils have
distinct conformations compared with heparin-induced fibrils, and a subpopulation reca-
pitulates part of CBD and PSP disease folds. These results indicated that by controlling
the experimental conditions and by using shape-defined seeds, tau can be partially con-
verged towards disease folds. Furthermore, I have shown that DEER-derived P(r) data
can serve as a critical intermediary tool to characterize partial features of the tau con-
formational ensembles, irrespective of structural heterogeneity in the sample, and to
investigate the structural propagation of tau during seeded aggregation. DEER offers
an approach to exploring the key factors that lead to structural convergence to disease-
phenotypic fibril structures and it will be useful to inform future cryo-EM or ssNMR
studies.

As I have shown that recombinant tau can be partially converged towards PSP and
CBD disease folds through in vitro seeding, it becomes crucial to understand how to
achieve full convergence to the disease-phenotypic fibril structures. In fact, disease mu-
tations may play a role. For example, the V337M mutation was identified in some patients
with frontotemporal dementia with parkinsonism-17 (FTDP-17) and has been associated
with prominent antisocial behavior and paranoia and severe frontotemporal and limbic
degeneration [239, 240]. Consistent with the previous report, I found that V337M muta-
tion promoted tau aggregation in vitro (as shown in Fig. [6.1). Taul87 with both V337M
and P301L mutation generated the highest plateau ThT value. Preliminary DEER dis-
tance measurements on heparin-induced fibrils of tau with and without V337M showed

that V337M may shift the distance slightly to a larger distance (Fig. [6.1p).
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Figure 6.1: V337M mutation affect tau aggregation and fibril shape. (a) ThT fluores-
cence of heparin-induced aggregation of wilde-type tau without any disease mutation
(WT), tau with aggregation promoting P301L mutation (P301L), and tau with both
P301L and V337M mutations (P301L/V337M). (b) Intra-molecular DEER distance
distribution spanning residues 351-373 measured for heparin fibrils of P301L tau and
P301L/V337M tau.

Furthermore, our lab is currently working on generating structurally-defined fibrils
with tau fragments, such as HP1-5 (Fig. . Specifically, HP2, spanning the residues
295 to 313 with P301L, is expected to form fibrils with a hairpin structure. We plan to

use HP2 fibrils as seeds and investigate how they induce aggregation and folding beyond

the core.
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Figure 6.2: schematics of tau constructs

We are also employing post-translational modifications (PTMs) and different salts

in buffers to screen conditions for generating structurally-defined fibrils with fibril mor-
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phology similar to the paired helical filaments (PHFs). For example, HP2 forms more
fibril bundles in buffer with ammonium sulfate or sodium chloride as compared with
fibrils made in buffer without salt (ctrl) (Fig. [6.3). Besides, phosphorylation or pseudo-
phosphorylation can be done with the serine at position 305. The phosphorylated HP2
peptide is then aggregated with heparin Preliminary results from TEM showed that the
phosphorylated tau generates fibril morphologically different from HP2 without phos-
phrylation (Fig. . Whether these conditions affect structural convergence or how

buffer conditions affect seeding is ongoing.

50 mM (NH,),SO,

100 mM NaCl

500inm

Figure 6.3: Representative TEM images of heparin-induced of HP2 made in 20mM
HEPES buffer with different concentration of salts, with phosphorylation (HP2-pS305)
or with pseudo-phosphorylation (HP2-S305D). Control is heparin-induced HP2 fibrils
(ctrl) made in buffer without salt or phosphorylation.

Nonetheless, knowledge of tau strains and structural convergence through seeding

will be useful for guiding therapy and diagnosis. Specifically, when a total structural
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convergence to tauopathy folds with recombinant tau is achieved, these fibrils will be very
useful for screening small molecules in positron emission tomography (PET) that binds
specifically to these strains, allowing the diagnosis of tauopathies. Moreover, anti-seeding
approaches may be developed to disrupt seed propagation to suppress neurodegeneration
and lead to clinical benefits. The in vitro studies will further guide in vivo studies, and

may soon translate to patients.
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Appendix A

Materials and Methods

A.1 Protein expression and purification

In Chapter 2 to 4, 20 mM ammonium acetate buffer at pH 7.0 was used for tau or
other stocks and as assays running buffer. In chapter 5, 20mM HEPES at pH 7.4 was
used for tau or other stock and as assays running buffer.

N-terminal truncated, microtubule binding domain containing taul87 (residues 255-
441 with a His-tag at the N-terminus) were used for in vitro studies. Mutated variants
of taul87 were prepared using site-direct mutagenesi: C322 taul87 with C291S muta-
tion, and cystein-less taul87 (cysless) with C291S and C322S muatation used in chapter
2; taul87 P301L contains P301L mutation, taul87 C291S/P301L contains C291S and
P301L mutations, taul87 C291S/C322S contains C291S and C322S mutations, taul87
G272C/S285C contains C291S, €322S, G272C and S285C mutations, and cysless taul87
P301L/G272C/S285C contains C291S, C322S, G272C and S285C mutations used in chap-
ter 3; cysless taul87 P301L/Q351C/T373C contains C291S, C322S, Q351C and T373C,
cysless taul87 P301L/G334C/1360C contains C291S, C322S, G334C and 1360C, cysless
taul87 P301L/K340/F378C contains C291S, C322S, K340 and F378C. Besides, mutated
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variants of full-length ON4R tau used in chapter 5 was produced in a similar way.

The cloning, expression, and purification of tau have been previously described [I79].
Shortly, the gene encoding desired taul87 tau or ON4R tau was cloned into a pET-28a
vector and was tranfected into E. coli. BL21 (DE3) competent cells (Novagen). E. coli
BL21 (DE3) cells were cultured from frozen glycerol stock or from plates overnight in 10
mL luria broth (LB) which was used to inoculate 1 L of fresh LB. Culturing and inocu-
lation were performed at 37 °C with shaking of 200 rpm. At OD 600 of 0.6-0.8, taul87
variant expression was induced by incubation with 1 mM isopropylB-D-thiogalactoside
(Sigma Aldrich) for 2-3 h. Cells were harvested by centrifugation for 10 min at 5000
x g (Beckman J-10; Beckman Instruments,Inc.), and the pellets were stored at -20 °C
until further use. Cell pellets were resuspended in lysis buffer (Tris-HCI pH 7.4, 100 mM
NaCl, 0.5 mM DTT, 0.1 mM EDTA, 1mM PMSF) with 1 Pierce protease inhibitor tablet
(Thermo Fisher). Lysis was initiated by the addition of lysozyme (2 mg/ml), DNase (20
pg/ml), and MgCly (10 mM) and incubated for 30 min on ice. Lysate was then heated to
65 °C for 13 min, cooled on ice for 20 min and then centrifuged to remove the precipitant.
The supernatant was loaded onto a Ni-NTA agarose column pre-equilibrated with wash
buffer A (20 mM sodium phosphate pH 7.0, 500 mM NaCl, 10 mM imidazole, 100 M
EDTA). The column was then washed with 20 ml of buffer A, 15 ml buffer B (20 mM
sodium phosphate pH 7.0, 1 M NaCl, 20 mM imidazole, 0.5 mM DTT, 100 uM EDTA).
Purified taul87 was eluted with buffer C (20 mM sodium phosphate pH 7.0, 0.5 mM
DTT, 100 mM NaCl) supplemented with varying amounts of imidazole increasing from
100 mM to 300 mM. The protein was then concentrated via Amicon Ultra-15 centrifugal
filters (MWCO 10 kDa; Millipore Sigma) and the buffer was exchanged into final buffer
(20 mM ammonium acetate buffer at pH 7.0, or 20mM HEPES at pH 7.4) by PD-10
desalting column (GE Healthcare). To further purify the protein, size exclusion chro-

matography was conducted by injecting 2-5 mL sample onto HiLoad 16/600 Superdex
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200 Column (GE Healthcare Life Sciences) connected to a BioRad NGC Quest 10 FPLC
system, and 1.5 mL fractions were collected with a BioFrac fraction collector (BioRad).
Prior to sample injection, the column was washed by 130 mL degassed Milli-QQ water at a
flow rate of 0.8 mL/min and equilibrated with 160 mL degassed working buffer (20 mM
ammonium acetate buffer at pH 7.0, or 20mM HEPES at pH 7.4) at 0.8 mL/min. Sam-
ples were eluted from the column with 150 mL working buffer at 0.6 mL/min after sample
injection. Fractions of each elution peaks were collected right after elution. Elution peak
assignment was done by comparing with the elution profile of purified taul87 monomers.
Fractions corresponding to monomer were concentrated using Amicon Ultra-4 centrifu-
gal filters (MWCO 10 kDa; Millipore Sigma). The final protein concentration of taul87
was determined by UV-Vis absorption at 274 nm using an extinction coefficient of 2.8
em~tmM ™1 calculated from absorption of Tyrosine. The final protein concentration of
taul87 was determined by UV-Vis absorption at 274 nm using an extinction coefficient

of7.45 em™'mM ! calculated from absorption of Tyrosine.

A.2 Thioflavin T fluorescence spectroscopy measure-
ment of tau aggregation

In vitro tau aggregation were carried out in working buffer (20 mM ammonium acetate
buffer at pH 7.0 was used in chapter 2-4, or 20mM HEPES at pH 7.4 was used in chapter
5). 20 uM ThT dye was added into 50 uM taul87 with or without 1 mM DTT in Corning™
384-Well Solid Black Polystyrene Microplates (Thermo Fisher Scientific). Then, heparin
was mixed in the samples at the mole ratio of 4:1 (taul87: heparin) to induce aggregation.
In chapter 2, ThT fluorescence was monitored by Tecan infinite 2000Pro Plate Reader

with the excitation at 440 nm and emission at 480 nm over a period of 14 18h at 37
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°C (gain was set to 100). One data point was taken every 2 minutes. Measurements
were done in triplicate. The figures showed the average and standard deviations. RNA-
induced tau fibrils (RNA fibrils) in chapter 3 were prepared by mixing 20 M of tau with
300 ug/ml RNA (polyU, Sigma, P9528). 20 uM ThT was added to the mixture, and
the samples were immediately pipetted to a 384-well plate (Corning, 3844) and incubate
at 37 °C. In chapter 3-5, fluorescence intensity was monitored in a Bio-Tek Synergy 2
microplate reader (excitation 440/30, emission 485/20, number of flash 16). When ThT

fluorescence reached maximum, samples were collected to be heparin-induced tau fibrils.

A.3 Size exclusion chromatography

In chatper 2, disulfide-linked dimer and monomer of tau were separated by injecting 2
mL sample without DTT onto size exclusion column HiLoad XK 16/600 prepacked with
Superdex 200 (GE Healthcare Life Sciences) connected to a BioRad Duoflow FPLC, and
1 mL fractions were collected with a BioFrac fraction collector (BioRad). Prior to sam-
ple injection, the column was washed by 130mL degassed Mili-Q water at a flow rate of
0.5mL/min and equilibrated with 260mL degassed running buffer (20 mM ammonium
acetate, 100 mM sodium chloride) at 1mL/min. Samples were eluted from the column
with 150 mL running buffer at 1mL/min after sample injection. Fractions of each peak
were collected and concentrated using Amicon Ultra-4 centrifugal filters (Fisher Scien-
tific, UFC801024) right after elution and were analyzed for monomeric and dimeric state
by BN-PAGE. For SEC elution peak assignment, the elution of standard samples rang-
ing from 17 kDa to 440 kDa (eluted at 1mL/min) was used for reference according to
HiLoad Superdex 200 prep grade manual (data file 18-1100-52 AE). Dimeric taul87 is 44
kDa, whose elution peak matched the position of 44 kDa standard sample. Accordingly,

monomeric taul87 elution peak could be assigned.
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A.4 Tau fibrils digestion

Digestions of heparin were carried out by incubating heparin fibrils with Bacteroides
heparinase I (heparinase, New England Biolabs Inc. P0735S) and incubated at 30 °C
for 8 hours. Digestions of RNA were carried out by incubating RNA fibrils or seed-
induced fibrils with RNase A (RNase, Thermo Scientific, AB-0548) at room temperature
for 8 hours. Different concentration of heparinase/RNase were used (in all figures, 1x
heparinase: 1 Units of enzyme per 1 pg of heparin; 1x RNase: 2.5 ug/mL). The sample
denoted as “Control” in Fig. 3.1, “Non-digested” in Fig. 3.2 and “Non-digested fibril”
in Fig. 3.3A followed the identical incubation times and temperatures than the digested
samples but received buffer instead of enzymes. Pelleted fibrils (used in Fig. 3.2B RNA
fibrils, and Fig. 3.3A) were prepared from tau fibrils before digestion, by centrifugation
at 53,000 rpm (TLA-100.3 rotor) for 1h and resolubilizing in working buffer. The seed-
induced fibril swere digested with 1x RNase. Quantification and characterization of
digested heparin and RNA, and re-aggregation from digested fibrils were described in

the published paper [25].

A.5 In vitro seeding

In chatper 3, in the first generation, 20 pM taul87C291S in (100 mM NaCl, 20
mM ammonium acetate) was seeded with 5% mass of either mouse-extracted fibrils or
heparin-induced fibrils. The heparin-induced fibrils were sonicated in a bath sonicator for
20 min before uses. 20 uM thioflavin T was present in the buffer. “+cofactor” denotes
the presence of 120 pug/ml polyU RNA while “-cofactor” demotes no RNA added. After
seed addition, samples were placed in a 384-well microplate (Corning 3844) and ThT

fluorescence was measured in a plate reader (Biotek Synergy 2) at 37 °C with shaking.
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After 24 h, the samples were used as seeds for the second generation. 10% mass of the
end product of the first generation was added, after 20 min sonication in a bath sonicator,
to fresh taul87C291S with or without cofactor. First generation with/without cofactor
was used to seed second generation with/without cofactor, respectively.

In chapter 4, 50 uM cysless P301L taul87 was preincubated with 12.5 uM heparin in
20 mM ammonium acetate overnight to prepare tau-heparin fibrils. Preincubated tau-
heparin fibrils were subjected to sonication with probe sonicator (Omni International)
and used as the seed for the seeding experiment. 5% (molar ratio) of seed was mixed
with the freshly prepared tau monomer and designated concentration of polyanions in the
presence of 20 uM ThT. Fluorescence was monitored with Bio-Tek Synergy 2 microplate
reader.

In chapter 5, 5% to 15% (protein mass percentage) of CBD and PSP cell-derived
seeds were incubated with 50 M cysless P301L taul87 in 20 mM HEPES buffer to make
seed-induced fibrils. 20 M ThT was added to the mixture and the fluorescence was

monitored Bio-Tek Synergy 2 microplate reader.

A.6 Blue Native Polyacrylamide Gel Electrophoresis
(BN-PAGE).

BN-PAGE was prepared on Thermo Fisher Scientific NtivePAGE™ Bis-Tris Gel Sys-
tem. Cathode Buffer and Anode Running Buffer were prepared and cooled prior to use.
4ug of protein samples were premixed with NativePAGE Sample Buffer (4X) and Na-
tivePAGE 5% G-250 Sample Additive. Then, NativePAGE 3-12% Bis-Tris Protein Gels
(1.0 mm, 10-well, Thermo Fisher Scientific) was prepared and oriented in Mini-Cell. All

sample wells were filled with Cathode Buffer (1X) for better visualization. Samples and
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protein standard were loaded. The upper buffer chamber was filled with Cathode Buffer
(1X) and lower chamber was filled with Anode Running Buffer (1X). Then, electrophore-
sis ran for 110min at 150V constant. Once it was complete, the gel was fixed with fixing
solution (40% methanol, 10% acetic acid), and distained with distain solution (8% acetic

acid).

A.7 Negative stain TEM

10 pL of recombinant tau fibril samples were applied to copper grid (Electron Mi-
croscopy Science, FCF-300-Cu) cleaned with plasma for 20 s. Samples were stained with
10 pLi 1.5 w/v % uranyl acetate and were analyzed using a FEI Tecnai G2 TEM micro-
scope (FEI) at room temperature. For mouse-derived fibrils, tau fibrils extracted from
rTg4510 mice cortex (0.5 pug) were adsorbed on 200-mesh formvar-coated copper grids,
washed, and stained with a 2% uranyl acetate solution. Grids were then imaged with a

JEOL JEM-1230 (JEOL USA, Inc) at the indicated magnifications.

A.8 spin-labeling

Protein was spin-labelled using MTSL ((1-Acetoxy-2,2,5,5-tetramethyl-d-3-pyrroline-
3-methyl) Methanethiosulfonate) purchased from Toronto Research Chemicals. Prior to
labelling, samples were treated with 5 mM DTT, which was removed using a PD-10
desalting column. Then, 10x to 15x molar excess MTSL to free cysteine was incubated
with the protein at 4 °C overnight. Excess MTSL was removed using a PD-10 desalting
column. Labelling efficiency, defined as the molar ratio of tethered spin-labels over the
cysteines, was measured to be 50-60% for double-cysteine mutants and about 90% for

single-cysteine mutant used in chapter 4 or 5.
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A.9 CwEPR and spectra analysis

Cw-EPR experiments were carried out on Bruker EMX X-band spectrometer with
dielectric cavity (ER4123D). 4 uL of sample was loaded into a capillary tube (0.6 mm
i.d., 0.8 mm o.d.) and sealed at one end with critoseal. Samples were irradiated with
2 mW incident microwave power at 9.8 GHz using a 1 G modulation amplitude and a
sweep width of 150 G or 200 G. Spin counting was obtained by calculating the doubled
integral of the acquired derivative spectra, which is proportional to the number of spin
in the cavity. A 2nd polynomial fitted baseline was subtracted to the first integral before

applying the second integration.

A.10 Double Electron Electron Resonance (DEER)

Double-cysteine taul87 was expressed and spin-labeled as doubly-labeled tau (tau-
SL2) that contains two spin-labels in order to probe distances between two target residue
(in chapter 4, residues 272 and 285 and in chapter 5, residues 351 and 373, residues
334 and 360, and residues 340 and 378). Cysless taul87 was expressed and purified to
avoid disulfide bonding. In chapter 4, the protein stocks were concentrated, and buffer
exchanged against DyO-based buffer (100 mM NaCl, 20 mM ammonium acetate, 1.5
mM CaCl2) using Amicon centrifugal concentrators (10 kDa cutoff). A 1:10 molar ratio
tau-SL2:cysless sample of 57 uM tau-SL2 and 570 uM cysless was incubated with 157
1M heparin at room temperature for 24 h to prepare heparin fibrils (denoted as “before
digestion” in Fig. 3.3B). Heparin fibrils were then incubated with 120 U of heparinase
at 30 °C overnight to prepare digested heparin fibrils (denoted as “0.4x Heparinase”
in Fig. 3.4B). 35 uL. samples were mixed with 15 pL D8-glycerol (30% volume) before

transferring to a quartz tube (2 mm i.d.) and frozen using liquid nitrogen. Seeded-fibrils
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sample (Fig. 3.4B) was prepared as follow: A 1:10 molar ratio tau-SL2:ysless sample of
15 uM tau-SL2 and 150 uM cysless was incubated at RT with 825 pug/ml polyU and 1%
(protein mass) mouse braine-xtracted tau fibrils. After 12h, the sample was pelleted and
the fibrils solubilized in 35 uLL buffer and 15 L D8-glycerol before transferring to a quartz
tube (2 mm i.d.) and freezing using liquid nitrogen.

In chapter 5, tau-SL2 and cysless were stored in 20 mM HEPES in H,O. A 1:10
molar ratio tau-SL2:cysless sample of 57 uM tau-SL2 and 570 pM cysless was incubated
with 157 uM heparin at 37 °C 24 h to prepare heparin fibrils. As for CBD and PSP
seed-induced fibrils, a 1:10 molar ratio tau-SL2:cysless sample of 200 pM tau-SL2 and
200 pM cysless was incubated with 15% (mass) CBD or PSP seeds at 37 °C for 24 h to
prepare seed-induced fibrils. 50 pL of fibrils were then dialyzed to 20mM HEPES in D,O
at room temperature for 6 h using Pur-A-Lyzer™ Mini Dialysis Kit (Mini 25000, MWCO
25 kDa). 35 pL samples were then mixed with 15 pL. D8-glycerol (30% volume) before
transferring to a quartz tube (2 mm i.d.) and frozen using liquid nitrogen.

Four-pulse DEER experiments were carried out at 85 K using the Q-band Bruker
E580 Elexsys pulse EPR spectrometer operating at 4 GHz and equipped with a 300
W TWT amplifier. The following DEER pulse sequence was used: Tops/2 — 71 — Tops —
(t-Tpump) — (T2-t) — Tops — T2 — echo. Rectangular observe pulses were used with lengths
set to mobs/2 = 10-12 ns and wobs = 20-24 ns. A chirp mpump pulse was applied with
a length of 20-24 ns and a frequency width of 60 MHz. The observed frequency was 90
MHz higher than the center of the pump frequency range. 71 was 180 ns, and 72 was

set to 2.4ms.
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