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Department of Medicinal Chemistry

Tau is an intrinsically disordered protein (IDP) that pathologically aggregates in Alzheimer's
disease and over twenty other neurodegenerative diseases known as tauopathies. Unlike structured
proteins that exhibit one (or several) folded conformations, IDPs populate dynamic and
interchanging conformational ensembles. This makes IDPs difficult to study structurally and
challenging as drug targets. During aggregation, tau's ensemble is perturbed so that the disordered
monomers assemble into ordered cross-beta-sheet amyloid structures. Recent advances in cryo-EM
have revealed that many of the amyloid fibrils generated in different tauopathies display disease-
specific morphologies. These morphologies are reproducible through prion-like seeding both in
vivo and in vitro. While these observations imply that tau has a tunable self-assembly landscape, the
structural and kinetic mechanisms that control tau's amyloid morphology remain unclear. Further,
there could be great therapeutic potential in targeting species early in tau's aggregation pathway;
aggregation intermediates (i.e., mid-stage oligomers) are considered toxic in neurodegenerative
disease. Here, we describe the discovery and characterization of tryptanthrin and its synthetic
analogs as extremely potent tau inhibitors that target the earliest stages of aggregation. We follow
this with a pulsed hydrogen-deuterium exchange mass spectrometry (HDX-MS) investigation into
the origins of tau's amyloid heterogeneity and find evidence that distinct amyloid morphologies are
encoded at the start of aggregation. Together, these findings address critical open questions
regarding drug development for IDPs and the timeline of amyloid structural divergence.
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1. Introduction

1.1 Intrinsic disorder in biology

1.1.1 The structure-function paradigm

The protein structure-function paradigm has been a prominent framework in structural biology over
the last half-century. This framework states that a protein’s function arises from its structure and that a
three-dimensional native structure is imperative for a protein to perform its function. Today, this model is
known as the ‘sequence-structure-function’ paradigm and recognizes that the amino acid sequence of a
protein determines its structure'?. At first glance, intrinsically disordered proteins (IDPs) appear to break
the structure-function paradigm central to structural biology. In contrast to structured proteins that display
one or a small set of dominant tertiary structures, IDPs populate dynamic conformational ensembles in
which the protein chains undergo frequent rearrangement on a nanosecond to millisecond timescale.? The
difference in structural propensity between disordered and structured proteins arises from the amino acid
sequence of the protein chain in question. While structured proteins are enriched in hydrophobic amino
acids (e.g. valine, phenylalanine, tryptophan) that promote the formation of a buried hydrophobic core, IDP
sequences are depleted of hydrophobic residues and enriched in hydrophilic (i.e. charged) amino acids.*?
The sequence pattern of charged residues imparts behavioral propensities important for determining IDP
function (readers are directed to Ref. 3 for a comprehensive discussion of this topic).> Thus, instead of
thinking of IDPs as an exception to the structure-function paradigm, it is more helpful to recognize that

IDPs exhibit a sequence-ensemble-function relationship that is influenced by the environment.

1.1.2 IDPs function as environmental reporters

Recent estimates suggest that 30-40% of the proteome has at least one intrinsically disordered region
(IDR) of 30 residues or more, highlighting that disorder itself may play a crucial role in protein function.?
The protein disorder spectrum encompasses well-folded proteins with disordered connecting loops or
termini and extends to entirely unfolded random coil-like ensembles (Fig. 1.1).3

IDR ensembles can be characterized by properties such as compaction (e.g., radius of gyration, end-to-
end distance) or local transient structure (helicity) propensity. Without a stabilizing hydrophobic core,
IDR/IDP ensembles sensitively respond to changes in their local environment with changes in chain
expansion and compaction. For example, disturbances in pH can result in protonation (Asp, Glu, His) or
deprotonation (Lys, Tyr, His) of amino acid side chains, which in turn change the charge patterning of the
sequence and can result in charge repulsion or attraction. Depending upon the sequence distribution of

charged amino acids in an IDP, changes in environmental ionic strength give rise to or relieve electrostatic



shielding. Weak, nonspecific interactions between macromolecular crowders depend on the size of the
crowder and can cause chain expansion (small crowders) or compaction (large crowders). These and other
changes in environmental factors can perturb an IDR’s conformational ensemble and result in functional
consequences that alter downstream cellular function.> Consequently, IDPs/IDRs can quickly sense and
respond to changes in cellular physiology or adapt to changes in cytoskeletal architecture. In contrast to
structured proteins, IDPs can conformationally rearrange to interact with multiple binding partners,

allowing a single IDP to serve as a cell signaling ‘hub.’

1.1.3  Cellular function via molecular recognition and binding

Returning to the structure-function framework, the canonical model for molecular recognition (i.e.,
non-covalent interaction between different molecules) is one in which there is both chemical and structural
complementarity. For structured proteins, this model works well to explain the selectivity with which a
protein can bind to a specific biomolecule. As an extreme example, the non-covalent interaction between
the protein streptavidin and its ligand, biotin, is one of the strongest in nature with a dissociation constant
(Kp) of approximately 10"'* mol/L.* The strength of this interaction arises from the shape complementarity
between the two molecules and the extensive network of hydrogen bonds that form between biotin and the
streptavidin binding site. While this molecular recognition model works well to describe binding between
structured proteins, it insufficiently describes the recognition between IDRs/IDPs and their binding partners
(e.g., lipids, biopolymers, proteins), where one or both may exist as disordered ensembles in the “binding”
interaction.

IDRs exhibit three main binding mechanisms: coupled binding and folding, fuzzy binding, and fully
disordered complexation (Fig. 1.1).> The coupled binding and folding mechanism most closely aligns with
the structured molecular recognition model and describes the process in which a disordered region folds to
allow shape and chemical complementarity within the bound complex. This binding can involve various
partners, including IDRs with other IDRs, structured proteins, or nucleic acids.? For example, the N-
terminal IDR of p53 autoinhibits p53 transactivation in its disordered state but forms helices upon binding
p53 regulatory proteins.>>¢ Fuzzy binding depends on the environmental context and binding partner in
question and can lead to different bound ensembles that display various levels of heterogeneity. Of note for
this work, fuzzy binding can be further subclassified due to the presence of static or dynamic disorder; the
formation of amyloid fibrils from IDPs provides an example of static disorder in which one IDP forms
conformationally distinct fibrils that do not interconvert. Finally, some IDRs/IDPs bind as fully disordered
complexes, as is the case with the histone chaperone prothymosin alpha and the linker histone H1.0.? These

proteins are strongly and oppositely charged, resulting in electrostatically driven binding that is sensitive to
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changes in ionic strength. Although defining distinct binding modes is useful for conceptualization, the
binding mechanisms of IDR to partners exist as a continuum, as illustrated by the “quasi-ordered”
mechanism suggested by Clouser et a/. that falls between the fuzzy binding and coupled folding and binding
regimes.’

In addition to associating with other proteins, IDPs can bind numerous species including biopolymers,
lipids, and metals. Extensive work within the last decade has highlighted that IDPs exhibit both functional
(e.g., liquid-liquid phase separation - LLPS,® membrane poration®) and pathological self-association'’. Self-
association causes a concurrent decrease in disorder, resulting in diminished interconversion of IDP
conformers and, sometimes, in the formation of pathological protein aggregates. IDP dysfunction is
associated with diseases such as cancer (p53), diabetes (hiAPP), and Alzheimer’s Disease (AD, amyloid-

beta and microtubule-associated protein tau), the latter of which will be discussed in section 1.2.1.

1.1.4 Regulation through post-translational modification

The proteome is rich with post-translational modifications (PTMs) that impart chemical and structural
diversity beyond that conferred by amino acid sidechains. PTM usually involves the enzymatic addition of
a chemical functional group, such as phosphoryl, alkyl, glycosyl, or acyl groups, or the conjugation of a
small protein, like ubiquitin or SUMO, to an amino acid sidechain.!' IDPs exhibit a high rate of PTM and
can have multiple copies of a single PTM or a combination of multiple different PTMs distributed along
the protein sequence. The identity and distribution of PTMs result in altered conformational ensembles,
which in turn modulate the interactions of IDPs with their binding partners and other cellular components.
Regulation of IDPs by PTMs occurs by altering an IDP’s chemistry (e.g., electrostatics), changing the IDP’s
propensity toward secondary structural elements, or by altering long-range tertiary contacts within the IDP
or between the IDP and interaction partners.!!

Phosphorylation is one of the most common PTMs, occurring in at least 30% of eukaryotic proteins
and most often within IDRs. During phosphorylation, a neutral hydroxyl (OH) group is replaced with a
doubly negative tetrahedral phosphoryl group (PO4*). This results in large changes in the steric,
electrostatic, and chemical properties of the sidechain that are partially recapitulated by phosphomimetic
amino acid mutations to Asp or Glu. The introduction of a phosphoryl moiety often increases intra- and
intermolecular electrostatic interactions through salt bridges or interactions with helix dipoles. In the case
of microtubule-associated protein tau (MAPT, tau), hyperphosphorylation neutralizes tau’s inherently

positive charge, which destabilizes tau-microtubule binding and may promote tau’s self-association.'?



1.2 Tau biology and dysfunction

Tau is expressed at high levels (1-10 uM) in neurons and at low levels in glial cells.!*!* Physiologically,
tau plays a role in stabilizing microtubules and regulating their dynamic reconfiguration by weakly binding
to tubulin dimers in addition to regulating axonic outgrowth in neurons. Tau is also purportedly involved in

the insulin signaling pathway'®, iron homeostasis'®!”

, and processes such as long-term synaptic signaling
depression.'®!” Studies of tau’s interactome reveal interactions between tau and RNA, RNA-binding
proteins, and species such as metal ions, other anionic biopolymers, and anionic lipids.?*?! As mentioned
previously, many of tau’s interactions with other molecules are influenced by PTMs, and it has been shown
that phosphorylation patterns differ between healthy patients and those with neurodegenerative diseases.
Tau is composed of 4 domains: the N-terminal projection domain, the proline-rich region, the
microtubule-binding region (MTBR), and the C-terminal domain (Fig. 1.2). Alternative splicing of the
MAPT gene results in six tau isoforms in the human central nervous system. The isoforms contain 0, 1, or
2 N-terminal inserts due to alternative splicing at exons 2 and 3 and contain 3 or 4 repeats in the MTBR
due to the inclusion or exclusion of exon 10. The splice variants are known by the number of N-terminal
inserts and MTBRs present; as such, 2N4R is the longest isoform at 441 amino acids and ON3R is the
shortest at 352 amino acids.?? The expression and distribution of 3R and 4R tau isoforms are similar

throughout healthy brains but this ratio is perturbed during disease.?**

1.2.1 Tauopathies

To date, more than 26 tauopathies have been identified which are characterized as 3R (e.g., Pick’s
disease), 4R (e.g., Corticobasal degradation), or 3R/4R (e.g., AD) because of the predominant tau
isoform(s) found in amyloid deposits.?*?* Tau diseases are further classified into primary and secondary
tauopathies based on whether tau’s aggregation is a major constituent of pathology or thought to be a
response to other pathological disruptions (e.g., amyloid-beta aggregation during AD).!>%° There are several
disease-associated mutations in the MAPT gene such as P301L/P301S or AK280. P301L is the most
common MAPT mutation, but all three mutations are involved in frontotemporal dementia (FTD).?
Although mutations in the MAPT gene are not linked to pathology in AD, mutations in genes such as APOE,
APP, and PSENI1/2 increase the risk of AD due to increased tau accumulation and changes in tau
phosphorylation.?® The fact that tau mutations are sufficient to induce neurodegenerative disease highlights
the importance of tau in neuronal homeostasis.

Tauopathies present clinically as movement disorders, cognitive/behavioral or language disorders,
dementia, or a mixed profile. Patients with movement disorders such as Progressive Supranuclear Palsy

syndromes (PSPs) may exhibit postural instability, tremors, rigidity, gait freezing, bradykinesia (movement
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slowing), or cerebellar ataxia (sudden loss of muscle coordination).”> Some forms of PSP exhibit mixed
clinical phenotypes, such as those observed in PSP-F, in which patients display disinhibition and apathy,
PSP-RS in which patients develop mild dementia, and PSP-SL, in which patients exhibit labored speech
and impaired grammar while maintaining comprehension. Like PSPs, FTD has several subclassifications
that may or may not include parkinsonism. Chronic traumatic encephalopathy induces cognitive, motor,

26 AD, the most common and well-known

and psychiatric changes such as depression and suicidality.
tauopathy, results in amnesia, language deficits, and impaired executive function.?

Provisional diagnoses are given for these conditions because confirmatory examination of tau amyloid
pathology can only be done post-mortem. Imaging techniques such as PET scan, MRI, and fMRI give
clinicians the ability to detect pathological tau and its localization in the brain ante-mortem.?’%° The
distribution of pathological tau is often used to describe disease progression because the infiltration of tau
pathology into a new brain region brings with it a further disruption of brain tissues and, therefore, further

symptom development.

1.2.2  Amyloid formation and incomplete mitigation by molecular chaperones

A common feature of neurodegenerative diseases is the formation of amyloid fibrils. Amyloid
aggregates are long fibrillar structures with a core of repeating beta-sheet units. Amyloid fibrils are held
together by extensive hydrogen bonding networks and side-chain interactions between protein subunits.
Amyloid aggregation follows a defined pathway in which soluble monomeric protein (IDPs, in this case)
undergoes a change that results in an aggregation-competent activated monomer. These proteins then serve
to template others, forming on-pathway oligomers. Further addition of monomers to oligomers leads to the
formation of insoluble amyloid fibrils. Toxicity in some amyloid diseases arises from the extracellular
deposition of amyloid fibrils (e.g., cardiac amyloid in transthyretin amyloidosis), but toxicity observed in
neurodegenerative diseases more commonly arises from soluble oligomers.**3* The onset of
neurodegenerative disease symptoms does not occur until early middle age or later, implying the presence
of an innate mitigation system that prevents or slows amyloid formation. For example, several chaperones
are known to interact with tau, and recent work has revealed different aggregation-delaying mechanisms

exhibited by the molecular chaperones HspB1 and Hsc70.35-3¢

1.2.3 Prion-like seeding
Although chaperones might delay the onset of tau aggregation, there is evidence that tau pathology can
spread from cell to cell in a prion-like manner. This behavior was first observed in cells that expressed

fluorescently tagged tau, which localized into puncta after addition of tau amyloid fibrils to the cell media.?’
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Since then, the development of biosensor cell lines has facilitated the exploration and quantification of
intracellular tau aggregation from unique ‘seeds.’*® Seeds, small pieces of amyloid fibril, propagate their
own morphology by structurally templating the aggregation of monomeric tau. This behavior extends
beyond in vitro studies; injection of well-characterized seeds into the brain of model mice expressing 1N4R-
P301S tau resulted in the fidelitous transmission of seed morphology to progeny.** While the mechanism(s)
behind the transcellular spread of pathological tau remains under investigation, these studies laid the

foundation for determining the origins of amyloid heterogeneity.

1.2.4 Tau amyloid morphologies in vivo and in vitro

Pathological amyloid deposits are a hallmark of tauopathies. Although aggregation follows a similar
pathway (i.e., disordered monomer to structured fibril) in each of these diseases, many of the resulting fibril
morphologies are distinct, disease-specific, and reproducible through seeding. Some diseases exhibit
multiple fibril types while others only display one predominant conformation. Fitzpatrick and Falcon
provided unprecedented insight by cryo-EM into the unique morphologies tau fibrils exhibit in AD and
Pick’s disease.***! Since then, there have been several attempts to structurally classify tau amyloid
morphologies based on the identity and arrangement of tau domains in the fibril core (Fig. 1.10).4*4

Recently, Lovestam ef al. have described and validated the generation of disease-relevant fibrils from
recombinant tau,*> while others have focused on the characterization of attributes unique to certain tau
aggregation reactions.*** Tau’s in vitro aggregation often requires hyperphosphorylation or the addition of
a polyanionic cofactor to overcome the electrostatic repulsion between the many lysine residues in tau’s
MTBR. These polyanions, called aggregation inducers, include RNA, polyphosphate, and the well-studied
heparin. Comparisons of inducer-aggregated tau showed that the morphology of these fibrils is
polymorphic, different than any morphology observed in vivo, and inducer-dependent.*®*” This behavior
also extends to seeding in vitro, which together offer the opportunity to explore the origins of and barriers

to structural templating.

1.3 Structural studies of IDPs

1.3.1 Traditional solution-based techniques

Despite the inordinate amount of research that has been put toward tauopathies (AD in particular), the
structural changes that occur during amyloid formation have not been described in detail. Notably, these
intermediate species are thought to be responsible for toxicity in neurodegenerative diseases, so advancing
our understanding of their structure and behavior is critical. A structural understanding of tau’s aggregation
intermediates could lead to disease-specific diagnostics and therapeutics aimed at preventing
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neurodegeneration as opposed to responding to impairments it causes. The dearth of information
surrounding amyloid intermediates is in large part due to the experimental difficulty associated with
studying IDPs. While cryo-EM offers revolutionary high-resolution structural insight for structured proteins
and end-stage amyloid fibrils, the technique is not suitable for studying dynamic species such as IDP
ensembles or oligomers.

Despite the advantages of the techniques mentioned above in isolation and in concert, all have
limitations. NMR studies are limited to proteins or complexes of ~100 kDa or less (e.g., tau 2N4R dimers)
and are performed at protein concentrations an order of magnitude higher, or more, than in biology. While
FRET and FCS are not limited by protein size and can be performed at physiologically relevant
concentrations, both are constrained by the addition of an exogenous fluorophore that can perturb the
conformational ensemble. To circumvent these limitations, mass spectrometry-based approaches are

gaining popularity.

1.3.2 Hydrogen-deuterium exchange with mass spectrometry (HDX-MS)

Portions of this text have been reproduced from:

1 James EI, Murphree TA, Vorauer C, Engen JR, Guttman M. Advances in Hydrogen/Deuterium
Exchange Mass Spectrometry and the Pursuit of Challenging Biological Systems. Chem Rev. 2022 Apr
27;122(8):7562-7623. doi: 10.1021/acs.chemrev.1¢00279. Epub 2021 Sep 7.

HDX-MS relies on the exchange of protein backbone amide protons for solvent deuterons. The reaction
is allowed to proceed for predetermined amounts of time, after which HDX is quenched by acidifying the
reaction to pH 2.5. The exchange of hydrogen for deuterium causes increased mass which can be localized
to a particular amide bond through various fragmentation methods. Bottom-up HDX-MS, in which an intact
protein is proteolyzed after HDX but prior to ionization, is the most common fragmentation strategy but is
limited by the promiscuous cleavage specificity of acid-active proteases. Top-down HDX-MS circumvents
this problem by utilizing gas-phase chemical reactions to fragment proteins with high spatial resolution and
without the caveats of enzymatic cleavage. Middle-down HDX-MS experiments combine proteolysis and

post-ionization top-down chemical reactions.

1.3.2.1 Global and top-down HDX-MST
From the early years of HDX-MS, deuterium exchange kinetics have also been monitored on an intact

protein level.**-5! While this does not provide local information throughout the protein sequence, it does



offer a way to monitor the sum-total exchange of all amides on a global level. This approach has proven
useful for a variety of applications over the years, including detecting conformational changes in different
protein states, quantifying ligand-binding affinities, and enabling high throughput ligand binding screening
for target proteins.’?’ Global HDX-MS also has an inherent advantage of being well-suited for detecting
subpopulations of conformers and tracking slow correlated protein conformational changes (EX1 kinetics)
[reviewed in Ref. 58]. This later approach was used recently to track how detergents and ligand binding
influence the global conformational profiles of membrane proteins.>

An emerging approach in proteomics has been the application of a top-down strategy for characterizing
proteins.® The intact proteins are ionized and activated to generate a large series of fragment ions to track
the sequence and map post-translational modifications throughout the sequence. An inherent advantage of
examining the intact protein directly is the ability to resolve various populations resulting from different
combinations of PTMs across the protein (“proteoforms”) that would otherwise all be pooled together with
a typical bottom-up approach (see Fig. 1.4 for an example). The advent of fragmentation techniques like
ECD and ETD that have circumvented the issues of deuterium scrambling have paved the way for a top-
down approach to enable high spatial resolution HDX-MS analysis from an intact protein analyte.®"%> The
mass shifts of all the ¢ and z ions in the MS/MS spectra are used to calculate deuterium incorporation
throughout the sequence (Fig. 1.3).

A major advantage of top-down analysis is the ability to mass-select different conformers within a
sample of a protein based on global deuterium uptake. The mass-resolved conformers can then be
individually characterized by their deuterium exchange profiles from all the fragment ions.®*** A similar
mass-resolved top-down approach was used to study how different phosphorylation states influenced the
conformational dynamics of calmodulin.®> With four known phosphorylation sites, there are 16 possible
phosphorylated calmodulin proteoforms. Using top-down fragmentation, it was found that only six of these
potential species exist in vitro and that phosphorylation of these sites occurs in a sequential manner. Using
a top-down HDX-MS approach, they discovered that structural differences only arise in the tetra-
phosphorylated calmodulin, directly identifying how the degree and sites of phosphorylation affect
conformational dynamics, which would not have been possible to resolve with a bottom-up approach (Fig.
1.4). Integration of capillary electrophoresis has proven a highly complementary tool when combined with
HDX-MS.® Capillary electrophoresis (CE) under native conditions is used to resolve different conformers,
which are then structurally characterized by top-down HDX-MS using ETD. The ability to both resolve and
characterize conformationally distinct subpopulations through multiple means is a powerful increase for

the comprehensive characterization of biopharmaceutical proteins.®’


https://pmc-ncbi-nlm-nih-gov.offcampus.lib.washington.edu/articles/PMC9053315/#fig26

The frequent challenge with top-down studies is low sensitivity, which often necessitates collecting and
averaging spectra over longer periods, which can be up to several minutes depending on the signal quality.
To enable long collection times, several approaches have opted to use volatile buffers and directly analyze
the quenched sample by mass spectrometry, thereby alleviating the need for a desalting or LC step.
However, this imposes a restriction on which buffers can be incorporated for the protein labeling step, as
most nonvolatile salts at even low mM levels can be problematic for MS analysis. Another complication
with bypassing a desalting step is the inability to use high concentrations of reducing agents to reduce
disulfide bonds, which present a barrier for effective ECD/ETD fragmentation. To this end, Wang et al.
demonstrated using f2-microglobulin that even low concentrations of TCEP (5 mM) could be included in
the infused protein sample to effectively reduce disulfide bonds while still being able to observe protein
signal in the MS.*® Another downside to not using a desalting step is that deuterium incorporated into side
chain positions will not be washed away, meaning there can be variable numbers of deuterium on different
residues according to the number of exchangeable positions at the side chains. Such data can be complex
to analyze, whereas a short desalting step washes away deuterium in the side chains, leaving only exchanged
deuterium at backbone amide positions, thereby simplifying data interpretation.

Whether or not a desalting step is used, minimizing back-exchange is critical for any top-down HDX-
MS study. Deuterium loss during the MS acquisition will result in a mass shift that, when averaged, can
artificially broaden the isotopic distribution and greatly complicate deuterium uptake calculations. To this
end, several groups have adopted subzero cooling systems for top-down HDX-MS analysis that are capable
of sufficiently reducing back-exchange to allow for collection of data for several minutes with stable
deuterium levels.5*7°

The spatial resolution obtainable with top-down analysis is determined by the number of fragment ions
that are observed in the MS/MS spectra. Efficient fragmentation becomes increasingly challenging for
larger proteins. To expand both sequence coverage and spatial resolution, bottom-up and top-down HDX-
MS analyses can be combined.”"’* A “middle-down” approach has also been used in proteomics to obtain
better sequence coverage. Unlike a bottom-up approach, very highly specific proteases are used to
predominantly generate large peptides, which are then typically analyzed by ETD/ECD.” For HDX-MS,
all available proteases are relatively nonspecific, making it nearly impossible to achieve efficient proteolysis
at only a limited set of sites on the protein. Pan et al. developed a middle-down HDX-MS approach to
maximize coverage for Herceptin.”* Limited pepsin digestion was achieved by not reducing disulfide bonds
until after the digestion step to minimize the number of accessible cleavage sites. Pepsin was inhibited in
the subsequent disulfide reduction step by the addition of pepstatin and produced three large fragments that

could be well-resolved and produce a rich set of fragment ions (Fig. 1.5). The combination of top-down
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and middle-down analysis yielded a coverage for the heavy chain of 95%, where with top-down alone it
was only 50%.° Other proteases with more limited substrate specificity may offer another way to obtain

limited fragmentation for middle-down HDX-MS analysis’ (see section 2.3.1 of Ref. 76).

1.3.2.2 Theoretical considerations (for HDX-MS of IDPs)t

Of the available structural characterization techniques, HDX-MS is particularly well-suited to the
study of IDPs because it can detect and resolve changes in protection resulting from weak or transient
hydrogen bonding without perturbing the IDP structural ensemble.”®”” Although HDX-MS experiments can
offer valuable insight into IDPs, the detection of transient hydrogen bonding remains challenging. Very
short time points (milliseconds) are often required to access relevant amide exchange kinetics for IDPs, a
significant departure from the seconds—hours long time points used for typical HDX-MS samples.
Furthermore, quantifying the level of transient hydrogen bonding in IDPs and IDRs requires an accurate
intrinsic exchange rate (ka) for the fully unstructured state for comparison. In the case of IDPs, it is
challenging to accurately create and measure the exchange of a truly unstructured reference.”’
The ko estimates are commonly calculated from values obtained from extensive NMR studies of
unprotected amides. In this method, the intrinsic exchange rate for a particular amide is predicted by
accounting for its position in the sequence and all relevant solution conditions.”” Despite the sophisticated
calculations established for accurately predicting k., some studies have noted instances where the measured
exchange rate of IDPs and IDRs is faster than the prediction (Fig. 1.6 A,B).8** These findings have led to
updates in the tools used for predictions of ke, for proteins as outlined recently by Nguyen et al.’5 Walters
introduced a similar empirical approach for accurately calculating local energetic differences in
comparative HDX-MS studies without the need for estimated exchange rates.®

In an effort to alleviate possible mispredictions in ke, Al-Nagshabandi and Weis* developed a different
approach to quantify the level of transient structure in IDPs. The authors introduce a strategy for empirically
determining intrinsic exchange rates of IDPs using predigested peptides from the proteins of interest as
references. By measuring protection in both the full protein and the peptides from the predigested protein,
it is possible to directly calculate the protection ratio within each region independent of theoretical
predictions. Although this value resembles a protection factor, the authors caution that thermodynamic
interpretations applicable to protection factors may not hold in the case of protection ratios. The authors
demonstrate the efficacy of this approach on the fully disordered ACTR and the molten globule CBP,
finding that some predigested peptides exchange on a faster time scale than the experimental peptides (Fig.

1.6 C,D).
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1.3.2.3 Methods for IDPs¥

With IDRs and IDPs, at physiological conditions, amide exchange happens on the millisecond time
scale.”80.87% Perturbing the experimental conditions by lowering the pH or temperature to slow
the ken offers a way to probe the fast kinetics in both structured and unstructured proteins® but will likely
reduce the physiological relevance of the study. The millisecond exchange time scale of IDPs and the desire
to remain near physiologically relevant conditions has prompted the use of millisecond HDX. Traditional
quench-flow systems are well-suited for tracking fast dynamics in proteins and have been employed for
probing fast time scales for HDX-MS with high precision.?®* Simpler rapid mixing systems have also been
described which are capable of probing time scales relevant to many disordered regions.®® Deuterium
exposure time in quench-flow or rapid mixing devices is varied by changing either the flow rate or the
length of the deuteration loop between the D,O/protein mixing stage and the introduction of quench in a
second mixing chamber. Offline quench-flow HDX-MS sample preparation does not directly interface with
the mass spectrometer; samples may be prepared and stored at —80 °C for later analysis. Keppel et al. made
use of such an apparatus in their work on EGFR and HER3 to access time points from 108 ms to 2.033 s.%
The authors also performed manual HDX-MS to extend their observations from 5 s to 2 h, showing the
utility of this method for bridging time scales relevant to IDP exchange kinetics. More recently, chip-based
rapid mixing devices have been fabricated using thiol-ene photochemistry that offer a convenient approach
for rapid mixing and quenching with a time scale of 140 ms to 1.1 s.%® Related to rapid mixing devices,
automated sample handling systems have employed mixing strategies to also sample down the time ranges
approaching 100 ms, adding another approach for probing fast time scales®’ (see automation section of Ref.
76).

A strategy that uses nested capillaries was also shown to be effective for monitoring exchange on very
short labeling times. Time-resolved electrospray ionization (TRESI)-HDX, developed by Wilson and
Konnerman in 2003,”® consists of a nested capillary mixing system connected to a variable volume reaction
chamber. The effluent from the reaction chamber is quenched and sprays directly into the mass spectrometer
ESI source (i.e., an online method). This setup allows investigation of time scales ranging from 42 ms to 8
s, making it a powerful tool to resolve fast kinetics. More recent implementations have incorporated a
pepsin digestion chamber to enable bottom-up analyses.”” The main downside to spraying the quenched
sample directly into the mass spectrometer is the potential for nonvolatile buffer components to interfere
with MS analysis (see section 2.7 of Ref. 76). TRESI-HDX has recently been utilized to resolve fast kinetics
on native and phospho-tau'® and investigate the amyloidogenic shift attributed to tau
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phosphorylation.'”" These studies were able to detect increased exposure of the hexapeptide two region in

phospho-tau, a key region for pathological tau aggregation.
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1.3.2.4 Localizing disorder in proteinsf
One of the most straightforward applications of HDX-MS is the ability to readily identify disordered
regions within proteins. This approach continues to be utilized to pinpoint disordered regions in isolated

93.102-105 and viral accessory proteins.!%1%7 HDX-MS was also able to identify Ana2 as an IDP'%® and

proteins
to confirm contraction is disordered in solution and thereby resolve a long-standing debate in the field.!”
Killoran et al.!'® used HDX-MS to assess the structure and dynamics of Cby, a wnt-signaling antagonist
that had evaded previous structural characterization due to line broadening observed in NMR studies. In
this case, the results allowed the authors to locate the boundaries of the Cby coiled-coil domain and to
elucidate the role of the C-terminal disordered region in Cby solubility. HDX has also been effective for
probing dynamics in large macromolecular complexes.!"''° In many cases, HDX-MS was used in
combination with other biophysical and biochemical characterization techniques to determine complex
stoichiometry and the overall molecular architecture. HDX has also become an important tool for the

116

structural characterization of aggregation prone IDPs such as o-synuclein''® and antithrombin,''” to

investigate the structural effects of PTMs known to increase aggregation,'%%10!

and to probe the influence
of other protein domains on the aggregation properties.''

Identification of specific disordered segments has greatly aided efforts for full structural determination
of proteins. Pantazatos et al.!'” demonstrated the application of HDX-MS to localize disordered regions of
proteins to guide re-engineered protein constructs to enhance crystallography. This proof-of-concept work
on 24 proteins from Thermotoga maritima demonstrated that some disorder-depleted proteins can maintain
the integrity of their folded domains and thereby be amenable for crystallography studies. While this
strategy does not work for all proteins, Fowler et al. recently showed the applicability of this technique in
the identification and deletion of disordered regions of P14KIIIp to create a construct amenable for
crystallography.'? They further demonstrated the role of HDX-MS in crystallography by comparing the
dynamics of the wild-type P14KIIIp and its disorder-depleted form, showing that the deuterium uptake for
the remaining regions is unaffected, implying that the dynamics of the entire protein were not disturbed by
the deletions.

HDX-MS has also been useful for resolving how residual structure of IDPs and IDRs are integral to
their function and probe the influence of disordered regions on the other folded domains of the protein.
Trabjerg et al.'”! investigated the opposing biological activity of dimerized proNGF and dimerized NGF by
HDX-MS and found that the pro- region of proNGF is unstructured and, interestingly, protects mature
(folded) regions of proNGF from exchange. In a similar investigation of the impact an unstructured region

can exert on a structured region, Clouser et al. found that the N-terminal disordered region of HSPB1
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dimerizes and binds to a single groove in multiple orientation-specific conformations.” Mutations in
noncontiguous regions of the disordered domain influence the deuterium uptake observed elsewhere on
HSPB1. Mysling et al.'?? observed that the N-terminal disordered region of GPIHBP1 functions to promote
an encounter complex that results in tighter binding between the folded domain of GPIHBP1 and the LPL
homodimer. On a similar theme, Saikusa et al.'** used HDX-MS to study how histones H2A and H2B
exhibit differences in dynamics between their wild type and disorder-depleted forms. The authors caution
that deletion mutants should be characterized by HDX-MS to determine if deletion influences global protein
structure or dynamics.

124125 o d

An array of recent studies has also shown that IDPs can be highly perturbed by mutations
post-translational modifications, particularly phosphorylation.!?*'? IDPs generally exhibit disorder-to-
order transitions upon binding,'*° however, Kacirova et al. noted that phosducin actually did not show

131 Papanastasiou et al. used similar methods

ordering upon binding its regulatory partner 14-3-3 protein.
to observe the difference between complement protein iC3b and its mature form C3b, finding that removing
the immature portion of iC3b leads to a disorder-to-order transition, resulting in a structured CUB domain

only observed in the mature C3b protein.!*? Other HDX-MS studies of IDPs have disorder-to-order

133 57,134

transitions upon binding ligands such a metals, > small molecules, and lipid membranes. '

Hamdi et al. exemplified the investigation of disorder-to-order transitions in IDPs in their study of
ripening proteins HVASR1 (barley) and TtASR1 (wheat).!*® With a combination of Stoke’s radius, SAXS,
CD, and HDX-MS, the authors found that the addition of glycerol, zinc, and TFE can increase order within
the proteins. By HDX, the authors determined that the addition of TFE alone does not affect HDX, but
either zinc alone or TFE and zinc together induce global reductions in HDX due to increased structure
formation (Fig. 1.7). The authors localized the area affected by the addition of TFE and zinc as residues
105-115 in HvASR1 and 104-113 in TtASR1, identifying these regions as bona fide molecular recognition
elements and highlighting the applicability of HDX-MS for resolving factors that affect protein folding.

HDX-MS is well-suited for tracking ordering associated with complex formation. Ramirez et al.
characterized a molten globule unfolding intermediate of the obligate homodimer phosphofructokinase-2,
which exhibits strong coupling between dissociation and unfolding."*” In a similar study, Dembinski et al.
monitored the folding state of IxBa in a ternary complex with NFxB and found that [xBa begins to fold
during the release of DNA. The authors resolved that two regions of [kBa remain partially unfolded in the
ternary complex, which helps to explain line broadening observed in NMR experiments of the ternary
complex.*® De Vera et al. examined another DNA binding complex composed of SRC-2 and the

PPARYy/RXRa heterodimer and concluded that ligand and DNA cooperatively recruit the SRC-2 interaction

domain to the heterodimer.'** Other groups have employed HDX to monitor domain-swapping of proteins
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such as FoxP, which functions as a domain-swapped dimer. Medina et al. found that there are several
intermediate domain-swapped states of FoxP that vary in the degree of disorder they exhibit.'*°

IDPs behave distinctly from structured proteins, and understanding their response to the cellular
environment (e.g., crowding) is necessary to understand their biochemistry. Rusinga and Weis characterized
the effects of molecular crowders on the IDP ATCR to interpret structural changes, which could previously
not be sufficiently explained by volume exclusion theory.'#! Using predeuterated Ficoll as a crowding agent,
they found that IDPs display complex behaviors in crowded environments that depend on the structure and

concentration of the crowder. The concentration-dependent effects on secondary structure by crowded

environments may play a functional role in modulating IDP activity.

1.3.2.5 Pulsed labeling HDX-MS and protein folding studiest

The HDX-MS described so far has been primarily continuous-labeling experiments in which the protein
is exposed to D>O while structural fluctuations occur. Deuteration levels in continuously labeled proteins
integrate the number of molecules that behave dynamically during the labeling period, which can range
from milliseconds to days. In contrast, in pulsed-labeling experiments, the duration of D,O exposure is
fixed and short compared to the time scale of structural changes. Short pulses of labeling can deuterate
primarily unfolded regions, and this strategy has been shown to be applicable to all manner of unfolded
proteins, including polypeptides that are in the process of conversion to/from the native structure through
protein folding/unfolding as well as intrinsically disordered proteins (IDPs) (discussed in previous
sections). Pulsed-labeling provides structural snapshots that can reveal the fraction of each region of the
protein that is folded at different stages in the folding process and reveal intermediate folding states (Fig.
1.8).3092-94.142-144 1py 3 recent review on the folding of apomyoglobin, Nishimura highlights the power of
HDX in combination with NMR to probe these intermediate folding states.!*> Recent folding studies have
detected a foldon pathway in cytochrome ¢ consisting of units that exhibit the same energetic steps in both
the forward and reverse reactions.'*®

Other groups have employed pulsed HDX experiments to identify interaction sites between protein
subunits or binding partners. Many of the original intact-level protein folding studies were performed with
pulsed labeling.’!14* Short labeling times were shown to be more appropriate for revealing changes
associated with protein interfaces.”""'*’ In more recent years, pulsed HDX methods have been used to study

8 and the interactions with lipoprotein lipase.'**!'* Dornan et

the interfaces within potassium channels
al.'’® combine pulsed and continuous HDX experiments with electron microscopy to characterize the

heterotrimeric PIKIIIo/TTC7B/FAM126A complex. By pulsed HDX, the authors determine the extent of
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secondary structure throughout the protein complex, finding that regions unobserved in the EM structure
appear dynamic by HDX.!'"®

Benhaim et al.'®

used a pulsed HDX approach to monitor complex structural changes during the fusion
activation of influenza hemagglutinin (HA) on the surface of intact infectious virions. Sequential local
conformational changes in HA were tracked after activation to reveal two on-pathway intermediates during
HA activation. The previous understanding of activation had been based on studies of the isolated soluble
ectodomain of HA, and the study revealed how activation of the soluble HA ectodomain was distinct from
that of the intact protein on the surface of the virion.

Pulsed HDX can provide critical structural information on the process of protein aggregation. Wang et

31.151

monitored the oligomerization and accompanying structural changes in CsgE, which is thought to act
as a chaperone-like subunit active during amyloid formation of the curli protein. They found evidence of at
least three intermediate oligomerization states and observed a large structural rearrangement upon CsgE
oligomerization. In a study on CsgA, the major component of curli protein, Wang et al. deciphered the

152 Sabareesan and Udgaonkar'> tracked the aggregation of

effects of deamidation of CsgA on aggregation.
the wild-type prion protein (PrP) to the N-terminal region of the protein, consistent with positions of
mutations known to increase aggregation. Finally, Renawala et al.'>* studied calcitonin, an aggregation-
prone therapeutic peptide hormone, to determine the effects of disulfide reduction on its aggregation
kinetics. Interestingly, they found that reduced calcitonin aggregation involves different residues than wild-
type (Fig. 1.9), demonstrating the utility of pulsed HDX approaches to therapeutic protein development.
Beyond providing structural and kinetic insight, pulse labeling has also been useful for characterization
of protein ligand binding properties. By varying ligand concentration, it is possible to extract binding

155,156

affinities and assess the effects of numerous ligands on protein stability.!3”!® These approaches have

paved the way to high throughput studies to identify inhibitors against therapeutic protein targets.'>’
Several methodological and data processing advances in pulsed HDX have been introduced in recent
years. Pansca et al. mined existing pulsed HDX data from rapid folding experiments and found a correlation
between the backbone rigidity of a sequence and early protection from HDX during folding.'*® Raimondi
et al., introduced EFoldMine, an early folding prediction tool built on similar pulsed HDX-NMR data of
early folding states.'¢' The authors validated the EFoldMine predictions with pulsed HDX-MS experiments.
On the experimental side, Makepeace et al. demonstrate that a 2.5 s deuterium pulse in the ligand bound
and unbound states followed by intact protein MS can be used to estimate the number of exchange-
competent amides in each state.’’ Finally, Tsirigotaki et al. described a pulsed HDX approach to study the

non-native and disordered translocation-competent states of secretory proteins to identify short, structured

regions.'®?
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1.4 Drug discovery: tau as an example of disordered pharmacological targets

Historically, pharmacological interventions have focused on proteins that are integrally involved in
disease onset and progression. Most of these proteins fall into the categories of kinases, receptors, or
channels, all of which are structured, have hydrophobic binding pockets, and display functional changes
after binding their intended ligand. In the case of small molecule drugs, having a known structure allows
for rational drug design which speeds up the process of identifying ‘hits’ to pursue further. Experts then
perform structure-activity relationship (SAR) studies to determine the important chemical features of a hit
and develop it into a lead compound. To highlight the importance of protein structure in drug design, Xie
et al. state that “...a lack of accurate structure information of undruggable proteins remains a significant

obstacle in drug discovery.”'®> How, then, do disordered proteins become drug targets?

1.4.1 Amyloid-targeted drugs
Despite their direct relevance to human disease, tau and other IDPs are challenging and uncommon
drug targets because they populate dynamic structural ensembles rather than a single well-defined

structure.'®*

One approach to target amyloidogenic proteins is to use non-specific aggregation inhibitors
(e.g., ECGC,'® Congo Red,'® CLRO1,'"” methylene blue'®®!®) that interact with existing amyloid
structures (i.e., act on protofibrils and fibrils). Although these compounds are excellent research tools, they
have not proven effective therapeutics and have the added disadvantage of targeting multiple proteins.
Monoclonal antibodies (mAbs) raised against amyloid targets overcome the specificity problem posed
by the compounds discussed above. Many mAbs have reached clinical trials, and several have been
approved in recent years by the FDA for the treatment of early AD. While these mAbs (aducanamab,
lecanemab, donanemab) have shown significant reductions of amyloid-beta plaques and soluble oligomers,
they come at high risk to patients. Although all-cause mortality was similar between treatment groups (mAb
vs. placebo) in clinical studies, participants treated with mAbs were at significantly higher risk for amyloid-
related imaging abnormalities (ARIA) safety events.!”” Beyond concerns for ARIA, there was limited
evidence of meaningful symptom reduction by these mAbs at the time of their approvals. Since then, meta-
analysis has shown that none of the three reached the proposed threshold for clinically meaningful change
on AD assessment scales, although the authors note that benefits may take longer to appear than the studies
allowed.!”® This is somewhat unsurprising because targeting the later stages of aggregation means that an

IDP has already lost its function and progressed through the toxic oligomeric species to the relatively inert

amyloid fibrils. In fact, the same meta-analysis found that mAbs with lower binding affinity for amyloid-
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beta monomer were associated with greater (though still not clinically meaningful) benefit and proposed

that this was because of the protective effect of an intact monomer population.'”

1.4.2 Targeting conformational ensembles

Although there could be great therapeutic potential in specifically targeting earlier, more disordered
states of an IDP (e.g., interrupt self-association before formation of toxic or pathological species, selectivity
for a particular disordered target), characterizing ligand interactions with tau and other IDPs remains
challenging. Structurally agnostic high-throughput screening strategies avoid some of these pitfalls, but can
labor- and material-intensive and have low success rates.!”"!’> The development of enhanced computational

173 metadynamics'’*) and refined

sampling techniques (e.g., Replicate Exchange Molecular Dynamics,
Monte Carlo simulations'”® has provided unprecedented insight into IDP conformational ensembles.
Readers are directed to references 176 and 177 for further discussion about in silico approaches to
deciphering IDP conformations.!’®!”” The ensembles can then be used to screen for novel ligands with
computational docking approaches. The ligands generated by these approaches are expected to be more
selective for the protein they were generated against, although the level of selectivity that can be achieved
for a small molecule/IDP interaction remains an open question. A typical drug discovery workflow with
these techniques consists of computationally modeling the IDP target, screening compound fragments
against the ensemble in silico, and then selecting the top-scoring fragments or compounds for in vitro
testing.

Several recent examples of rational ligand discovery for tau come from a pipeline developed in the
Nath lab. Briefly, ligands were screened against a simulated tau conformational ensemble in silico and then
assayed for in vitro activity against tau aggregation.'!”! The authors also performed a small analogue study,
noting that changing a single position from a tetrazole to a triazole abolished inhibitory activity, while
retaining the tetrazole and altering distal parts of the molecule resulted in stronger inhibitory activity than
the parent molecule,'” suggesting that it is possible to systematically interrogate the origins of IDP-ligand
interactions. My work, discussed in Chapter 2, extended this hypothesis with the discovery of tryptanthrin

and its synthetic analogs as extremely potent tau aggregation inhibitors.'”

1.5 Thesis Scope

Although many potential tau-targeted drugs (including small molecules and antibody-based
therapeutics) have been identified in vitro, none have been approved after clinical trials. This is, in part, due
to the challenges associated with characterizing interactions between ligands and IDPs. Similar challenges

exist regarding characterizing changes in the IDP conformational ensembles during amyloid aggregation.
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The primary goals of this work were to further our understanding of how small molecule inhibitors interact
with tau and to elucidate the mechanisms underlying inducer-driven amyloid fibril polymorphism.

Chapter two explores a novel family of in vitro tau aggregation inhibitors. The tryptanthrin family exerts
remarkable influence during the early stages of tau amyloid formation and was found to target the
aggregation nucleus or its close precursor. Further, small changes to the tryptanthrin scaffold resulted in
large changes in efficacy, reinforcing that SAR studies are applicable to IDP/ligand interactions.

Chapter three examines the origins of polymorphic tau amyloid fibrils. Despite the clear picture of
amyloid endpoints that cryo-EM provides, we do not understand the structural or kinetic mechanisms that
give rise to these diverse species. Herein we interrogate the conformational landscape of heparin- and
polyphosphate-induced tau aggregation by pulsed HDX-MS and discover that polymorphism begins at
nucleation.

Chapter four addresses the mechanism by which tryptanthrins inhibit tau aggregation. During studies
about the impact of divalent metal ions on tau’s aggregation, it became apparent that cysteine-free tau is
resistant to tryptanthrin’s effect. This discovery fortuitously tied the work of chapters two and three together
when it became clear that the cysteine-free and wildtype tau nuclei were sufficiently different to cause their
disparate responses to incubation with tryptanthrin. Taken together, this thesis provides a framework (with
tau as an example) for studying ligand/IDP interactions and the structural changes that IDPs undergo during

amyloid aggregation.
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1.6 Figures

(e) IDRs in membrane proteins
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Figure 1.1: Diversity in the structure, dynamics and interactions of IDPs. (a) Structures of IDRs range
from random coil-like unfolded ensembles to pre-molten globule ensembles to molten globule ensembles.
(b) IDRs exist as N- or C-terminal tails or as linkers between folded domains in full-length proteins. (c)
Intramolecular interactions involving IDRs in full-length proteins. (d) Interactions of IDPs with

DNA/RNA. Intramolecular interactions in IDPs can autoinhibit DNA binding or suppress nonspecific DNA
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binding [19,22,23]. Many transcription factors bind RNA using intrinsically disordered Arg-rich motifs
(ARMs) [49]. (e) Intramolecular interactions involving IDRs in membrane proteins. The IDR of a GPCR
interacts with its globular domain [24] (left). One element in the IDR of the membrane channel TRPV4
interacts exclusively with the membrane or another element in the IDR [25] (right). (f) Mutual synergistic
folding by binding of two IDPs (ACTR and NCBD [PDB ID: 1KBH]). (g) Promiscuous interactions of
IDPs. One IDP can bind different partners (p53 binding with TAZ2, NCBD and TAZ1 from the left [PDB
ID: 5HPD, 2L.14 and SHOU, respectively]) (left). Different IDPs can competitively bind the same target
(KIX binding with pKID, c-Myb and FOXO3a from the left [PDB ID: 1KDX, 1SB0 and 2LQH,
respectively]) (right). (h) Bound structures of IDPs can be classified into ordered binding coupled with
folding (PDB ID: 2AGH), disordered binding without folding (PDB ID: 2LMO0), and fuzzy binding with
different bound conformations and/or different binding sites (PDB ID: 5CSF, SCSN and 5CSJ from the
left). (i) The nascent chain during synthesis on the ribosome. (j) Many IDPs induce liquid-liquid phase
separation (LLPS) by forming biomolecular condensates (also shown in (d)) that provide compartments for
specific biochemical processes. Reprinted from Arai 2024 with permission from Elsevier with original

citation numbering.’
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Figure 1.2: The human MAPT gene and the splice isoforms of tau in the human brain. MAPT, the gene
encoding human tau, contains 16 exons[224]. Exon 1 (El), E4, E5, E7, E9, El11, E12 and E13 are
constitutive, whereas the others are subject to alternative splicing. EO and E1 encode the 5’ untranslated
sequences of MAPT mRNA, whereas E14 is part of the 3’ untranslated region. EO is part of the promoter,
which is transcribed but not translated. The translation initiation codon ATG is in E1. E4a, E6 and E8 are
transcribed only in peripheral tissue. The six human brain tau isoforms are generated through alternative
splicing of E2, E3 and E10 (Ref. 10). These tau isoforms differ according to the presence of 0, 1 or 2 near-
amino-terminal inserts (ON, 1N or 2N, respectively) and the presence of repeat R2, yielding 3 or 4 carboxy-
terminal repeat domain (3R or 4R, respectively) tau species. The expression of human tau is
developmentally regulated: in the adult brain, six isoforms of tau are expressed, whereas in the fetal brain
only the shortest tau is expressed. In the adult human brain, levels of the 3R and 4R forms are roughly equal
and the 2N isoform is underrepresented compared with the others: the ON, 1N and 2N tau isoforms comprise
~37%, ~54% and ~9% of total tau, respectively[21]. The expression of tau in the human brain shows
considerable regional variation. The mRNA and protein levels of tau in the neocortex are twofold higher
than those in the white matter and cerebellum[225]. The splicing of MAPT also exhibits regional
differences; for example, the level of ON3R tau is lower in the cerebellum than in other regions[225,226].
This variation of tau expression may contribute to the differential vulnerability of brain regions to tau
pathology. Reproduced from Wang 2015 with permission from Springer Nature; citation numbers are

original."?
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Figure 1.3: Example of top-down HDX-MS to study the dynamics of histone tails. The deuterium
uptake for the 15 ion (left) and z74 ion (right) generated by ETD are shown for each deuterium exchange
time point and the fully deuterated (FD) control. Reproduced with permission from Ref. 72. Copyright 2018

Elsevier.
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Figure 1.4: Top-down analysis of the various phosphorylated states of calmodulin. The top spectrum
shows the unphosphorylated calmodulin (CaMp0) and four different phosphorylated proteoforms. The
bottom spectrum is after 20 s of deuterium exchange. Each proteoform could be mass-isolated and the

amide exchange characterized with high spatial resolution using ETD. Reproduced with permission from

Ref. 65. Copyright 2016 from Elsevier.
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Figure 1.5: Middle-down HDX-MS was used to study herceptin. Limited pepsin digestion yielded three
large fragments (1-3) that were resolved and independently analyzed by ETD to increase the sequence

coverage that was obtained from direct top-down ETD analysis. Figure adapted from Ref. 74.
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Figure 1.6: HDX-MS to measure residual structure in peptides. The exchange of two peptides compared
to the predicted exchange rate is shown in (A) and (B). The predicted rates from ke are shown in dashed
lines. (C,D) Exchange rates for predigested peptides (open circles) and peptide from intact protein
(triangles) are compared directly to assess transient structure in the protein. Reproduced with permission

from Ref. 84. Copyright 2017 American Chemical Society.
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Figure 1.7: Deuterium uptake plots are shown for each peptide of unliganded HvASR1 (A), or
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Figure 1.8: Pulse labeling HDX-MS was used to study the folding Kinetics of cytochrome c. Fully
deuterated unfolded protein was mixed with D,O from 5 to 506 ms to initiate folding. The samples were
then immediately pulse labeled with H,O at pH 10.1 for 11 ms to rapidly label unstructured amides,
followed by immediate quenching of the sample. The bimodal profiles during the folding process can be
used to track the folding kinetics. The top and bottom panels are the controls for pulse labeling of the fully
unfolded and folded states, respectively. Reproduced with permission from Ref. 92. Copyright 1997

American Chemical Society.
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Figure 1.9: Pulse labeling HDX-MS used to track the aggregation of calcitonin. Each spectrum shows
the deuteration profile (after a 2 min pulse of D20) starting from initial conditions (0 min) to the final time
point at 1440 min. Populations I and II are clearly resolved and shift as the aggregates form over time.

Reproduced with permission from Ref. 154. Copyright 2021 Elsevier.
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Figure 1.10: Structure-based classification of tauopathies. The dendrogram shows the proposed
classification of tauopathies as described in the main text, with the corresponding folds displayed with the
first B-strand in R3 oriented horizontally, except for the GGT and GPT folds, which are aligned to the PSP
fold. Internal, non-proteinaceous densities are shown in black. R1 in purple, R2 in blue, R3 in green, R4 in
yellow, C-terminal segment (C) in orange. AD, Alzheimer’s disease; PiD, Pick’s disease. Reproduced from

Shi 2021 with permission from Springer Nature.*
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2. Tryptanthrin Analogs Substoichiometrically Inhibit Seeded and Unseeded
Taud4RD Aggregation

This text has been reproduced with limited changes from:
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2.1 Abstract

Microtubule-associated protein tau is an intrinsically disordered protein (IDP) that forms characteristic
fibrillar aggregates in several diseases, the most well-known of which is Alzheimer’s disease (AD). Despite
keen interest in disrupting or inhibiting tau aggregation to treat AD and related dementias, there are
currently no FDA-approved tau-targeting drugs. This is due, in part, to the fact that tau and other IDPs do
not exhibit a single well-defined conformation but instead populate a fluctuating conformational ensemble
that precludes finding a stable “druggable” pocket. Despite this challenge, we previously reported the
discovery of two novel families of tau ligands, including a class of aggregation inhibitors, identified through
a protocol that combines molecular dynamics, structural analysis, and machine learning. Here we extend
our exploration of tau druggability with the identification of tryptanthrin and its analogs as potent,
substoichiometric aggregation inhibitors, with the best compounds showing potencies in the low nanomolar
range even at a ~100-fold molar excess of tau4RD (a truncated tau construct). Moreover, conservative
changes in small molecule structure can have large impacts on inhibitory potency, demonstrating that
similar structure-activity relationship (SAR) principles as used for traditional drug development also apply

to tau and potentially to other IDPs.
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2.2 Introduction

Intrinsically disordered proteins (IDPs) play important structural and signaling roles in vivo.! IDPs lack
a single stable folded structure and often fulfill their roles by dynamically rearranging to interact with
multiple different protein or macromolecular binding partners.?2 This conformational plasticity also makes
IDPs prone to misfolding and aggregation. Aggregation of specific IDPs into amyloid-type fibrils and a
variety of smaller cytotoxic species is a hallmark of proteopathic diseases such as Alzheimer’s disease
(AD), Parkinson’s disease, and Type Il diabetes mellitus.*’

Microtubule-associated protein tau, an IDP that stabilizes neuronal axons, exhibits pathological
dysfunction and aggregation in a group of ~20 neurodegenerative diseases that are collectively called
tauopathies. Tau consists of six isoforms in the human brain that vary in their number of N-terminal inserts
and repeat sequences in the microtubule binding region (MTBR). In primary tauopathies such as Pick’s
disease, frontotemporal dementia with parkinsonism in chromosome 17, and progressive supranuclear
palsy, amyloid deposition of one or more tau isoforms is the predominant pathological characteristic.
Secondary tauopathies such as AD and Lewy body dementia (LBD) are characterized by the extensive
deposition of both tau and one or more other aggregation-prone proteins (e.g., amyloid-f [AB] in AD, alpha-
synuclein in LBD).>812

Tauopathies and related neurodegenerative proteinopathies present a stark challenge to human health,
affecting tens of millions globally, with very few effective therapeutic options.®* However, recently
developed anti-Ap therapeutic antibodies for AD can slow disease progression, albeit modestly and with a
substantial risk of side effects.’*> While these treatments are far from ideal, they do demonstrate that
disease-modifying therapies targeting protein aggregation are indeed feasible, further supporting the idea
that inhibiting tau aggregation could advance the treatment of both primary and secondary tauopathies. In
particular, small molecule tau aggregation inhibitors could be made orders of magnitude more bioavailable
in the brain than antibody drugs,® and are better suited to target intracellular tau species. Accordingly, there
is active interest in developing both antibody-based and small molecule tau aggregation inhibitors.

Despite this interest, tau and other IDP targets present unique challenges to rational drug design. First,
the lack of well-defined structure in the physiological state prevents conventional structure-based discovery
and design. Second, the specificity and strength of structure-activity relationships (SAR) for IDP/small
molecule interactions remain open questions. For folded proteins, it is axiomatic that the chemical structure
of a candidate therapeutic can be systematically modified to improve activity (e.g., selectivity, inhibition)
by altering the physicochemical interaction between the ligand and protein target. It remains to be seen
whether and how altering the 3D conformation of a small molecule modifies activity towards a disordered

target.
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Our approach differs from efforts to develop broad-spectrum aggregation inhibitors, whether based on
natural products,*”*® molecular tweezer®® or designed peptide scaffolds,?2? that target later oligomeric or
fibrillar states. Instead, we target disordered, monomeric states with the goals of (1) achieving specificity
for tau vs. other aggregation-prone proteins, and (2) interrupting aggregation before cytotoxic oligomers
are populated.?? In previous work, we developed a novel enhanced sampling technique, repeated
simulated annealing molecular dynamics (ReSA-MD), to generate a conformer library of the tau MTBR
(tau4RD).?® A subset of these conformers displaying locally persistent structure was used as docking targets
for in silico compound screening. To date, we have identified a novel family of tau4RD aggregation
inhibitors, and a second family of compounds that potently binds to tau4RD fibrils without affecting the
kinetics of aggregation.?>26 With this discovery pipeline, we now identify the tryptanthrin (TA) family as
potent, substoichiometric inhibitors of tau4RD aggregation. Though TA, a plant alkaloid, is known to have
anti-microbial 2~ anti-inflammatory,33? anti-fungal,**** and anti-cancer activity,* our work is the first
demonstration of TA as an anti-amyloid agent. Here we describe the SAR of TA analogs against tau4RD

aggregation and identify the mechanism by which they inhibit aggregation.

2.3 Results
2.3.1 Design, synthesis, and screening of TA analogs

We began by mining a 284,463-compound proprietary library using a regression model trained on our
previous in silico/in vitro screening effort? to identify compounds likely to modulate tau aggregation.
Characterizing heparin-induced tau4RD aggregation at a 1:2 protein:compound molar ratio using a
thioflavin T (ThT) fluorescence assay revealed that TA (1) and three of its analogs (2—4) were among the
most potent inhibitors (Fig. 2.1). ThT is widely used as a probe of protein aggregation, but is neither
perfectly specific nor selective for amyloid aggregates. Therefore, orthogonal label-free assays were used
to confirm that TA analogs are bona fide aggregation inhibitors, increasing the amount of tau4RD remaining
in solution at the end of the reaction (SI Fig. 2.1). Several other chemically distinct screened compounds
showed reasonable aggregation inhibition (compounds S1-S20; Sl Fig. 2.2), further demonstrating the
value of ReSA-MD-guided screening in targeting disordered proteins such as tau. However, this study
focuses on the TA scaffold, both because these compounds displayed the greatest activity, and because they
afforded an excellent opportunity to explore the structure-activity relationship of a novel family of tau
aggregation inhibitors.

A 14-compound library (5-18) was synthesized based on 8-chloroTA (3), the most potent of the first
four compounds, exploring the effects of modifications to the quinazoline ring (Fig. 2.2A). Synthesis from

commercially available precursors used a one-step process driven by visible light in the presence of the dye
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Rose Bengal.*® The activity of 1 synthesized in-house was comparable to that of samples obtained from two
different commercial vendors (Sl Fig. 2.3). All of these compounds strongly (10 of 13 compounds: 5, 6, 8,
10, 11, 13-18) or moderately (3 of 13: 7, 9, 12) inhibited tau4RD aggregation (Fig. 2.2B/C) at 5 uM. A
subsequent 12 compounds (19-30) were synthesized based on 1,8-dichloroTA (16), selected based on its
inhibitory properties and relatively low levels of cytotoxicity (SI Fig. 2.4), to explore the effect of
modifications to the indole ring. Three compounds (20, 24, 25) were dropped due to solubility issues, but

seven of the remaining nine (19, 22, 23, 27-30) inhibited tau aggregation more strongly than 3.

2.3.2 Potency of TA analogs

Evaluating and quantifying the potency of aggregation inhibitors from dose response experiments
requires consideration of certain experimental design factors. The first is the ratio of inhibitor to other
species involved in aggregation: in this case, tau4RD and the aggregation inducer heparin. Dose response
aggregation assays yield a half-maximal effective concentration ECso, distinct from a dissociation constant
Ko or an inhibitor binding constant K;. The ECsy would be expected to change if either the tau4RD or
heparin concentrations were altered. It is important to recognize that the ratio of the ECs to tau4RD
concentration is more relevant in this context than the Kp or K| itself. A stoichiometric inhibitor (i.e., one
that must bind 1:1 to tau4RD for activity) would have a ECsy equal to the tau4RD concentration regardless
of how low its Kp for tau4RD might be. Dose response assays were conducted at a concentration of 5 uM
tau4RD and 5 uM heparin (with an average molecular weight of 3 kDa), in the presence of 1% DMSO,
while compound concentrations varied from 62.5 nM to 5 pM.

A second factor is the choice of parameter used to quantify compound effects. TA analogs were seen
to affect both the midpoint of the aggregation time course (tso) and the maximal fluorescence achieved at
the end of the reaction (Fpiacau). Accordingly, we quantify dose response based on the ThT fluorescence at
the tso of the vehicle trace (Fso; Fig. 2.3). This approach captures compound effects on both tso and Fpiateau.

A third consideration is accurately estimating the uncertainty in ECs, values obtained from dose
response assays. Many sources of error can contribute to this uncertainty, and not all of them are normally
distributed. Accordingly, a resampling procedure was used to more rigorously capture the range of
parameter values consistent with observations. Briefly, a quadratic dose response equation (Eqg. 2) was used
to fit Fso vs. compound concentration data. Then, 100 synthetic ‘decoy’ dose response curves were
generated using the best-fit values of ECso with random noise added to match experimentally observed
scatter in Fso values. The synthetic data sets were then re-fit using Eg. 2, and confidence intervals were then
determined from the resulting distribution of re-fit ECso values. We report the best-fit ECso value from the

experimental data, along with the 95% confidence interval, as a conservative estimate of the potency of
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each of the TA analogs. Equation 2 properly accounts for arbitrarily potent inhibition, and also yields as an
additional global parameter Tiarget, the concentration of species within the tau4RD population ensemble
targeted by TA-family compounds.

Remarkably, dose-response studies revealed that many of these compounds are active at nanomolar
concentrations even when tau is present in a significant molar excess. For example, 16 and 27 both have
ECso values below 100 nM in our assay (11 nM and 16 nM, with 95% C.I. upper bounds of 23 nM and 30
nM respectively). In other words, these compounds are able to block aggregation even when tau4RD is
present in over a 100-fold molar excess. This clear  substoichiometric activity suggests that TA analogs
may be able to selectively target a sub-population of tau species that drive aggregation. Tearget (2.3 NM, 95%
C.1. upper bound 22 nM) is also well below the concentration of tau4RD, consistent with substoichiometric
activity. The mechanistic implications of this selective engagement with particular protein species are
explored below.

Furthermore, TA and its analogs exhibit strong structure-activity relationships. Conservative changes
to the substituents of the quinazoline ring can either abrogate inhibitory activity (for example, compare 11
to positional isomers 7 and 12) or enhance it (e.g., 16 vs. 6, 8 and 14). Similarly, comparing 22 vs. 26 or 29
vs. 23 illustrates the effects that positional isomers and substitutions on the indole ring can have on activity.
This pattern of SAR indicates that the interactions between TA analogs and tau4RD are specific and
rationalizable, despite the intrinsic disorder of tau4RD, which is consistent with our previous work.??

2.3.3 Mechanism of aggregation inhibition by TA analogs

Given the potency and substoichiometric inhibition of tau4RD aggregation demonstrated by TA-family
compounds, we turned our attention to understanding the mechanism driving their activity. Our design and
discovery strategy targets monomeric states of tau4RD, meaning that TA analogs would be expected to
target the earliest stages of the aggregation pathway. To test this idea, we performed delayed addition
experiments. Briefly, instead of being included at the start of an aggregation reaction, TA analogs or vehicle
were introduced at defined timepoints within the lag, elongation, and plateau phases of aggregation (Fig.
2.4). The delayed addition results show that TA analogs inhibited aggregation when added during the lag
phase (where primary nucleation is the dominant process), but did not inhibit aggregation when added later
in the elongation phase (where fibril growth and secondary nucleation predominate). From this data, we
concluded that because TA analogs are more potent inhibitors when added immediately after aggregation
initiation, TA analogs primarily act on tau4RD nucleation. The ability to selectively target nucleating

species, or their precursors, would nicely explain the strongly substoichiometric activity of TA analogs.
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To directly determine whether TA analogs have any effect on the tau4RD elongation rate, we performed
seeded aggregation assays. Seeding tau4RD with preformed fibrils bypasses the nucleation phase, allowing
direct observation of elongation kinetics. We performed seeded aggregation assays with tau4RD:TA
stoichiometries between 1:2 and 1:0.125. We observed a dose-dependent decrease in tau4RD elongation
rate (Kobs, AU/min) with increased stoichiometric equivalents of TA analogs (Fig. 2.5). The dose response
of the observed elongation rate indicated that TA analogs inhibit seeded tau4RD aggregation with mid-nM

potency.

2.4 Discussion

The development of potent, specific small-molecule aggregation inhibitors for tau and other
aggregation-prone IDPs remains a major open challenge. Our work here demonstrates that computationally-
guided screening followed by focused analog design can, at least in this case, provide a solution. TA and
its analogs are an attractive scaffold for further development for several reasons.

TA-family compounds display remarkable potency and substoichiometric activity, at levels that have
never (as far as we are aware) been reported for small-molecule tau aggregation inhibitors. At least two
compounds (16 and 27) are active at concentrations well below 100 nM, and inhibit unseeded aggregation
of tau4RD at >50-fold molar excess. As discussed above, when it comes to aggregation inhibition, the
substoichiometric nature of this activity is even more exciting than raw potency or binding affinity. For a
target like tau, with a total concentration of ~2 uM in the neuron,? it would be much more tractable to
deliver nM concentrations of a substoichiometric therapeutic to the brain than uM concentrations of a
stoichiometric one.*® Although we have not conducted experiments to determine if TA analogs impair tau’s
native microtubule binding function, the concentration difference between inhibitor and tau is such that
even with off-target binding to native tau, there would remain a large fraction of unbound native tau.
Moreover, TA-family compounds demonstrate that dramatic changes in activity can result from
conservative changes to small-molecule structure, even with a target as disordered as tau. Firstly, this
finding confirms that the interactions between tau and the small molecules presented here are specific in
nature. Secondly, it suggests that iterative analog optimization is a feasible strategy to generate high-affinity
ligands of disordered proteins, following similar paradigms well-established for structured protein targets.*

Mechanistic studies shed light on how exactly TA and its analogs modulate tau aggregation. TA-family
compounds more potently inhibit unseeded than seeded tau4RD aggregation, with ECso values for the latter
higher by about an order of magnitude. (Note that the inhibition of seeded aggregation is still
substoichiometric, with ECses about 10-fold lower than tau4RD concentration.) In nucleation-dependent

polymerization (NDP) models, seeded aggregation is driven by elongation (i.e., monomers adding on to
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existing fibrils) and secondary nucleation processes (by which existing fibrils generate new fibril growth
sites).*? Unseeded aggregation is driven by primary nucleation (de novo formation of nuclei or fibrillar
seeds from soluble material) in addition to elongation and secondary nucleation. Accordingly, the difference
in potency towards unseeded and seeded reactions indicates that TA-family compounds preferentially target
early stages of tau4RD aggregation. This is clearly backed up by delayed addition experiments that
demonstrate a loss of activity if aggregation is allowed to continue unchecked for defined periods of time
before compounds are added. Moreover, the strongly substoichiometric activity of TA analogs indicates
that they must bind selectively and tightly to either the aggregation nucleus or a close precursor (whether
monomeric or oligomeric). This raises the exciting prospect that characterizing TA analogs’ effects on tau
conformation could shed light on these enigmatic species.

The discovery and functional characterization of novel TA inhibitors of tau aggregation positions us to
pursue important future questions. On the one hand, it will be important to determine where TA analogs
bind to tau and how they affect its conformation. Given the disordered nature of the target, X-ray
crystallography or cryo-EM are unlikely to be useful,>® and multidimensional NMR would require
intractably high concentrations of TA analogs in solution. Accordingly, we are developing
hydrogen/deuterium exchange mass spectrometry (HDX-MS) methods to characterize tau/small-molecule
complexes.**#* On the other hand, establishing the biological activity of TA-family compounds is the
essential next step in their development as potential tau-targeting therapeutics. Studying their effects on tau
aggregation in cells or in vivo, and their ability to slow the propagation of tau pathology from neuron to
neuron, would reveal whether and how the intriguing in vitro activity of tryptanthrin and its analogs

translates to the biological environment.
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2.5 Materials and Methods

2.5.1 Protein Expression and Purification

Tau4RD was expressed and purified from E. coli BL-21 (DE3) as previously reported.?* Briefly, a
plasmid containing the His-tagged tau4RD gene with a TEV cleavage site was gifted from the Rhoades lab
at the University of Pennsylvania (Philadelphia, PA). To express protein, BL-21 cells containing the
tau4RD gene were grown at 37 °C until the OD reached 0.6-0.7. The temperature was then lowered to 16
°C and protein expression was induced with the addition of Isopropyl B-D-1-thiogalactopyranoside to a
final concentration of 0.4 mM. The culture was allowed to grow overnight, then cells were harvested by
centrifugation. Expressions were resuspended, flash frozen, and stored at -80 °C in lysis buffer [50 mM
Tris, 500 mM NacCl, and 10 mM imidazole (pH 8 at 4 °C)]. Upon thawing for purification, Halt Protease
inhibitor cocktail (Life Technologies), DNase, RNase, and phenylmethanesulfonylfluoride in ethanol were
added to cells before lysis with a French press. The lysate was centrifuged at 2800g for 45 minutes, then
the supernatant was passed through 0.4 um filters and loaded onto a 5 mL Ni-NTA agarose column. The
protein was eluted by increasing the concentration of imidazole, then the eluent was dialyzed against a 10
uM imidazole buffer during an overnight incubation with 1 mM dithiothreitol and 100 pL of 8.64 mg/mL
TEV protease (expressed in E. coli) at 4 °C. This solution was loaded onto a Ni-NTA column and the flow-
through was collected and concentrated to 1-2 mL with a 3 kDa molecular weight cutoff centrifugal filter.
The concentrate was fractionated using a 25 mL S200 extended gel-filtration column as previously
described.? Protein purity was confirmed by precast 12% Bis-Tris SDS-PAGE gels (Invitrogen). Protein
was concentrated, aliquoted, and flash-frozen before storage at —80 °C. Protein concentrations were

determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).

2.5.2 Aggregation Assays

Unseeded: All aggregation assays were performed at 37 °C and pH 7.4 in filtered (0.22 um) aggregation
buffer containing 20 mM Tris, 50 mM NaCl, 1 mM TCEP, 1 mM EDTA. EDTA was added to aggregation
assays because the presence of trace divalent metal cations was found to affect tau4RD aggregation.*>46
Aggregation buffer was made fresh and passed through a 0.22 pum syringe filter before use. (Tau4RD, TA
analogs, and heparin were not filtered because filtration of these components resulted in spurious
aggregation results.) Aggregation assays were performed at 5 uM tau4RD, 5 pM ~3 kDa heparin, and 5 uM
TA analog unless otherwise indicated. DMSO concentration in all assays was 0.1% unless otherwise stated.
Because tau4RD does not aggregate in the absence of an oppositely-charged cofactor, heparin was used to

induce tau4RD aggregation. Heparin-induced tau and tau4RD aggregation is well-characterized.
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Solutions of tau4RD and TA analogs (or an equivalent volume of DMSO) were prepared at 2.105x the
desired final concentrations in aggregation buffer, and 95 uL aliquots of each were then added to the wells
of a 96-well black flat-bottom non-binding plate (Corning). A 1 mM stock of ThT in aggregation buffer
was passed through a 0.22 pm syringe filter, and then 10 pL of this solution was added to the wells for a
final concentration of 50 uM ThT. Immediately before beginning fluorescent readings, 95 puL of 5 UM
unfractionated ~3 kDa heparin (MP Biomedicals, Irvine, CA) dissolved in aggregation buffer was added to
each well, bringing the total well volume to 200 pL. The plate was covered with a piece of polyolefin or
polypropylene sealing tape (Thermo Fisher Scientific) and monitored with a BioTek Synergy HTX plate
reader (Agilent, Santa Clara, CA). Intrinsic fluorescence from TA analogs did not interfere with monitoring
reaction progress by the increase in ThT fluorescence (Aex =440 nm, Aem = 485 NM). Reads were taken every
5 min after linear agitation (300 rpm) for 1 min. Experiments were performed with at least three technical
replicates. Baseline correction was performed by subtracting the fluorescence value (A.U.) of the

buffer/DMSO trace from experimental traces.

Seeded: Pre-formed tau4RD seeds were generated by harvesting tau4RD fibrils after 17 h of
aggregation. Briefly, wells containing tau4RD and DMSO from unseeded aggregation assays were
transferred to individual snap-cap tubes and centrifuged at 21,0009 for 30 min at 4 °C. 100 uL of supernatant
was discarded, then 100 pL of fresh aggregation buffer was added to each tube. Each 200 uL aliquot was
sonicated on ice for 5 rounds of 2 sec (Cole-Parmer 4710 Series Ultrasonic Homogenizer, 50% output) to
disrupt tau4RD amyloid fibrils. Seeds were added to aggregation assays at 5% (v/v). Aggregation assays
were then performed as above, except that 10 pL of taud4RD seeds or aggregation buffer was added to the

wells after addition of 85 pL of heparin.

Delayed addition: Delayed addition aggregation assays were prepared similarly to unseeded

aggregation reactions except that DMSO and TA analogs were not included in the tau4RD aliquots
introduced to the wells. TA analogs were diluted in DMSO to 1 mM and held until the appropriate time
point. Tau4RD, ThT, and heparin were prepared as above and plated in the stated order. Att =0, 120, 240,
or 480 min, 1 pL of 1 mM TA analog or 1 pL. of DMSO were pipetted into the appropriate wells to create
three technical replicates of each condition. To do so, the plate was removed from the plate reader and
unsealed at each time point, then resealed and replaced after the addition and allowed to continue

incubating. Well volume was 201 pL after addition. Reaction progress was monitored as above.

2.5.3 Gel Densitometry
Aggregation assays were stopped at the indicated time and wells were pipetted into individual snap-

cap tubes. The tubes were centrifuged 21,0009 for 30 min at 4 °C, after which 15 uL of supernatant was
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added to 3 pL of 5x SDS loading dye. Concentration standards were prepared at 5 pM, 3 pM, and 1 uM
and t = 0 samples were prepared with 5 uM final concentration of both tau4RD and the respective TA
analog. Samples were boiled for 45 sec, cooled on ice, and 15 uL was added to precast 12% Bis-Tris SDS-
PAGE gels. Gels were imaged with a Li-Cor Odyssey CLx gel scanner and band intensity was determined
using ImageJ.*” Experiments consisted of 3 technical replicates and the results were averaged (mean).

2.5.4 ECsp Determination and Resampling

Unseeded aggregation assays were performed as above with 5 uM tau4dRD and TA analog at
concentrations between 62.5 nM and 10 uM. DMSO content was 0.25% for experiments involving 20, 24,
and 25 and 0.1% for experiments involving all other compounds. ThT fluorescence traces were baseline
corrected and averaged. Non-linear least squares fitting in Prism 9.0 (GraphPad Software, Boston, MA)
was used to determine tso, the midpoint of the aggregation curve, from the vehicle control trace from the

following equation:

F(t) = F(0) 4 Fma=F ) e 1)

1+e~k(t=ts0)

Here, F(0) is the baseline fluorescence at the start of the reaction, Fnax is the maximal fluorescence at the

plateau after aggregation is complete, and k is a rate parameter that describes the steepness of the transition.

We then define Fso(C) as the ThT fluorescence in the presence of a given concentration C of a TA
analog at the tso (midpoint) of the vehicle control trace. Fso values measured over a range of compound

concentrations were fit to the following quadratic dose-response equation to determine analog ECso:

2
Fso(C) _ o Ttarget+C+EC50_J(Ttarget+C+ECSO) —4TtargetC
F50(0) 2Ttarget

Here, Fso(0) is the fluorescence of the vehicle control trace at its tso (i.€., in the absence of compound), and
Trarget IS the concentration of species within the tau4RD ensemble that are targeted by the compound. The

value of Trarger Was globally shared across all dose response fitted curves.

To estimate the 95% confidence interval of the mean ECso values, 100 synthetic “decoy” datasets were
generated based on the best-fit values obtained from Equation 2. Gaussian noise equal to the RMSE
observed in the ECso fit was applied to the decoys which were each then fit to Equation 2. The upper and

lower 95% confidence intervals were determined by binning the ECs values of the decoy datasets.

2.5.5 TA Synthesis, Purification, and Storage
Following the protocol of Hou et al., TA analogs were synthesized by reacting isatin derivatives (1.0

eq) with benzoxazine-2,4-dione derivatives (1.2 eq) in the presence of Rose Bengal (0.050 eq) and
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potassium carbonate (1.0 eq) at ambient temperature under illumination for 18h. TA analogs were purified
by reverse-phase HPLC followed by supercritical fluid chromatography, characterized by *H NMR and/or
mass spectrometry, and lyophilized. Details on the synthesis, purification, and characterization of each TA
analog are presented in Supplementary Material. DMSO stocks of TA analogs were prepared, aliquoted,
and stored at —20 °C until use.
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Figure 2.1: Inhibition of heparin-induced tau4RD aggregation by tryptanthrin and analogs,

discovered by computationally-guided screening. Tau4RD (5 uM) aggregation in the presence of 5 uM

3 kDa heparin, with 5 uM of TA, analogs 24, or vehicle control. (n = 3, error bands shown mean +/- SEM.)

56



A O Ry c o cl
R, R
N : Nk/(j
X, >
d N Rs R, N
R4 R, Rs R4 Ry Rs | Ro
CH; | 18 1 12 7 CH; | 21 24 | 25
Cl 16 6 8 14 Cl 28 - 23
OCH; | - 9 - 17 OCH; [ 20 | 22 | 26
F 5 13 15 - F 19 30 27
CFj4 - 10 - - CF, - . 29
BS P35
< <] /N“Jm ] |
@ Q
(S Q 1
@ @ .
3 2 / ' 1
= 9 9 1 .
O o 28
=) = ;g 4 27
[T
= 15,_,’_;___”,,14:_#1,_ = / ﬁ‘w
L T T T d e £ i L L
Fo 250 500 750 1000 T 0 250 500 750 1000 O 250 500 750 1000
Time (min) Time (min) Time (min)
S
= <] |
i g 20
(7] O
5 2
S 24
5 [T
=) =
T =
e e | Fo 250 500 750
£o 250 500 750 1000

Time (min)

Time (min)

Figure 2.2: Effects of second and third generation TA analogs on heparin-induced tau4RD
aggregation. A) Structures of second generation TA analogs 5-17, with the table indicating substituents
present at specified positions on the quinazoline ring for each analog. B) Tau4RD aggregation under
standard conditions in the presence of second generation TA analog (5 pM) or vehicle control. The means
(n =3 or 4 technical replicates) are displayed for each trace. For visual clarity, error bands (mean +/- SEM)
are displayed only for the vehicle trace. Other traces showed similar or lower technical variability. C)
Structures of third generation analogs 19-30 derived from 16. D) Tau4RD aggregation in the presence of
third generation TA analog (5 uM) or vehicle control. Traces and error bands are formatted as in panel B.
Compounds 20, 24, and 25 (lower panel) were conducted at a DMSO concentration of 0.25% v/v, while all

other experiments were conducted at 0.1% v/v DMSO.
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Figure 2.3: TA analogs inhibit tau4RD aggregation in a substoichiometric, dose-dependent manner.
A) Tau4RD aggregation under standard conditions in the presence of varying concentrations of the third
generation compound 27 or vehicle control (n = 3 or 4, mean displayed for all analog traces, S.E.M. error
band displayed solely for the vehicle trace). Fso is defined as the fluorescence measured at the transition
midpoint of the vehicle trace (tsg), whether in the absence [Fso(0)] or presence [Fso(C)] of varying
concentrations of compound. B) Dose-response curves of Fso(C) normalized to Fso(0) measured on the same
plate for compounds 16 and 27, demonstrating nanomolar potency. Best-fit ECso values are shown, with

95% confidence intervals estimated from resampling shown in parentheses. C) Schematic of resampling
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Figure 2.4: TA analogs are most active early in the aggregation process. Tau4RD aggregation with
delayed addition of 5 uM TA analog att =0, 2, 4, or 8 hours (n = 3, mean +/- SEM). Inhibition was observed
when analogs were added early in the aggregation lag phase but not once the elongation phase began. This

suggests that TA analogs preferentially inhibit primary nucleation.
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Figure 2.5: Inhibition of seeded tau4RD aggregation by TA analogs. A) Aggregation of 5 uM tau4RD
and 5 uM 3 kDa heparin, seeded with 5% (w/w) pre-formed fibril in the presence of 5 uM TA analog or
vehicle control. Traces indicate mean +/- SEM (n = 3 or 4). B) Seeded elongation measured over a range
of compound concentrations, with linear fits (bold lines) used to estimate elongation rates. Traces indicate
mean +/- SEM (n = 3 or 4). C) Kseedea rates from B plotted against compound concentration and fit to
Equation 2, with 95% C.I. estimated by resampling.
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Figure 2.6: Proposed mechanism of action of tryptanthrin and its analogs. Substoichiometric inhibition
of early-stage aggregation indicates that TA analogs bind selectively and tightly to tau aggregation nuclei
or their close precursors. Substoichiometric inhibition of seeded aggregation indicates that TA analogs can

also inhibit subsequent elongation or secondary nucleation, albeit with lower potency.
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2.9 Supplementary Material
2.9.1 Synthesis and Characterization of Tryptanthrin Analogs

9 10 0] (0] (0] 0]
8 2 1, NlL : Cl N/U\ : N/U\’ : NO,
SN 3 SN SN SN
5 4 ) o] 2 ¢ 3 o) 4

© tryptanthrin (1

Compounds 1-4 were sourced from Axcelead Drug Discovery Partners (Fujisawa, Japan). Additional
1 was purchased from Sigma Aldrich (St. Louis, MO) and MedChemExpress (Monmouth Junction, NJ).

Cl JI f
N
N
N

Compound 5 (8-chloro-1-fluoro-indolo[2,1-b]quinazoline-6,12-dione) was synthesized as follows: a
solution of 5-fluoro-1H-3,1-benzoxazine-2,4-dione (1.2 eq, 26 mg, 0.13 mmol), Rose Bengal (0.050 eq, 5.6
mg, 0.0055 mmol) and DMA (0.9 mL) was added to a 4 mL vial containing 5-chloroisatin (1.0 eq, 20 mg,
0.11 mmol) and potassium carbonate (1.0 eq, 15 mg, 0.11 mmol). The resulting mixture was stirred
(uncapped) at ambient temperature under a 100 lumen white LED light (Milwaukee Tool, Brookfield, WI)
for 18h. DMSO (1 mL) was added to solubilize the mixture, which was then filtered and purified by HPLC
(Phenomenex Gemini® C18, 5 um, ID 30 mm x 150 mm, eluting with 10-90% acetonitrile (0.035%
TFA)/water (0.05% TFA), and then dried in vacuo. The resulting solid was repurified by supercritical fluid
chromatography (2-PIC column (30 x 150mm, 5 micron), eluting with 5-50% MeOH/CO.:methanol,
MeOH modified with 0.1% ammonium hydroxide) to give 8-chloro-1-fluoro-indolo[2,1-b]quinazoline-
6,12-dione (2.1 mg, 6.4 % yield). ESI-MS m/z [M+H]+ calc’d for C15sHsCIFN.O, 300.0; found 300.9.
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Compound 6 (2,8-dichloroindolo[2,1-b]quinazoline-6,12-dione) was synthesized (1.7 mg, 4.9 % yield)
using 6-chloro-1H-3,1-benzoxazine-2,4-dione as a starting material and the analogous procedure described
for Compound 5 above. *H NMR (400 MHz, chloroform-d) & ppm 7.76 - 7.80 (m, 1 H) 7.81 - 7.85 (m, 1
H) 7.89 - 7.92 (m, 1 H) 7.98 - 8.02 (m, 1H) 8.41 - 8.44 (m, 1 H) 8.59 - 8.63 (m, 1 H). ESI-MS [M+H]*
calc’d for C15HeCI2N20,, 316.0; found, 316.9.

Cl

Compound 7 (8-chloro-4-methyl-indolo[2,1-b]quinazoline-6,12-dione) was synthesized (13 mg, 38 %
yield) using 8-methyl-1H-3,1-benzoxazine-2,4-dione as a starting material and the analogous procedure
described for Compound 5. ESI-MS m/z [M+H]+ calc’d for C16HeCIN2O, 296.0; found 297.0.

Cl Il :
N
N\
N Cl

Compound 8 (3,8-dichloroindolo[2,1-b]quinazoline-6,12-dione) was synthesized (2.8 mg, 7.3 % yield)
using 7-chloro-1H-3,1-benzoxazine-2,4-dione as a starting material and the analogous procedure described
for Compound 5. *H NMR (400 MHz, chloroform-d) & ppm. 7.65 - 7.69 (m, 1 H) 7.76 - 7.80 (m, 1 H) 7.89
-7.92 (m,1H)8.02-8.05(m,1H)8.37-841(m, 1 H)8.58-8.62 (m, 1 H) ESI-MS m/z [M+H]+ calc’d
for C1sHsCl2N20- 316.0; found 316.9.
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Compound 9 (8-chloro-2-methoxy-indolo[2,1-b]quinazoline-6,12-dione) was synthesized (1.2 mg, 3.5
% vyield) using 6-methoxy-1H-3,1-benzoxazine-2,4-dione as a starting material and the analogous
procedure described for Compound 5. ESI-MS m/z [M+H]+ calc’d for C16HsCIN203 312.0; found 313.0.

(0]
Cl F
N\
N
O 10

Compound 10 (8-chloro-2-(trifluoromethyl)indolo[2,1-b]quinazoline-6,12-dione) was synthesized (7.9
mg, 19 % yield) using 6-(trifluoromethyl)-1H-3,1-benzoxazine-2,4-dione as a starting material and the
analogous procedure described for Compound 5. ESI-MS m/z [M+H]+ calc’d for C1sHsCIFsN2O2 350.0;

found 350.9.
Cl
N)Jj©/
NS
N

O 11

Compound 11 (8-chloro-2-methyl-indolo[2,1-b]quinazoline-6,12-dione) was synthesized (9.3 mg, 27
% yield) using 6-methyl-1H-3,1-benzoxazine-2,4-dione as a starting material and the analogous procedure
described for Compound 5. ESI-MS m/z [M+H]+ calc’d for C16HsCIN.O- 296.0; found 297.00.

Cl
N
NS
N

o 12

Compound 12 (8-chloro-3-methyl-indolo[2,1-b]quinazoline-6,12-dione) was synthesized (2.4 mg, 7.3
% yield) using 7-methyl-1H-3,1-benzoxazine-2,4-dione as a starting material and the analogous procedure
described for Compound 5. ESI-MS m/z [M+H]+ calc’d for C16HsCIN2O- 296.0; found 297.0.
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Compound 13 (8-chloro-2-fluoro-indolo[2,1-b]quinazoline-6,12-dione) was synthesized (3.9 mg, 11 %
yield) using 6-fluoro-1H-3,1-benzoxazine-2,4-dione as a starting material and the analogous procedure
described for Compound 5. *H NMR (400 MHz, chloroform-d) § ppm 7.36 - 7.42 (m, 1 H) 7.55 - 7.59 (m,
1H)768-772(m,1H)7.84-792 (m, 2H) 8.39 - 8.42 (m, 1 H). ESI-MS m/z [M+H]+ calc’d for
C1sHsCIFN20, 300.0; found 301.0.

O

Cl
N

NS

N
O 14 ClI

Compound 14 (4,8-dichloroindolo[2,1-b]quinazoline-6,12-dione) was synthesized (7.3 mg, 20 % yield)
using 8-chloro-1H-3,1-benzoxazine-2,4-dione as a starting material and the analogous procedure described
for Compound 5. ESI-MS m/z [M+H]+ calc’d for C1sHsCIl2N2O2 316.0; found 316.9.

Cl I :
N
NS
N F

O 15

Compound 15 (8-chloro-3-fluoro-indolo[2,1-b]quinazoline-6,12-dione) was synthesized (12.6 mg, 36
% yield) using 7-fluoro-1H-3,1-benzoxazine-2,4-dione as a starting material and the analogous procedure
described for Compound 5. *H NMR (400 MHz, chloroform-d) 6 ppm. 7.18 - 7.25 (m, 1 H) 7.47 - 7.53 (m,
1H)7.55-7.59 (m, 1 H) 7.67 - 7.71 (m, 1 H) 8.24 - 8.30 (m, 1H) 8.37 - 8.42 (m, 1 H). ESI-MS m/z [M+H]+
calc’d for C15HsCIFN20O- 300.0; found 301.0.
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Compound 16 (1,8-dichloroindolo[2,1-b]quinazoline-6,12-dione) was synthesized (1.1 mg, 3.1 %
yield) using 5-chloro-1H-3,1-benzoxazine-2,4-dione as a starting material and the analogous procedure
described for Compound 5. ESI-MS m/z [M+H]+ calc’d for C15HsCI2N2O; 316.0; found 316.9.

0]
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Compound 17 (8-chloro-4-methoxy-indolo[2,1-b]quinazoline-6,12-dione) was synthesized (3.9 mg, 11
% vyield) using 8-methoxy-1H-3,1-benzoxazine-2,4-dione as a starting material and the analogous
procedure described for Compound 5. ESI-MS m/z [M+H]+ calc’d for C16HsCIN2O3 312.0; found 313.0.
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Compound 18 (8-chloro-1-methyl-indolo[2,1-b]quinazoline-6,12-dione) was synthesized using 5-
methyl-1H-3,1-benzoxazine-2,4-dione as starting material using the analogous procedure described for
Compound 5. 1H NMR (400 MHz, chloroform-d) 6 ppm 2.97 (s, 3 H) 7.44 (d, J=7.53 Hz, 1 H) 7.68 - 7.78
(m, 2 H) 7.86 - 7.90 (m, 2 H) 8.62 (d, J=8.53 Hz, 1 H). ESI-MS m/z [M+H]+ calc’d for C16HsCIN2O>
296.04; found 296.90.

Compound 19 (1-chloro-7-fluoro-indolo[2,1-b]quinazoline-6,12-dione) was synthesized as follows: a
solution of 5-chloro-1H-3,1-benzoxazine-2,4-dione (1.00 eq, 20 mg, 0.101 mmol), Rose Bengal (0.0500

eq, 5.2 mg, 0.00506 mmol) and DMA (0.9000 mL) was added to a 4 mL vial containing 4-fluoroindoline-
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2,3-dione (1.2 eq, 26.1 mg, 0.12 mmol) and potassium carbonate (1.00 eq, 14 mg, 0.101 mmol). The
resulting mixture was stirred (uncapped) at ambient temperature under a 100 lumen white LED light
(Milwaukee Tool, Brookfield, WI) for 18h. Purification by HPLC and SFC were performed as for
Compound 5. *H NMR (400 MHz, methanol-d.) & ppm 7.12 (t, J=8.41 Hz, 1 H) 7.68 - 7.72 (m, 1 H) 7.72 -
7.78 (m, 1 H) 7.81 (td, J=8.31, 5.46 Hz, 1 H) 7.99 (dd, J=7.91, 1.38 Hz, 1 H) 8.52 (d, J=8.03 Hz, 1 H). ESI-
MS m/z [M+H]+ calc’d for C1sHsCIFN20O, 300.01; found 300.90.

o Cl

o) 20

Compound 20 (1-chloro-7-methoxy-indolo[2,1-b]quinazoline-6,12-dione) was synthesized using 4-
methoxyindoline-2,3-dione as starting material using the analogous procedure described for Compound 19.
1H NMR (400 MHz, chloroform-d) 6 ppm 4.10 (s, 3 H) 6.94 (d, J=8.53 Hz, 1 H) 7.64 - 7.77 (m, 3 H) 7.98
(dd, J=7.97, 1.32 Hz, 1 H) 8.28 (d, J=7.91 Hz, 1 H). ESI-MS m/z [M+H]+ calc’d for C16HsCIN2O3 312.03;
found 313.00.

Compound 21 (1-chloro-7-methyl-indolo[2,1-b]quinazoline-6,12-dione) was synthesized using 4-
methyl-2,3-dihydro-1H-indole-2,3-dione as starting material using the analogous procedure described for
Compound 19. 'H NMR (400 MHz, methanol-ds) & ppm 2.77 (s, 3 H) 7.22 (d, J=7.78 Hz, 1 H) 7.62 - 7.70
(m, 2 H) 7.70 - 7.75 (m, 1 H) 7.97 (dd, J=7.97, 1.32 Hz, 1 H) 8.53 (d, J=8.03 Hz, 1 H). ESI-MS m/z [M+H]+
calc’d for Ci6HgCIN202 296.04; found 297.00.

Compound 22 (1-chloro-8-methoxy-indolo[2,1-b]quinazoline-6,12-dione) was synthesized using 5-
methoxy-2,3-dihydro-1H-indole-2,3-dione as starting material using the analogous procedure described for

Compound 19. 1H NMR (400 MHz, chloroform-d) 6 ppm 3.92 (s, 3 H) 7.33 (d, J=8.28 Hz, 1 H) 7.40 (d,
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J=2.76 Hz, 1 H) 7.65-7.69 (m, 1 H) 7.69 - 7.75 (m, 1 H) 7.96 (d, J=7.75 Hz, 1 H) 8.58 (d, J=8.78 Hz, 1
H). ESI-MS m/z [M+H]+ calc’d for C16H9CIN,O3 312.03; found 312.95.

Cl

Compound 23 (1,9-dichloroindolo[2,1-b]quinazoline-6,12-dione) was synthesized using 6-
chloroindoline-2,3-dione as starting material using the analogous procedure described for Compound 19.
'H NMR (400 MHz, chloroform-d) 8 ppm 7.44 (dd, J=8.16, 1.76 Hz, 1 H) 7.66 (dd, J=8.53, 2.01 Hz, 1 H)
7.87 (d, J=8.03 Hz, 1 H) 8.02 (d, J=2.01 Hz, 1 H) 8.38 (d, J=8.53 Hz, 1 H) 8.68 (d, J=1.76 Hz, 1 H). ESI-
MS m/z [M+H]+ calc’d for C1sHsCI2N20, 315.98; found 316.95.

Compound 24 (1-chloro-8-methyl-indolo[2,1-b]quinazoline-6,12-dione) was synthesized using 5-
methyl-2,3-dihydro-1H-indole-2,3-dione as starting material using the analogous procedure described for
Compound 19. *H NMR (400 MHz, chloroform-d) & ppm 2.48 (s, 3 H) 7.62 (d, J=8.16 Hz, 1 H) 7.65 - 7.69
(m, 1 H) 7.69 - 7.75 (m, 2 H) 7.97 (dd, J=7.91, 1.38 Hz, 1 H) 8.55 (d, J=8.28 Hz, 1 H). ESI-MS m/z [M+H]+
calc’d for Ci6HgCIN202 296.04; found 297.00.

Compound 25 1-chloro-9-methyl-indolo[2,1-b]quinazoline-6,12-dione was synthesized using 6-
methylindoline-2,3-dione as starting material using the analogous procedure described for Compound 19.
'H NMR (400 MHz, methanol-ds)  ppm 2.56 (s, 3H) 7.19 - 7.26 (m, 1 H) 7.60 - 7.68 (m, 1 H) 7.68 - 7.75
(m, 1 H) 7.81 (d, J=7.78 Hz, 1 H) 7.96 (d, J=7.98 Hz, 1 H) 8.50 - 8.55 (m, 1 H). ESI-MS m/z [M+H]+
calc’d for C16HI9CIN202 296.04; found 296.95.
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Compound 26 (1-chloro-9-methoxy-indolo[2,1-b]quinazoline-6,12-dione) was synthesized using 6-
methoxyindoline-2,3-dione as starting material using the analogous procedure described for Compound 19.
IH NMR (400 MHz, chloroform-d) & ppm 4.04 (s, 3 H) 6.92 (dd, J=8.53, 2.26 Hz, 1 H) 7.67 (dd, J=7.97,
1.32 Hz, 1 H) 7.73 (t, J=7.97 Hz, 1 H) 7.87 (d, J=8.53 Hz, 1 H) 7.97 (dd, J=7.91, 1.25 Hz, 1 H) 8.25 (d,
J=2.13 Hz, 1 H). ESI-MS m/z [M+H]+ calc’d for C16HyCIN203 312.03; found 312.95.

Compound 27 (1-chloro-9-fluoro-indolo[2,1-b]quinazoline-6,12-dione) was synthesized using 6-
fluoro-2,3-dihydro-1H-indole-2,3-dione as starting material using the analogous procedure described for
Compound 19. *H NMR (400 MHz, chloroform-d) & ppm 7.15 (td, J=8.47,2.26 Hz, 1 H) 7.68 - 7.72 (m, 1
H) 7.76 (t, J=7.60 Hz, 1 H) 7.95 - 8.00 (m, 2 H) 8.45 (d, J=2.13 Hz, 1 H). ESI-MS m/z [M+H]+ calc’d for

C1sHsCIFN202 300.01; found 301.00.
Cl SN

@) 28

Compound 28 (1,7-dichloroindolo[2,1-b]quinazoline-6,12-dione) was synthesized using 4-
chloroindoline-2,3-dione as starting material using the analogous procedure described for Compound 19.
'H NMR (400 MHz, chloroform-d) & ppm 7.41 (d, J=8.16 Hz, 1 H) 7.68 - 7.78 (m, 3 H) 7.99 (dd, J=7.91,
1.25 Hz, 1 H) 8.66 (d, J=8.03 Hz, 1 H). ESI-MS m/z [M+H]+ calc’d for C1sHsCi2N2O, 315.98; found
316.90.
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Compound 29 (1-chloro-9-(trifluoromethyl)indolo[2,1-b]quinazoline-6,12-dione) was synthesized
using 6-(trifluoromethyl)indoline-2,3-dione as starting material using the analogous procedure described
for Compound 19. ESI-MS [M+H]* calc’d for C16HsCIF3N20>, 350.0; found, 350.90.
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Compound 30 (1-chloro-8-fluoro-indolo[2,1-b]quinazoline-6,12-dione) was synthesized using 5-
fluorisatin as starting material using the analogous procedure described for Compound 19. *H NMR (400
MHz, chloroform-d) & ppm 7.51 (td, J=8.66, 2.76 Hz, 1 H) 7.61 (dd, J=6.53, 2.76 Hz, 1 H) 7.68 - 7.72 (m,
1H)7.72-7.77 (m, 1 H) 7.98 (dd, J=7.91, 1.38 Hz, 1 H) 8.71 (dd, J=8.85, 4.08 Hz, 1 H) . ESI-MS m/z
[M+H]+ calc’d for C15HsCIFN20, 300.01; found 300.95.
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Sl Fig. 2.1: Confirmation of TA analog activity by label-free centrifugation assays. A) Tau4RD (5 uM)
aggregation kinetics in the presence of 5 uM 3 kDa heparin and either 10 uM 2, 5 uM 3, or vehicle control,
in filtered buffer containing 20 mM Tris, 50 mM NaCl, and 1 mM TCEP. (n = 3 or 4, error bands show
mean +/- SEM.) B) SDS-PAGE gel densitometry of soluble tau4RD remaining at t = 240 min from panel

A, including additional Tau4RD concentration standards. C) Soluble tau4RD remaining at t = 240 min

calculated from the results of panel B.
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Sl Fig. 2.2: Structures (A) and aggregation inhibition activity (B) of non-tryptanthrin compounds
in screen. Conditions and formatting match those for Fig. 2.1.
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SI Fig. 2.3: Comparison of synthesized vs. commercially available tryptanthrin (1). Aggregation of 5
uM taudRD is inhibited to similar extents by 0.31 uM 1 synthesized in-house or acquired from Sigma
Aldrich (St. Louis, MO) or MedChemExpress (Monmouth Junction, NJ).

74



100~ 100
£ | z
s 1 3
= 50~ CCy,6-9uM = 50
© ©
) O
0 \ \ L Q& 0 \ \ L ® §
0.01 0.1 1 10 100 0.01 0.1 1 10 100
[compound] (M) [compound] (uM)
| | & &
100 100— O—=—~
—~ —~ 8 o © & 9\
S S
£ 12 2
3 CCg, 0.06-0.08 uM 3
> 50— > 50—
© ©
© © |  CCxp3100uM #
o | % O p 0 \ \ \ \
0.01 0.1 1 10 100 0.01 0.1 1 10 100
[compound] (M) [compound] (uM)

S| Fig. 2.4: Cytotoxicity of selected TA analogs towards HepG2 human hepatocellular carcinoma
cells in culture. Cytotoxicity assays were conducted by Eurofins Discovery Services (Fremont, CA) using
the following protocol: cells were plated in 384-well plates at a density of 3000 cells/well, cultured
overnight at 37°C, and transferred into assay media. These media included TA analogs at concentrations
ranging from 0.03-100 uM in modified Eagle’s medium without phenol red, 1% fetal bovine serum, 2 mM
L-glutamine, 50 U/mL penicillin, 50 ug/mL streptomycin, supplemented with glucose (circles) or galactose
(diamonds). Cell viability was measured in duplicate after 24 h (open symbols) or 72 h (closed symbols)

using the Cell Titer Glo assay (Promega Corp., Madison, WI).
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3. Tau4RD fibril polymorphism is imprinted during early aggregation

This chapter will be adapted for publication as a manuscript with the following author list:

Ellie I. James, Mason Saunders, Kelly K. Lee, Miklos Guttman, Abhinav Nath

Author contributions: E.I.J, M.G., and A.N. conceived the project. E.I.J performed in vitro aggregation
assays, limited proteolysis, and pulsed HDX. M.S. generated nsEM data, which was analyzed by M.S. and
K.K.L. E.I.J. drafted the manuscript with input from K.K.L., M.G., and A.N.

3.1 Abstract

Microtubule-associated protein tau forms characteristic fibrillar species in many neurodegenerative
diseases. Neurofibrillary tangles, tau deposits observed in Alzheimer’s disease (AD), contain a mixture of
amyloid-type polymorphic fibrils called paired helical filaments (PHFs) and straight filaments. The
formation of heterogenous fibril populations is observed in other diseases and when tau aggregation is
induced in vitro with polyanionic species. This suggests that tau’s structural transition from a
conformational ensemble to various amyloid morphologies is a controlled and, therefore, controllable
process. Despite many years of work toward describing aggregation intermediates that could address open
questions such as whether fibril polymorphism is imprinted at the start of aggregation or arises due to
conformational conversions, our understanding of amyloid structure remains predominantly based on
observations of mature fibrils. It is unclear whether these processes are mutually exclusive and to what
extent we can bias intermediate conformations toward less toxic states. Here to address the challenge of
studying aggregation intermediates and tau’s structural conversion, we apply pulsed hydrogen-deuterium
exchange with mass spectrometry (pulsed HDX-MS), which revealed differences in the subpopulations
formed by tau4RD (a truncated tau construct) within seconds of initiating aggregation with polyphosphate
and within hours of heparin-induction. This work begins to address the gap in knowledge regarding whether
amyloid polymorphism is directly imprinted during nucleation or results from structural rearrangement

during later stages of aggregation.
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3.2 Introduction

Tau and other intrinsically disordered proteins (IDPs) that lack a well-ordered overall conformation are
prone to pathological misfolding and aggregation due to their conformational plasticity. The formation and
deposition of fibrillar protein aggregates are hallmarks of many neurodegenerative diseases, including
tauopathies like Alzheimer’s Disease (AD) and chronic traumatic encephalopathy.!? In these diseases,
microtubule-associated protein tau’s structural role in stabilizing neuronal axons is disrupted and tau begins
to self-associate into amyloid-type fibrils with canonical cross-beta sheet morphology. Many of the more
than 26 tauopathies described to date exhibit distinct fibrillar aggregates in ex vivo samples.>* Recent
studies suggest that the pattern of post-translational modifications (PTMs) on tau is reflective of the
tauopathy causing fibrillization.>® While PTMs are commonly associated with pathological aggregation,
the sequence of events leading to PTM enrichment in tauopathies is unclear.>”#

Amyloidogenic aggregation can be modeled as a defined pathway in which a functional monomer
undergoes an activating event that results in an aggregation-competent nucleus to which additional
monomers add. This generates oligomers, which further develop into protofibrils and mature fibrils.
Inducing tau aggregation in vitro often requires phosphorylation or the addition of polyanionic species such
as RNA, polyphosphate, or heparin to overcome the positive electrostatic charge spread across the MTBR.”~
! Changes in the tau conformational ensemble caused by aggregation initiation are first evident in a short
hexapeptide, ***VQIVYK?!"", known as PHF6 which has been identified as a nucleation driver. PHF6 is
present in all tau isoforms and has been found both necessary and sufficient for tau’s aggregation.'> !4

Although nucleation begins in the same handful of residues, distinct fibril morphologies result from
tau’s incubation with various aggregation inducers.!"'>!¢ In the case of heparin, three fibril polymorphs
develop within a single reaction.'® Furthermore, aggregation in vifro is quite sensitive to changes in
parameters such as reaction temperature, buffer composition, and agitation, which results in a broad range
of aggregate morphologies even in the presence of a single polyanion.'”!® Taken together, these
observations suggest that there are points of control along tau’s aggregation pathway that bias the amyloid
conformation toward one morphology versus another. This remains an important open question in amyloid
research, namely whether amyloid conformations are imprinted at the onset of aggregation or whether
differences derive from conformational conversion further along the aggregation pathway.

We have limited insight into the evolution of structure during IDP aggregation, a fact that potentially
hampers the development of diagnostics and therapeutics targeted at early intervention. Because oligomers

are thought to be toxic in amyloidogenic diseases,!*2*

it would be of great benefit to therapeutically
intervene at the monomeric or intermediate stage and thereby prevent additional neuronal damage. Despite

extensive knowledge of fibril morphology due to advances in structural techniques such as cryo-EM, 625
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27 this knowledge is not transferable to the dynamic and transient species present during aggregation that
elude characterization. Recently, Lovestam et al. have pushed the limit by characterizing tau amyloid
intermediates by cryo-EM, although their chosen approach provided limited kinetic information.?® Pulsed
HDX-MS is a solution state technique that is size-agnostic and can inform on the profile of structural order

2930 Tt can be used to

throughout a protein even as it populates transient and disordered species.
simultaneously identify subpopulations within a reaction (e.g., monomer, oligomer A, oligomer B) and
deconvolve aggregation kinetics, facilitating meaningful comparisons about the temporal and structural
changes that occur during protein aggregation.’!2 Here, we apply pulsed HDX-MS to track the propagation
of heparin- or polyphosphate-induced structural differences along tau’s aggregation pathway and find that
distinct fibril morphologies appear to be biased during nucleation rather than occurring through a

conformational conversion mechanism during mid-to-late aggregation.

3.3 Results

3.3.1 Generation of conformationally distinct recombinant tau4RD fibrils

It has been shown that inducing tau aggregation with different polyanions generates conformationally
distinct fibrillar species.”'!?” Indeed, in our hands, fibrils generated by the addition of heparin or
polyphosphate to recombinant tau4RD are morphologically distinct by negative stain EM (nsEM).
Differences in branching, helicity, and fibril diameter were observed (Fig. 3.1A/B, SI Fig. 3.1). Other
factors that could influence fibril morphology, such as temperature, buffer composition, and mechanical
agitation, were held constant in these experiments. Limited proteolysis MS/MS experiments supported the
inference that tauR4D adopts different conformations since qualitative differences in fibril digestion
patterns between monomer, heparin-induced fibrils, and polyphosphate-induced fibrils were clearly evident
(SI Fig. 3.1). We do not interpret the limited proteolysis MS/MS data beyond the qualitative statement that
the cleavage products (defined only by c-terminal residue) are different between heparin- and
polyphosphate-induced fibrils. While further analysis could reveal additional insight into the amyloid

morphologies present in each sample, we do not seek to characterize the fibrils, only their intermediates.

3.3.2 Characterization of divergent aggregation pathways
An open question in the amyloid field is whether amyloid structure is imprinted upon aggregation
initiation or whether amyloid differentiation occurs through conformational conversion during later stages
of the aggregation process. To monitor time-dependent structural changes in tau4RD structure in the
presence of polyphosphate or heparin, we employed pulsed HDX-MS. Figure 3.1C shows a cartoon of a
pulsed HDX-MS experiment in which the fibril core is tightly packed and hydrogen bonded, which prevents
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residues in this region from undergoing HDX. In comparison, the monomer is solvent-exposed and
unstructured, making it highly susceptible to HDX. By applying a 3-sec deuterium pulse and observing the
peptide-level deuterium uptake, we can discern which regions of tau are monomer-like vs. fibril-like at
various points during tau4RD aggregation. Despite attempting to dissociate tau4RD amyloid fibrils with
very harsh HDX quench conditions (7 M guanidine HCI), the fibril populations could not be effectively
disassembled and were thus not amenable to digestion. Therefore, the populations observed omit the
contribution of any fibrils but accurately measure the monomeric and protofibrillar subspecies.

TaudRD exhibits a decrease in deuterium incorporation during both heparin-induced and
polyphosphate-induced aggregation that correlates with amyloid formation monitored by increased ThT
fluorescence (Fig. 3.2A, inset). Tau4RD and inducer concentrations were identical for ThT fluorescence
assays and HDX assays, which were performed side-by-side on the same 96-well plate. The only difference
in composition between the two assays was the inclusion of 10 pL of ThT solution versus 10 pL of buffer.
Without heparin or polyphosphate, there was no decrease in deuterium uptake, indicating that the changes
in tau4RD’s deuteration profile are caused by the addition of aggregation inducer (Fig. 3.2A, dashed grey
lines). Protection from HDX and changes in the tau4RD ensemble caused by heparin-induced aggregation
appear by 240 min of aggregation (Fig. 3.2A, inset); at this time, protection appears between residues 284-
323 (Fig. 3.2A, 3.3D, SI Figs. 3.2/3.4). Polyphosphate-induced tau4RD aggregation occurs much more
quickly than heparin-induced tau4RD aggregation and lacks a distinct lag phase under our experimental
conditions (Fig. 3.2A, inset). However, the resulting structures are clearly fibrillar (Fig. 3.1B), and the
process is irreversible, indicating that we are observing bona fide fibril formation rather than amorphous
aggregation or liquid-liquid phase separation. By 15 sec after aggregation initiation (early elongation),
pulsed HDX-MS detects protection in peptides 2°IGS...KKL*? ~ 2!'CGS...VYK3! and
38TVYKPVDLSK?®'7 (Fig. 3.2A). While Fig. 3.2A, an alternate visualization of an HDX uptake heatmap,
provides a per-residue (averaged) overview of the kinetic and structural differences between heparin- and
polyphosphate-induced fibril formation, it obscures key differences in deuteration levels that result from
distinct populations in the samples. Figs. 3.2B/C depict the final pulsed HDX time point for each condition.
Protection from HDX (less deuteration) is more widespread throughout the tau4dRD sequence (x-axis)
during polyphosphate-induced than during heparin-induced aggregation, particularly near the termini. Note
the absence of low-exchanging subpopulations in the heparin condition near residues 240-257 and 350-372
(Fig. 3.2B, SI Fig. 3.13/3.14). In both cases, the polyphosphate fibril core extends further than is apparent
in Fig. 3.2A.

One advantage of pulsed HDX-MS is its ability to differentiate the number of conformational

subpopulations that exist simultaneously within a sample by quantifying differences in their level of
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protection. The isotopic distributions in the spectra can reveal the existence of more than the two
conformational subpopulations expected when observing a transition like aggregate forming from
monomer. HXExpress v3*® was used to fit one or more binomial distributions to the mass envelopes of 26
peptides common to heparin- and polyphosphate-induced tau4RD fibrils. Multimodal tau4RD spectra occur
throughout the heparin-induced fibril core, including in peptides 2°IGS... KKL?*? and *!CGS...VYK3!
(Fig. 3.3A). These multimodal distributions can be fit with two binomials that represent monomer-like
(high-exchanging, unprotected) and fibril-like (low-exchanging, protected) states in peptides across the
tau4RD sequence. This single protected species accounts for ~ 33% of the population 360 min after
initiation with heparin (Fig. 3.3A).

In contrast to our observations of peptides *IGS...KKL?** and *'CGS...VYK?!! in heparin-induced
tau4RD aggregation, the mass envelope of these peptides cannot be adequately explained by two binomials
in the polyphosphate aggregation condition. Applying a multimodal (three binomials) fit to the mass
envelope of these peptides results in a statistically justified fit (p-value = 4.0 x 10, Fig. 3.3A, SI Fig. 3.6),
indicating the presence of at least two distinct protected populations (i.e., fibril morphs). By comparing the
multimodal analyses of peptide 'CGS...SVQ*"” and redundant peptide *'CGS...SVQIVYK?!!, we can
confidently say that residues **®*IVYK?!! in the PHF6 aggregation-driving region are distinct in the two fibril
forms (Fig. 3.3A). Residues beyond the four in this segment may also be distinct in the fibrils but lack of
overlapping peptides precludes determining the exact stretch of relevant residues. Further, by comparing
the subpopulation distribution between these redundant peptides throughout aggregation, we can determine
that at 60 min of aggregation, morph B accounts for 29 + 0% of the tau4RD population while a second
morph accounts for 26 £+ 1% of the population and begins in the PHF6 region (Fig. 3.3B/C). Strikingly, the
relative population fractions of these two protected states remain constant throughout aggregation,
suggesting that each subpopulation represents a stable protofibril conformation instead of an intermediate
species converting into the final conformation (Fig. 3.3C). The medium- and low-exchanging species seen
in Fig. 3.2C represent separate polyphosphate-induced tau4RD fibril morphs that account for a total of
approx. 57% of the population at the final time point.

3.3.3 Effect of a potent aggregation inhibitor

We have recently demonstrated that tryptanthrin and several synthetic analogs are potent inhibitors of
tau4RD aggregation that act primarily by inhibiting tau4dRD nucleation.** Here, we investigated whether
inhibiting nucleation with tryptanthrin changes the resulting fibril morphologies for either heparin- or
polyphosphate-induced tau4RD aggregation. As previously described, the substoichiometric (1:2) addition
of tryptanthrin to heparin-induced tau4RD aggregation delayed the onset (longer lag phase) and strongly
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decreased the rate (decreased transition steepness) and extent (decreased plateau fluorescence) of tau4dRD
aggregation (Fig. 3.4A, inset). However, pulsed HDX-MS comparison reveals that tryptanthrin does not
cause conformational changes in the core of fibrils formed in the presence of heparin, although peptides at
the C-terminal edge of the core shift from weakly multimodal to unimodal (e.g., Fig. 3.4B/C peptide 341-
353) due to the overall reduction in aggregation, resulting in these low abundance populations falling below
the limit of detection.

Incubation with substoichiometric tryptanthrin (1:2) modestly decreases the extent of polyphosphate-
induced tau4RD aggregation (Fig. 3.5B, inset) but does not result in changes to the fibril core observed by
pulsed HDX-MS (Fig. 3.5B/C). Like the effect observed on the C-terminal side of the heparin fibril core,
peptides with low abundance multimodal character (e.g. peptide 350-372, SI Fig. 3.13) become unimodal
after incubation with tryptanthrin. This likely results from the suppression of aggregation rather than a
change in the polyphosphate-induced fibril conformations. Moreover, the relative population distribution
of morph B and morph C throughout polyphosphate-induced aggregation with tryptanthrin is unchanged
(SI Fig. 3.10), providing additional evidence that the fibril morphs observed during polyphosphate-induced
aggregation are unchanged by tryptanthrin and are conformationally distinct from heparin-induced fibrils.
Further, it is clear from this data that tryptanthrin does not preferentially inhibit one polyphosphate-induced
nucleus compared to the other, which would result in a skewed population distribution compared to the

vehicle-controlled state.

3.4 Discussion

Although amyloid aggregation is a complex process, it can be simplified with the application of
nomenclature that describes relevant steps in the aggregation process. For example, “nucleation” is the
transition that a monomer undergoes to make it aggregation-prone, and “elongation” describes the process
by which additional monomers add to existing fibril ends. The microscopic processes involved in amyloid
formation (e.g., primary nucleation, fibril fragmentation) are characteristic of an individual protein’s self-
assembly landscape and can change depending on the environmental conditions.!”!87-353% For example,
heparin- and polyphosphate-induced taud4RD aggregation exhibit strikingly different kinetics. Nucleation
of tau4RD in the presence of heparin occurs much more slowly than in the presence of polyphosphate, made
apparent by the approximately 150-minute lag phase observed in heparin-induced aggregation and the
absence of a lag phase during polyphosphate-induced aggregation (Fig. 3.2 inset). The rate-limiting step of
heparin-induced aggregation is nucleation, while that of polyphosphate-induced aggregation is fibril
elongation. Although these differences are reflected in the shape of the aggregation curve, they are also

represented by the total duration of aggregation. Tau4RD aggregation takes more than twice as long to
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plateau when initiated with heparin versus polyphosphate, and the shape of the curves indicates a much
higher fibril elongation rate (steeper transition slope) observed during polyphosphate-induced aggregation.
Although polyphosphate and heparin are both highly negatively charged and have similar charge density
per unit length (-0.31 e/A vs. -0.27 e/ A), they differ in the chemistry and arrangement of their negative
charge (phosphate vs. sulfates/carboxyl).!® This results in distinct aggregation kinetics as well as the
formation of distinct amyloid species when used to initiate taudRD aggregation in vitro. Both nsEM and
limited trypsin/lys-C proteolysis of the polyphosphate- and heparin-induced tau4RD fibrils confirmed that
differences exist in the final amyloid structures formed between the two conditions (Fig. 3.1A/B, SI Fig.
3.1).

Despite the clear picture of endpoint tau fibril morphologies observed by cryo-electron microscopy, '~
%7 the transient nature of amyloid intermediates has, until recently, limited their structural characterization
and precluded the determination of when amyloid conformations diverge. Lovestam et al. applied time-
resolved cryo-EM to monitor the amyloid formation of a truncated tau construct consisting of residues 297-
391. The authors discovered a species they termed the FIA (first amyloid intermediate), the first
intermediate structured enough to resolve with cryo-EM. During further monitoring, the authors observed
maturation and conformational conversion of the FIA into polymorphic intermediates, some of which were
shared amongst aggregation conditions.?® Although this cryo-EM data provides structural insight into the
origin of amyloid polymorphism, it does not provide kinetic details about the assembly reactions.

Pulsed HDX-MS addresses this concern because it can track the kinetics and structural conversions of
aggregation in situ. Another powerful advantage of pulsed HDX-MS in the study of aggregation
intermediates is its ability to discern the prevalence of conformational subpopulations.?®33 Unlike the data
in Fig. 3.2A, which is based on the averaged deuterium shift approximated to single residues through all
observable peptides, the data in Fig. 3.3A shows the mass envelope for a given peptide and has been
analyzed to discern distinct populations.®® This format lends itself to the determination of subpopulations
such as the protected (purple, lower mass) and unprotected (teal, higher mass) observed in peptides
spanning residues 260-353 for heparin and 240-372 for polyphosphate. Protection extending further than
residue 323 is not apparent in the centroided, per-residue deuteration levels in Fig. 3.2B due to the small
and poorly resolved population fractions, emphasizing the importance of multimodal fitting to extract the
full scope of information contained within the data. The low abundance protected populations observed at
the termini are not artifacts; they are never observed in the monomer injections in which no aggregation
has occurred. They also do not appear in earlier time points or in blank injections, which would be expected
if they were the result of carryover from fibrils sticking to the protease column and slowly disassembling

which would cause apparent protected subpopulations in subsequent runs.
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Multimodal fitting of peptide *'CGS...VYK?!' revealed the evolution of multiple protected
subpopulations during polyphosphate-induced aggregation and a single protected population during
heparin-induced aggregation (Fig. 3.3A). Remarkably, both polyphosphate-specific protected
subpopulations were detected 15 seconds after the addition of polyphosphate and increased in population
fraction concurrently (Fig. 3.3C), lending support to our hypothesis that fibril polymorphism is imprinted
early in the aggregation process rather than occurring through a conformational conversion process. This
comparison highlights the power of pulsed HDX-MS to interrogate the conformational differences between
separate aggregation pathways as well as the differences that develop within a single aggregation reaction.

After establishing pulsed HDX-MS as an experimental tool capable of detecting structural differences
between aggregation intermediates, we sought structural and mechanistic information about tryptanthrin-
mediated aggregation inhibition. To facilitate detectable levels of aggregation, a substoichiometric (1:2)
molar ratio of tryptanthrin to tau4dRD was chosen. As expected, heparin-induced aggregation was greatly
diminished by the inclusion of tryptanthrin, but somewhat surprisingly, the resulting aggregation
intermediates and fibril core were the same as in the control condition. Unlike with heparin, tryptanthrin
only mildly inhibits polyphosphate-induced tau4RD aggregation (SI Fig. 3.7). Once again, tryptanthrin was
found not to change the core of either polyphosphate-induced fibril morph or the ratio of their populations
to each other, supporting that both polyphosphate-induced polymorphs are distinct from that observed
during heparin-induced aggregation and neither is preferentially inhibited by tryptanthrin.

While our data is extremely revealing, there remain some limits to its interpretation. First,
polyphosphate-induced tau4RD aggregation proceeds so quickly that there are sizeable changes in the
subpopulation fractions of, e.g., peptide 'CGS...VYK3!! between within samples collected in the first
minute after initiating aggregation. It was not possible to collect duplicate samples in this time regime due
to these changes, so a single data point was collected at 15-sec and 30-sec post-initiation. This limitation is
alluded to in Fig. 3.3B/C and can be seen in more detail in SI Fig. 3.11. Despite this, both protected
subpopulations are visible at the earliest time point in the first replicate (SI Fig. 3.11), indicating that
polymorphism has fully evolved by 15-sec after the start of polyphosphate-induced aggregation.

Second, our pulsed HDX experiments lacked a deuterium exposure control (internal exchange reporter).
Although 3-sec deuterium pulses were performed with the aid of a metronome,* there are likely small
variations in deuterium exposure between samples. We have mitigated this shortcoming by choosing a pulse
duration that adequately separates monomeric and structured tau4RD populations and through our analysis
of subpopulation prevalence rather than by comparing %D across samples. Although HXExpress v3 can
confidently assign peptide spectra as unimodal, bimodal, trimodal, etc., it cannot deconvolute poorly

resolved subpopulation fractions. For this reason, we have taken a conservative approach to inter- and intra-
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inducer comparisons, focusing on the statistically justified differences in the number of subpopulations
detected in key regions of the tau4RD sequence.

Finally, mature amyloid fibrils are not amenable to pulsed HDX-MS in our hands because they cannot
be solubilized for LC-MS analysis. We see no changes in the relative signal intensities during LC-MS of
peptides in the fibril core versus those at the extreme N- and C-termini in monomeric digests, early
aggregation digests, or digests performed during the mid-to-late elongation phase, suggesting that fibrils
are not disproportionately contributing to peptide signal at the termini. Negating the contribution of fully
formed fibrils means that we do not have a fully quantitative picture of the populations present, but we do
still get a complete picture of the early intermediates that lead to fibrils. Fortunately, these are the high-
value targets that we wanted to structurally characterize.

Here we have presented a comparative structural analysis of heparin- and polyphosphate-induced
tau4RD aggregation. We highlight differences in the extent of the tau4dRD sequence involved in the fibril
core and differences in conformational polymorphism, specifically observed in regions 260-282 and 291-
321 in polyphosphate-induced samples. Our results support the conclusion that tau fibril polymorphism is
imprinted during nucleation; we see no evidence of conformational conversion through the course of fibril
formation and maturation. This, at first glance, appears to contradict the findings of Lovestam et al. who
found evidence of an intermediate common to two separate tau aggregation reactions and determined that
differences in fibril polymorphism arose through the structural maturation of the FIA. None of the
protection profiles we observed are consistent with the FIA, although this is unsurprising due to the different
systems our two studies used to induce tau’s aggregation. There are many possible explanations for the
disparate conclusions we have reached. Namely, their work and ours made use of different tau constructs
which could cause differences in aggregation mechanism. The construct we use (tau4RD, residues 244-
372) contains PHF6*, a second hexapeptide motif known to drive aggregation; the construct used by
Lovestam et al. does not contain PHF6* but does comprise all the residues that form the proteolytically-
stable core of PHFs observed in post-mortem AD patient samples. The differences in polymorphic behavior
we observed could simply be intrinsic to these different tau constructs. Alternatively, the timeline of
polyphosphate-induced tau4RD aggregation is far removed from that observed in the Lévestam study or in
our own heparin-induced aggregation. It could be that in vitro polyphosphate-induced aggregation is
kinetically controlled and proceeds without the thermodynamically stable FIA, but conditions that promote
an aggregation lag phase allow time for the FIA to arise and mature into separate polymorphs. Regardless,
these discrepancies clearly indicate that we need to deepen our understanding of the origin of amyloid

polymorphism to create a unified framework.
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3.5 Materials and Methods

3.5.1 Protein Expression and Purification

TaudRD was generated in-house as recently described. In brief, tau4RD was expressed and purified in
E. coli BL-21 (DE3) from a plasmid gifted by the Rhoades lab at the University of Pennsylvania
(Philadelphia, PA). In brief, a three-step purification consisting of two Ni-NTA agarose column steps
followed by fractionation with a 25 mL S200 extended gel filtration column. Tau4RD purity was confirmed
by precast 12% Bis-Tris SDS-PAGE gels (Invitrogen). Protein was concentrated, aliquoted, and flash-
frozen before storage at -80 °C. Protein concentrations were determined using the Pierce BCA Protein Assay

Kit (Thermo Fisher Scientific).

3.5.2 Aggregation Assays

Taud4RD aggregation assays were completed as previously described with the following changes.*
Tau4RD and the aggregation inducers were prepared at 2.105x the desired final concentration in a buffer
consisting of 20 mM MOPS, 50 mM NaCl, 1 mM TCEP, 1 mM EDTA mixed in optima H20, pH = 7.44.
The buffer was not filtered prior to use. Tau4RD and tryptanthrin (or an equivalent volume of DMSO)
aliquots were thawed and diluted to 10.526 uM (tau4RD) and 5.263 pM (tryptanthrin), respectively, in a
combined final volume of 460 uL per experimental condition. For each condition, 95 uL of tau4RD sample
was plated into each of n = 3 or 4 wells on a black 96-well plate with a multi-channel pipette. Then, 10 pL
of 1 mM filtered (0.22 pm) ThT stock was added to each well with a multi-channel pipette (final
concentration of 50 uM ThT). Finally, 95 uL of heparin at 10.526 uM or 95 uL of polyphosphate (Kerafast,
medium chain) at 21.05 pg/mL was added to each well for a final concentration of 5 uM heparin or 10
ug/mL polyphosphate (approx. 7 uM when average polyphosphate chain length (mode) is 75 units). The
plate was then covered with a polypropylene or polyolefin film and placed into a BioTek Synergy HT Xplate
reader pre-heated to 37 °C. Aggregation was monitored until completion (overnight, ~17 h unless stated
otherwise) by ThT fluorescence (Aex = 440 nm, A.m = 485 nm). Fluorescence readings were collected every
5 minutes following 1 minute of linear shaking at 540 rpm. All ThT fluorescence assays were performed
with non-binding black 96-well flat-bottom plates (Corning). A blank sample was prepared as above but

without taudRD. The blank was used to correct baseline fluorescence.

3.5.3 Gel Densitometry

Aggregation assays were stopped at the indicated time and wells were pipetted into individual 1.5 mL
tubes. The tubes were centrifuged at 21,000g for 30 min at 4 °C, after which 15 pL of supernatant was
added to 3 pL of 5x SDS loading dye. Concentration standards were prepared at 5 uM, 2.5 uM, and 1.25

uM and included on the plate during the aggregation assay. Samples and standards were boiled for 45 sec,
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cooled on ice, then 15 uL was added to precast 12% Bis-Tris SDS-PAGE gels. Gels were imaged with a Li-
Cor Odyssey CLx gel scanner and band intensity was determined using GelAnalyzer 23.1.1 (available at
www.gelanalyzer.com) by Istvan Lazar Jr., PhD and Istvan Lazar Sr., PhD, CSc. N =2 or 3 and results were

averaged (mean).

3.5.4 Limited Proteolysis

3.5.4.1 Trypsin/Lys-C Digest

TaudRD was prepared and aggregated as above, except additional aggregation buffer (10 uL) was added
to the wells in place of ThT solution. At the end of aggregation, wells were pipetted individually into non-
binding 1.5 mL tubes, then centrifuged at 21,000 g for 30 min at 4 °C. Fibril pellets were isolated by
removing 175 pL of supernatant from each tube. Trypsin/Lys-C Protease Mix (Pierce, MS-Grade) was
resuspended at 0.5 mg/mL in PBS buffer pH 7.4 (20 mM phosphate, 150 mM NaCl, 0.02% sodium azide,
1 mM EDTA), aliquoted, and stored at -20 °C until use. For tau4RD fibril digest, 0.4 pg of Trypsin/Lys-C
mix was added to each tube. Initially, samples were incubated at 37 °C for 15, 30, 60, or 120 min. After
comparing cleavage products, a 30-minute digestion was chosen for further experiments. Proteolysis was
quenched and fibrils were disrupted with the addition of 8 M urea, pH 2.5, and 30-min incubation at 37 °C.
Samples were cooled to room temperature, used immediately in an SDS-PAGE gel, or flash-frozen and

stored at -80 °C until LC-MS/MS analysis.

3.5.4.2 LC-MS/MS

Samples were thawed at 5 °C for 4.5 minutes and injected using a custom LEAP robot integrated with
an LC-MS system.*! Peptides were trapped on a Waters XSelect CSH C18 trap cartridge column (2.1 x 5
mm 2.5 um) and resolved over a CSH C18 column (1 x 50 mm 1.7 um 130A) using a linear gradient of 5
to 35% B (A: 0.1% FA, 0.025% TFA, 5% ACN; B: ACN with 0.1% FA) over 10 minutes and analyzed on
a Thermo Orbitrap Ascend mass spectrometer at a resolution setting of 120,000. A series of washes over
the trap column were used between injections to minimize carry-over as described previously. Data-
dependent MS/MS acquisition was performed using rapid CID and HCD scans and processed in Byonic
(Protein Metrics) with a digestion filter set to K/R and infinite missed cleavages. A score cutoff of 200 was

used to identify peptides.

3.5.4.3 Peptide Mapping
Peptides identified from limited proteolysis-LC-MS/MS were filtered, sorted, and compared using an
in-house Python script (available upon request). Briefly, each K/R position in tau4RD was assessed for
proteolysis by totaling the XIC of peptides with K/R in the C-terminal position. K/R positions with XIC
signals less than 1e5 were assigned an XIC value of 0. The XIC for each K/R position (per sample) was
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then normalized to the average (mean) XIC of all K/R positions within the sample. This is a simplified
workflow that neglects considering the starting residue of each cleavage product. If quantitative rather than

qualitative cleavage readouts are necessary, we recommend a more in-depth analysis and comparison.

3.5.5 Pulsed HDX

Pulsed HDX experiments were designed to minimize perturbing aggregation by separating each time
point into a different well on the plate. This means that duplicate samples are created from a single well for
each time point, but each time point is pulled from a separate well (i.e., a separate aggregation reaction).
As such, the extent of aggregation may vary slightly between time points even though aggregation was
initiated at the same time.

Aggregation assays were prepared as described above. Samples for pulsed HDX-MS did not contain
ThT (replaced with 10 pL of aggregation buffer), but n = 3 or 4 matched wells contained ThT to monitor
aggregation progress during the pulsed HDX experiments. At each time point, the corresponding ThT-free
well was transferred into a 1.5 mL lo-bind tube (Eppendorf) and held at 37 °C. The 96-well plate was
returned to the plate reader for continued monitoring. Then, 20 uL of taudRD/mixture was diluted into 80
uL of deuterated MOPS buffer (20 mM MOPS, 50 mM NaCl, 1 mM TCEP, | mM EDTA, 0.2 nM
bradykinin, pH* 7.18, 70% D final) for 3 sec at 21 °C. Timing accuracy was facilitated using an electronic
metronome set to 60 beats/min. After 3 sec, the sample was rapidly mixed with an equal volume of ice-cold
quench (4 M urea, 0.2 % formic acid, 0.1% TFA) for a final pH of 2.51. Samples were immediately frozen
on ethanol/dry ice and stored at -80 °C until LC-MS analysis. Samples were collected in duplicate at each
aggregation time point. Fully deuterated samples were prepared by incubating monomeric tau4RD with
deuterated buffer at 21 °C for 60 min. Samples were then quenched and frozen as above. Undeuterated

samples were prepared alongside fully deuterated samples but with a matched deuterium-free buffer.

3.5.6 LC-MS for HDX samples

Of note, samples containing polyphosphate were challenging to assay via LC-MS and significant effort
went into identifying suitable experimental conditions. Briefly, polyphosphate buildup on the trap and
analytical columns prevented peptide binding, resulting in blank or extremely noisy mass spectra. A neutral-
pH wash was passed over the trap and analytical columns between each sample injection to remove
polyphosphate buildup. No carryover was detected in blanks injected between polyphosphate- or heparin-
containing samples.

All HDX samples were subjected to LC-MS on a Thermo Orbitrap Ascend during an uninterrupted
three-day period. Samples were thawed at 5 °C for 4.5 minutes and injected using a custom LEAP robot

integrated with an LC-MS system.*! The protein was first passed over a Nepenthesin II column (2.1 x 30
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mm; AffiPro) at 400 pL/min for inline digestion with the protease column held at 20 °C. Peptides were then
trapped, eluted, and analyzed as described above. A series of washes over the trap and protease columns
was used between injections to minimize carry-over as described previously,*! except the fourth wash which
was replaced with 98% optima water/2% optima ACN (neutral pH). Data-dependent MS/MS acquisition
was performed on an undeuterated sample using rapid CID and HCD scans and processed in Byonic
(Protein Metrics) with a score cutoff of 200 to identify peptides. Deuterium incorporation was analyzed
using HDExaminer v3 (Trajan Scientific). Peptide spectra were exported from HDExaminer and analyzed
with HXExpress v3 for multimodal character.*® Multiple binomials were fit to spectra based on the F-test
p-value calculated in HXExpress v3. Multimodal spectra were plotted according to the solutions provided
by HXExpress v3, regardless of the confidence associated with the subpopulation deconvolution. Only

well-resolved or redundant spectra were used to assign population fractions.

3.5.7 nsEM

Taud4RD was prepared, aggregated, and pelleted as for limited proteolysis. Fibril pellets were isolated
by removing 190 uL of supernatant from each tube. Fibrils were resuspended by gently pipetting the
remaining 10 pL of buffer until the pellet was dispersed. Negative stain grids were made by applying 3.5
ul of dispersed fibrils to carbon film 400 mesh copper grids (Electron Microscopy Sciences) for one minute,
blotting to dryness, washing with distilled water, blotting to dryness, staining using a 2% methylammonium
tungstate solution (NanoW™; Nanoprobes) for one minute, and then blotting to dryness. nsEM was
performed on a 120 kV Tecnai T12 TEM (FEI). Micrographs were collected at 67,000x magnification with
a 1.60 A/pixel size using the software Leginon*? with defocus set to -2.0 um and a total electron dose of

35.04 e—/A.
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3.6 Figures
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Figure 3.1: Heparin- and polyphosphate-induced tau4RD aggregation result in different fibril
morphologies. A/B) nsEM of representative heparin- and polyphosphate-induced tau4RD fibrils
highlighting differences in branching and helicity. Scale bar = 200 nm. C) Cartoon of pulsed HDX

experiment showing how differences in protection arise during aggregation.
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Figure 3.2: Pulsed HDX-MS detects conformational changes in taudRD caused by amyloid
aggregation. A) Deuteration level per residue of tau4RD following a 3-sec 70% D20 pulse at various
aggregation durations. Darker colors indicate longer aggregation. Without inducer (grey dotted lines),
tau4RD becomes completely deuterated with a 3-sec D20 pulse. Deuteration levels decrease across the
fibril core as aggregation time increases in both the heparin- and polyphosphate-induced conditions. This
data primarily reflects the protected (aggregated) population and includes small contributions from the
unprotected (monomeric) population. Full peptide coverage information and traditional heat maps can be
found in SI Figs. 2-3. Inset: ThT fluorescence monitoring of tau4RD (5 pM) aggregated with 5 uM of 3
kDa heparin or 10 pg/mL medium chain polyphosphate. N = 4, mean + SEM. Pulsed-HDX sampling times
are indicated with colored arrows. B) Woods plot showing deconvoluted % deuteration by peptide for the
high-exchanging (monomer-like) and low-exchanging (aggregated) heparin-induced populations at t = 360
m. C) Woods plot showing deconvoluted % deuteration by peptide for the high-exchanging (monomer-

like), medium-exchanging (aggregated), and low-exchanging (aggregated) populations at t = 75 m.
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Figure 3.3: Multimodal deconvolution highlights structural and population differences between
heparin- and polyphosphate-induced tau4RD fibril populations. A) Pulsed HDX mass envelopes for
five peptides observed in heparin- (top) and polyphosphate- (bottom) induced tau4RD fibrils. In the
presence of polyphosphate, peptides 2°IGS...KKL?*? and #*'CGS...VYK3!!' (double dagger) exhibit
trimodal character, indicating the existence of at least two stable protected species, while the same peptides
display a single protected population in the presence of heparin. The unprotected population decreases over
time with a concurrent increase in the protected population(s) under either condition. The F-test p-value for
multiple binomial fits is less than 0.05 for all mass envelopes shown. B) Population distribution throughout
polyphosphate-induced aggregation for peptide *'CGS...SVQ®”" (dagger) which has been fit to two
binomials. C) Population distribution for redundant peptide *'CGS...VYK?!! (double dagger) reveals that
a second protected population can be localized to residues near *®*IVYK?3!! during polyphosphate-induced
aggregation. For polyphosphate-induced aggregation, protected B and protected C maintain stable relative
population fractions to each other throughout aggregation, indicating that they are two distinct species. The
dagger and double dagger symbols mark the time point shown in A. D) In contrast, peptide
PICGS...VYK3!! exhibits a single protected population throughout heparin-induced aggregation. N = 2,
mean = range, except for polyphosphate *'CGS...VYK3!! 75-min (n= 1).
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Figure 3.4: Inhibitor TK23 potently reduces heparin-induced aggregation kinetics but does not
change resulting amyloid conformation. A) Deuteration level per residue of taudRD following a 3-sec
70% D20 pulse at various aggregation durations in the absence or presence of inhibitor TK23. Darker
colors indicate longer aggregation. Shared HDX sampling times are indicated in the inset ThT traces with
black arrows; condition-specific sampling times are indicated with colored arrows. B/C) Woods plots
showing deconvoluted deuterium uptake by peptide for the high-exchanging and low-exchanging

(aggregated) populations when incubated with vehicle control (B) or inhibitor (C). Despite the marked
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decrease in the rate and extent of heparin-induced tau4RD aggregation in the presence of inhibitor TK23
(inset, steepness of curve and decrease in plateau fluorescence), the region protected from HDX remains
largely similar to that observed in the absence of inhibitor, except for peptides bordering the fibril core (e.g.,

344.353).
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Figure 3.5: Inhibitor TK23 moderately decreases polyphosphate-induced aggregation but does not
change resulting amyloid conformations. A) Deuteration level per residue of tau4RD following a 3-sec
70% D20 pulse at various aggregation durations in the absence or presence of inhibitor TK23. Darker
colors indicate longer aggregation. Shared HDX sampling times are indicated in the inset ThT traces with
black arrows. Inhibitor TK23 mildly decreases the final extent of polyphosphate-induced tau4RD
aggregation (inset, decrease in plateau fluorescence), but has little impact on the rate of aggregation. E/F)
Woods plots comparing tau4RD deuterium uptake of the high- (monomer-like), medium- (aggregated), and
low-exchanging (aggregated) after aggregation with vehicle (E) or inhibitor (F). The region protected from
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HDX remains largely unchanged in the presence of TK23, although peptides bordering the fibril core are
not detectably multimodal in the presence of inhibitor (e.g., peptide 240-257).
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Figure 3.6: Nucleation proposed as the divergence point of both inter- and intra-inducer tau4RD
amyloid polymorphism. Detection of multiple protected populations 15 sec after taudRD aggregation
induction with polyphosphate indicates that fibril polymorphism is imprinted extremely early during
aggregation. Tryptanthrin, a potent tau4RD nucleation inhibitor, does not alter the resulting fibril core in
heparin- or polyphosphate-induced aggregation. Polymorphic aggregation with stable population fractions

is observed when tryptanthrin is incubated with polyphosphate and tau4RD.
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3.7 Supplementary Material
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SI Fig. 3.1: Heparin- and polyphosphate-induced tau4RD fibrils have different morphologies. A/B)
Additional representative nsEM of heparin- and polyphosphate-induced tau4RD fibrils. Scale bar = 200
nm. Median filter; 4 px/6.4A. C) Trypsin limited proteolysis of tau4RD monomer and heparin- or
polyphosphate-induced fibrils reveals different cleavage fingerprints, providing further confirmation that

heparin- and polyphosphate-generated fibrils are conformationally distinct.
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SI Fig. 3.2: Deuterium uptake heatmap for heparin-induced tau4RD throughout aggregation.
Deuteration level per residue of tau4RD following a 3-sec 70% D20 pulse at various aggregation durations.
This is a traditional visualization of the data displayed in Fig. 3.2A. Without inducer (no heparin condition),
tau4RD monomer becomes completely deuterated with a 3-sec pulse. As aggregation proceeds, protection
develops between residues 283-324. Note that the contribution of the protected and unprotected populations
could not be completely deconvoluted in this analysis software (HD Examiner), so further fitting was

performed on a subset of peptides with HXExpress v3.
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Polyphosphate/tau4RD, protected population
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Deuteration level per residue of tau4RD following a 3-sec 70% D20 pulse at various aggregation durations.
This is a traditional visualization of the data displayed in Fig. 3.2A. Without inducer (no polyphosphate
condition), tau4RD monomer becomes completely deuterated with a 3-sec pulse. As aggregation proceeds,
protection develops between residues 267-324. Note that the contribution of the protected and unprotected
populations could not be completely deconvoluted in this analysis software (HD Examiner), so further

fitting was performed on a subset of peptides with HXExpress v3.
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heparin-induced tau4RD aggregation
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early as 120 min after aggregation initiation in two of the five peptides. Peptides 1308-K317 and C322-
D345 and D345-K353 do not develop protection until after 240 min of aggregation. Unlike in the
polyphosphate-induced condition, peptide 345-353 never exhibits bimodal character when aggregated with

heparin. F-test p-value is less than 0.05 for all mass envelopes fit with multiple binomials.
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polyphosphate-induced tau4RD aggregation
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SI Fig. 3.5: Multimodal deconvolution of tau4RD/polyphosphate pulsed HDX data reveals extensive
sequence protection and multiple protected populations. Data for five pulsed HDX peptides common to
heparin- and polyphosphate-induced tau4RD fibrils are displayed. Protected populations are detected as
early as 15 s after aggregation initiation in three of the five peptides. Peptides C322-D345 and D345-K353
do not develop protection until after 15 sec of aggregation and exhibit a lower protected population fraction
than the other three peptides. Protection is observed in all five peptides. Peptides 1260-L282 and C291-
K311 exhibits trimodal character throughout aggregation, indicating the presence of at least two different

fibril polymorphs. The protected population fraction of each peptide increases as aggregation proceeds. F-

test p-value is less than 0.05 for all mass envelopes fit with multiple binomials.
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SI Fig. 3.6: Justification of multimodal (three binomial) fits for polyphosphate-induced tau4RD
peptide ?'CGS...VYK?'". Mass spectra of peptide *'CGS...VYK?!! at t = 15 sec, 60 min, 75 min after

aggregation initiation. Mass envelopes have been fit to two binomials in the top row and three binomials in

the bottom row. While the subpopulations cannot be accurately deconvoluted with a three-binomial fit, a

two-binomial fit does not sufficiently describe the data (e.g., mass envelope not accounted for in the two-

binomial fit of 60 min rep1). Note that the F-test p-value remains statistically significant after three binomial

fits, even with the substantial penalty applied for adding an additional degree of freedom. Fitting and plots

from HXExpress v3.

106




750 750

— heparin-induced — polyphosphate-induced

> =)

< <

8 500- vehicle 8 5004

c c

0] ()

O o

n 7]

0] )

o S

> 250+ E 250+

L L

'.E  / inhibitor E

= vvy =
0+ =T r 1 o777
0 250 500 750 0 250 500 750

Time (min) Time (min)

SI Fig. 3.7: Tryptanthrin inhibits heparin- and polyphosphate-induced tau4RD aggregation. ThT
traces for heparin- (left) and polyphosphate-induced (right) tau4dRD aggregation in the presence of inhibitor
(1:2) or vehicle control. Aggregation inhibitor increases the lag time and strongly decreases the plateau
height of heparin-induced tau4RD aggregation. Addition of inhibitor to polyphosphate-induced tau4RD

aggregation results in no change to the lag time but results in a moderate decrease of the plateau height.
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Heparin/tau4RD + inhibitor, protected population
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SI Fig. 3.8: Deuterium uptake heatmap for heparin-induced tau4RD incubated with tryptanthrin
(inhibitor). Top) Deuteration level per residue of taudRD following a 3-sec 70% D20 pulse at various
aggregation durations. This is a traditional visualization of the data displayed in Fig. 3.4A. As aggregation
proceeds, protection develops between residues 267-324. Note that the contribution of the protected and
unprotected populations could not be completely deconvoluted in this analysis software (HD Examiner), so
further fitting was performed on a subset of peptides with HXExpress v3. Bimodal populations were
detected at 15-sec (thought to be caused by inhibitor binding) after HXExpress deconvolution. See SI Figs.
12 and 14. Bottom) Difference heatmap showing that the inhibited condition is less protected (less
aggregated) at 240 m and 360 m.
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Polyphosphate/tau4RD + inhibitor, protected population
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SI Fig. 3.9: Deuterium uptake heatmap for polyphosphate-induced tau4dRD incubated with inhibitor.

Top) Deuteration level per residue of tau4RD following a 3-sec 70% D20 pulse at various aggregation

durations. This is a traditional visualization of the data displayed in Fig. 3.5A. As aggregation proceeds,

protection develops between residues 267-324. Note that the contribution of the protected and unprotected

populations could not be completely deconvoluted in this analysis software (HD Examiner), so further

fitting was performed on a subset of peptides with HXExpress v3.

Bottom) Difference heat map showing

that tau4RD incubated with inhibitor is generally slightly less protected (less aggregated) than the vehicle

control. Note the exception between residues 284-290, which exhibit substantial protection in the presence

of inhibitor at the 15-sec time point. We attribute this protection to inhibitor binding.
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SI Fig. 3.10: Addition of inhibitor does not change the multimodal behavior observed during heparin-

(inhibitor). Although the addition of tryptanthrin substantially delays and reduces heparin-induced tau4RD

aggregation, it does not result in changes to the fibril core. F-test p-value is less than 0.05 for all mass



envelopes fit with multiple binomials. B/C) Population fraction for the aggregated (protected) and
monomer-like (unprotected) populations for peptides 1260-L282 and C291-K311.
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SI Fig. 3.11: Addition of inhibitor does not change the multimodal behavior observed during
polyphosphate-induced tau4dRD aggregation. A) Data for two peptides in the absence (vehicle) or
presence of tryptanthrin (inhibitor). Although the addition of tryptanthrin mildly reduces polyphosphate-
induced tau4RD aggregation, it does not result in changes to the fibril core. F-test p-value is less than 0.05
for all mass envelopes fit with multiple binomials. B/C) Population fraction for the aggregated (protected)
and monomer-like (unprotected) populations for peptides C291-K311 and D345-K353. D) Duplicate
sampling at 15 sec results in substantially different subpopulation profiles due to the speed at which

polyphosphate-induced aggregation progresses.
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SI Fig. 3.12: HDX Woods plots for heparin- and polyphosphate-induced tau4RD incubated with

inhibitor for 15-sec. A) Woods plot revealing only a high-exchanging (monomer-like) population when

heparin-induced tau4RD is incubated with vehicle. B) In contrast, a Woods plot of heparin-induced tau4dRD

incubated with inhibitor shows both a high-exchanging (monomer-like) and low-exchanging (protected)

population. The pattern of protection caused by the inhibitor does not match the pattern of protection caused

by the heparin fibril core, suggesting that the protection observed at 15-sec is due to structural changes

associated with the inhibitor binding tau4RD. C) Woods plot revealing both morph B and morph C are

present 15-sec after the beginning of polyphosphate-induced tau4dRD aggregation. D) The addition of

inhibitor to polyphosphate-induced tau4RD aggregation does not change the pattern of protection.
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SI Fig. 3.13: Addition of inhibitor does not change the low abundance aggregated subpopulation
observed in peptide 240-257 under polyphosphate-initiated aggregation. A) Data for one peptide in the
absence (vehicle) or presence of tryptanthrin (inhibitor) when tau4RD aggregation is induced with
polyphosphate. Note that the low-abundance population is not detected until 75 min in either case. This
likely represents fibril maturation. F-test p-value is less than 0.05 for all mass envelopes fit with multiple
binomials. B) Peptide 240-257 when incubated in the absence (vehicle) or presence (inhibitor) of
tryptanthrin. Note that there appears to be a low abundance protected population at 15 sec in the presence
of inhibitor; this could be due to inhibitor binding and causing rearrangements in the tau4RD backbone.
Note that there is no evidence of an aggregated subpopulation at the final time point (360 min for vehicle,
540 min for inhibitor). Subpopulation abundance values are the average (mean) + difference between

duplicate samples.
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SI Fig. 3.14: Inhibitor reduces the low abundance aggregated subpopulation observed during
polyphosphate-induced tau4RD aggregation at peptide 350-372. A) Spectra for peptide 350-372 with
vehicle or inhibitor when tau4RD aggregation is induced with polyphosphate. Note that the low-abundance
population is not detected until 75 min with vehicle. This likely represents fibril maturation. There is not
evidence of an aggregated subpopulation at 75 min when tau4RD is incubated with tryptanthrin. This is
likely due to a reduction in overall aggregation and not due to a conformational change caused by
tryptanthrin. F-test p-value is less than 0.05 for all mass envelopes fit with multiple binomials. B) Peptide
350-372 incubated with vehicle or inhibitor and aggregation is induced with heparin. Note that there appears
to be a low abundance protected population at 15 sec in the presence of inhibitor; this could be due to
inhibitor binding and causing rearrangements in the tau4RD backbone. Note that there is no evidence of an
aggregated subpopulation at the final time point (360 min for vehicle, 540 min for inhibitor). Subpopulation

abundance values are the average (mean) =+ difference between duplicate samples.
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4. Cysteine mutants of tau4RD confer resistance to tryptanthrin aggregation

inhibitors
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4.1 Abstract

We recently developed a family of remarkably potent and substoichiometric tau aggregation inhibitors
based on the tryptanthrin scaffold. We subsequently mapped the conformational effects of tryptanthrins on
taudRD (the four-repeat domain of tau, consisting of residues 244-372) in solution and throughout the
aggregation pathway. Designed tryptanthrin analogs preferentially inhibit the earliest stages of aggregation
with potency as low as 11 nM and also inhibit seeded aggregation with potency as low as 0.3 uM. Here, we
pursue the intriguing observation that mutation of one of tau’s naturally occurring cysteine residues to serine
virtually abolishes the inhibitory activity of tryptanthrins. Importantly, this dramatic difference is observed
even under reducing conditions where tau4RD’s native disulfide bond is not formed. The results presented
here enrich our understanding of the mechanism by which tryptanthrins inhibit tau aggregation and validate

the original computational design approach that yielded these novel inhibitors.
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4.2 Introduction

Microtubule-associated protein tau is an intrinsically disordered protein (IDP) implicated in a range of
neurodegenerative disorders, including Alzheimer’s disease and chronic traumatic encephalopathy,
collectively termed tauopathies.>? Tau is present at low micromolar concentrations in neurons, where it is
largely bound to microtubules.®* However, a hallmark of tauopathies is that tau dissociates from
microtubules and forms intracellular fibrillar aggregates termed neurofibrillary tangles (NFTs). Tau
aggregation in vivo is associated with overall increases in phosphorylation and other post-translation
modifications, although the order of operations is not established.>® In vitro, tau is quite soluble, and its
aggregation typically requires the addition of negatively charged inducers such as heparin or
polyphosphate.”® Much of the in vitro characterization of tau aggregation has relied on short constructs
such as tau4RD (residues 244-372, also known as K18), which aggregate on more tractable timescales than
full-length tau. Physiologically, tau is expressed in six isoforms through alternative splicing, the longest of
which comprises 441 residues.®°

There is an urgent need for potent, selective tau aggregation inhibitors. Treatment options for
tauopathies are limited to non-existent. As a primarily intracellular protein, tau is challenging to target using
therapeutic antibodies. However, the development of small molecule inhibitors has been hampered by tau’s
dynamic nature: as an IDP, tau lacks any well-defined three-dimensional structure that could be targeted
by rational drug design. We approached this challenge using virtual screening, starting from the hypothesis
that, despite being highly dynamic, tau preferentially samples locally structured transient states. We
modeled these states by performing enhanced-sampling molecular dynamics simulations of tau4RD and
then using local clustering to identify the most populated small (10-residue) structural motifs. Machine
learning-guided iterative screening of large compound libraries yielded numerous high-affinity tau ligands,
including several based on the tryptanthrin scaffold.™

Tryptanthrin is an aromatic natural product that is well-tolerated and bioavailable and is being explored
for a variety of therapeutic applications.*?2! We previously reported tryptanthrin’s ability to inhibit tau4RD
aggregation.?? Through three rounds of analog design and synthesis, optimized inhibitors with potency as
low as 11 nM and activity even with >100-fold excess of target protein were developed. Moreover,
tryptanthrin and its analogs work best early on in tau4RD aggregation, during the lag phase when primary
nucleation is the dominant process. This combination of activities indicates that tryptanthrin analogs
selectively target either the aggregation nucleus or a close precursor. However, the precise mechanism of
action of these compounds remains an open question. Computational docking provides a rough idea of
where these compounds might bind, but specific residues involved in these interactions have not yet been

resolved.
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Here, we focus on the role of tau’s two native cysteine residues in interactions with tryptanthrin and its
analogs. Disulfide formation has a marked effect on tau aggregation under oxidizing conditions.??’
Meanwhile, under reducing conditions, tau’s cysteine residues mediate interactions with divalent metal
cations such as Zn?* that can dramatically accelerate aggregation.?2-*® Exploring how cysteine mutants
affect susceptibility to tryptanthrins yields important mechanistic insights into this promising new class of

tau aggregation inhibitors.

4.3 Results

4.3.1 Tau4dRD constructs with or without the native cysteines aggregate on similar timescales under
reducing conditions.

Tau contains two native cysteine residues, 291 and 322. Under oxidizing conditions in vitro,
fibrillization is accelerated by the formation of both intramolecular and intermolecular disulfide bonds,
resulting in heterogenous amyloid fibrils. Wild-type versions of both full-length tau and shorter constructs
such as tau4RD aggregate more quickly than the corresponding C291A/S;C322A/S double mutants.
However, under reducing conditions, the aggregation kinetics of wild-type and cysteine double mutant
constructs are similar.22" We confirmed that, in our hands, heparin-induced fibril formation of tau4RD
and tau4RD-C291S;C322S double mutants (henceforth referred to as 4RD-Cysless) proceed on similar
timescales as assessed by tso (aggregation midpoint), although the lag phase of 4RD-Cysless is
approximately half of that observed for tau4RD (Fig. 4.1, Sl Fig. 4.1).

4.3.2 As expected, 4RD-Cysless aggregation is not accelerated by Zn?*.

Tau fibril formation is very sensitive to environmental factors, including the presence of low
concentrations of metal ions. In particular, low micromolar concentrations of Zn?* are sufficient to
dramatically accelerate tau4RD aggregation and alter aggregate morphology. The mechanism of
acceleration by Zn?* is thought to depend on metal ion chelation by cysteine residues. Indeed, as expected,
4RD-Cysless fibril formation is much less susceptible to acceleration by Zn?* than tau4RD, resulting in
accelerations (measured by tso) of 4.4x and 21x for 4RD-Cysless and tau4RD respectively (Fig. 4.2, Sl Fig.
4.2).

4.3.3 Surprisingly, 4RD-Cysless aggregation is not inhibited by tryptanthrin or its analogs.

We recently synthesized several potent, substoichiometric inhibitors of tau aggregation based on the
natural product tryptanthrin, which itself robustly inhibits tau4RD aggregation. In exploring potential
synergies or interactions between Zn?* and tryptanthrin analogs, we made the serendipitous discovery that
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4RD-Cysless is essentially completely resistant to inhibition by these small molecules, regardless of the
presence or absence of Zn?". A concentration of 1.25 micromolar of tryptanthrin (1:4 molar ratio), which
almost completely inhibits tau4RD aggregation, has no effect on the aggregation of 4RD-Cysless (Fig.
4.3A, Sl. Fig. 4.1). This resistance extends to other more potent tryptanthrin analogs, including compound
TA-27, which has an ECs, of 16 nM against tau4RD but does not delay 4RD-Cysless aggregation at 5
micromolar (Fig. 4.3B).

Comparison of 4RD-C291S with wild-type tau4RD and 4RD-Cysless reveals that 4RD-C291S behaves
similarly to 4RD-Cysless and its aggregation is not inhibited by tryptanthrin (Fig. 4.4). This mutant lacks
Cys291 but contains Cys322. In contrast, a comparison of 4RD-C322S with tau4RD and 4RD-Cysless in
the presence of tryptanthrin reveals that 4RD-C322S aggregation is inhibited by tryptanthrin (Fig 4.4). This
mutant lacks Cys322 but contains Cys291. The two single mutants display opposite profiles; removing
Cys291 makes the construct resistant to tryptanthrin, but preserving Cys291 makes the construct susceptible

to inhibition by tryptanthrin. In other words, Cys291 is essential to the tryptanthrin’s mechanism of action.

4.3.4 Cys291 is close to the tryptanthrin binding site suggested by pulsed HDX-MS.

Tryptanthrin analogs were first identified as potential tau ligands through a virtual screening effort
aimed at IDP targets like tau. Tryptanthrin was predicted to bind around residues 254-264. However, there
are many uncertainties associated with modeling an IDP like tau4RD, and in the virtual screening process
itself. Structural data are necessary to validate the computational prediction. Techniques such as X-ray
crystallography and cryo-EM cannot shed light on the interactions between an IDP and a small molecule.
NMR would be informative, except that the concentrations required are problematic due to compound
solubility limitations. Instead, we turned to hydrogen/deuterium exchange mass spectrometry (HDX-MS).

HDX-MS relies on the principle that the exchange rate of polypeptide backbone amide protons with
solvent molecules depends on peptide hydrogen bonding and solvent accessibility. Ligands binding to a
specific site in an IDP like tau should decrease exchange locally while also potentially inducing more subtle
changes in HDX of distal regions. In section 3.3.3, the binding site of tryptanthrin was suggested based
upon decreased HDX localized to residues 285-290 when compared to the control state. While it was
unexpected to see compound binding so apparent by pulsed HDX-MS, the effect is present in all detected
redundant peptides (see Sl Fig. 3.10.). This suggests that Cys291 contributes in some way to the high
affinity of tryptanthrin and its analogs to this region within tau4RD, although the molecular details of the

interaction cannot be resolved.

4.3.5 Cysless phenotype is dominant in seeding assays.
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One of the hallmarks of tau fibril formation, like other amyloid aggregation processes, is the potential
for seeded aggregation.®3435 If a small amount of fibrillar material (a ‘seed’) is added at the start of an
aggregation reaction, the seed can template fibril growth such that the normal lag phase is diminished or
eliminated entirely, and the morphology of the resulting fibrils is highly influenced by the structure of the
seed. Tryptanthrin and its analogs also inhibit seeded tau4RD aggregation, albeit about 10-fold less potently
than the unseeded reaction.?

We explored how tau4RD’s native cysteine residues affected the inhibition of seeded aggregation using
a cross-seeded experiment design (Fig. 4.5A). When tau4RD aggregation was seeded with tau4RD fibrils
in the presence vs. absence of tryptanthrin, the fibril elongation growth rate decreased modestly, as
previously described. When 4RD-Cysless aggregation was seeded with 4RD-Cysless fibrils, tryptanthrin
had no effect, as might be expected. When 4RD-Cysless aggregation was seeded with tau4RD fibrils,
tryptanthrin again had no effect, consistent with a decreased affinity of the compound upon loss of the
native Cys291. However, when tau4RD aggregation was seeded with 4RD-Cysless fibrils, tryptanthrin still
had little to no effect. This was an unexpected finding: even though most of the protein in the reaction
(tau4RD) was susceptible to inhibition, templating with a small amount of 4RD-Cysless was enough to
confer resistance to tryptanthrin inhibition. In other words, the nucleating species of 4RD-Cysless
aggregation must be structurally different enough from that of tau4RD that tryptanthrin is no longer able to
bind efficiently, even when the native cysteine residues are present in excess in growing fibrils. This
conclusion is supported by limited proteolysis with tandem mass spectrometry, which revealed that tau4RD

fibrils and 4RD-Cysless fibrils have different trypsin/lys-C digestion profiles (Fig. 4.5B).

4.4 Discussion

Our observations here shed important light on the mechanism of action of novel tau aggregation
inhibitors. Tryptanthrin and its analogs exert their effects by selectively targeting the aggregation nucleus
or a close precursor. Mutation of Cys291 lowers the affinity of tryptanthrin for this target species and, in
fact, changes its structure sufficiently so that the resulting aggregation pathway, whether in seeded or
unseeded reactions, becomes resistant to tryptanthrin inhibition. This is consistent with the idea that
tryptanthrin potency is highly dependent on the nature of the aggregation nucleus and should vary
considerably for fibril formation induced by different cofactors. We observe, for example, that heparin-
induced and polyphosphate-induced aggregation vary quite substantially in their sensitivity to tryptanthrin
analogs (Fig. 4.6). Future studies that attempt to resolve structural differences in prefibrillar nucleating
species or fibrillar intermediates of these various aggregation pathways could prove valuable in
understanding the mechanisms of tryptanthrin analogs as well as other promising aggregation inhibitors.
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4.5 Materials and Methods

4.5.1 Protein Expression and Purification

Tau4RD, 4RD-Cysless, 4RD-C291S, and 4RD-C322S were expressed and purified from E. coli BL-21
(DE3) in-house as recently described.?? Tau4RD plasmid was gifted by the Rhoades lab at the University
of Pennsylvania (Philadelphia, PA). 4RD-Cysless, 4RD-C291S, and 4RD-C322S plasmids were prepared
by Gibson assembly. All mutations were confirmed by sequencing prior to protein expression. Protein
constructs were purified through two Ni-NTA agarose column steps followed by fractionation with a 25
mL S200 extended gel filtration column. Protein purity was confirmed by precast 12% Bis-Tris SDS-PAGE
gels (Invitrogen). Protein-containing fractions were concentrated, aliquoted, flash-frozen, and stored at -80
°C. Protein concentrations were determined by the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific).

4.5.2 Aggregation Assays

4.5.2.1 Unseeded

Unseeded aggregation assays were performed as previously described with the following changes.?
Protein and aggregation inducers (heparin, polyphosphate) were prepared at 2.105x the desired final
concentration in a filtered (0.22 um) aggregation buffer containing 20 mM MOPS, 50 mM NaCl, 1 mM
TCEP, and 2.5 uM each of EDTA, EGTA, TPEN, pH 7.4. Tau constructs were thawed and diluted into
aggregation buffer to which ZnCl, was spiked in combination with TA analogs (or equivalent volume of
DMSO) for a combined volume of 460 uL per condition. DMSO content was 1% or less for all reactions.
Per condition, 95 uL of tau construct sample was plated into each of n = 3 or 4 wells with a multi-channel
pipette. 10 pL of filtered ThT (0.22 um, 50 uM final concentration) or aggregation buffer was added to
wells with a multi-channel pipette. Finally, 95 uL of aggregation inducer was added to each well. Final
concentrations in the well were as follows (if applicable): 5 uM tau construct, 30 uM Zn?*, 1.25 uM TA
analog, 5 uM heparin, 10 ug/mL polyphosphate. The plate was covered with a polypropylene or polyolefin
film and monitored by ThT fluorescence (Aex = 440 nm, Aem = 485 nm) with a pre-heated (37 °C) BioTek
Synergy HT X plate reader overnight (~17 h unless otherwise stated). Fluorescence readings were collected
every 5 minutes after 1 minute of linear shaking at 540 rpm. All aggregation assays were performed with
non-binding black 96-well flat-bottom plates (Corning). A blank sample without protein was prepared for
each assay and used to correct baseline fluorescence.
4.5.2.2 Seeded

Seeded aggregation assays were performed with the components listed in unseeded assays above and

as previously described? with the following changes. Pre-formed seeds were generated by harvesting the
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appropriate fibrils (tau4RD, 4RD-Cysless) after 17 h of aggregation. Wells from unseeded aggregation
assays were transferred to individual lo-bind snap-cap tubes (Eppendorf) and centrifuged at 21,0009 for 30
min at 4 °C. 100 uL of supernatant was discarded, then 100 uL of fresh aggregation buffer was added to
each tube. Seeds were generated by sonicating aliquots on ice for 5 rounds of 2 sec to disrupt amyloid
fibrils. Seeds were added to aggregation assays at 5% (v/v). 10 pL of tau seeds or aggregation buffer was

added to the wells after the addition of 85 uL of heparin (final heparin concentration remained 5 uM).

4.5.2.3 Determination of tso
Non-linear least squares fitting in Prism 10.4 was used to determine tso, the midpoint of the aggregation

curve, for each condition according to the following equation:

_ (Fmax_F(O))
FO=FO+  em D
where F(0) is the baseline fluorescence at the start of the start of the reaction, Fnax is the condition-specific
maximal fluorescence at the plateau, and K is a rate parameter that describes the steepness of the transition.

Differences between tso values were assessed for significance (alpha = 0.05) by one-way ANOVA.

4.5.3 Limited Proteolysis
4.5.3.1 Trypsin/Lys-C Digest

Tau constructs were aggregated in the absence of ThT as described above. After aggregation, fibrils
were isolated by centrifugation as described above. Fibril pellets were isolated by removing 175 pL of
supernatant from each aliquot. Trypsin/Lys-C Protease Mix (Pierce, MS-Grade) was resuspended at 0.5
mg/mL in PBS buffer pH 7.4 (20 mM phosphate, 150 mM NacCl, 0.02% sodium azide, 1 mM EDTA),
aliquoted, and stored at -20 °C until use. 0.4 pg of Trypsin/Lys-C mix was added to each tube with minimal
agitation of the fibril pellet. After a quiescent 30 min digestion at 37 °C, proteolysis was quenched, and
fibrils were disrupted by the addition of 8 M urea, pH 2.5, followed by a 30-min incubation at 37 °C with
orbital shaking (300 rpm). Samples were cooled to room temperature, flash-frozen, and stored at -80 °C
until LC-MS/MS analysis.
4.5.3.2 LC-MS/MS

Samples were thawed at 5 °C for 4.5 minutes and injected using a custom LEAP robot integrated with
an LC-MS system.*® Peptides were trapped on a Waters XSelect CSH C18 trap cartridge column (2.1 x 5
mm 2.5 um) and resolved over a CSH C18 column (1 x 50 mm 1.7 uM 130 A) using a linear gradient of 5
to 35% B (A: 0.1% FA, 0.025% TFA, 5% ACN; B: CAN with 0.1% FA) over 10 minutes. Peptides were
analyzed on a Thermo Orbitrap Ascend mass spectrometer with a 120,000 resolution. As described

previously, a series of washes was applied to the trap column between injections to minimize carry-over.
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Data-dependent MS/MS acquisition was performed using rapid CID and HCD scans and processed in
Byonic (Protein Metrics) with a digestion filter set to K/R and infinite missed cleavages. A score cutoff of
200 was used to identify peptides.
4.5.3.3 Peptide Mapping

Peptides identified from limited proteolysis-LC-MS/MS were filtered, sorted, and compared using an
in-house Python script (available upon request). Briefly, each K/R position in the tau sequence was assessed
for proteolysis by totaling the XIC of peptides with K/R in the C-terminal position. K/R positions with XIC
signals less than 1e5 were assigned an XIC value of 0. The XIC for each K/R position (per sample) was
then normalized to the average (mean) XIC of all K/R positions within the sample. Digests and analyses

were performed in duplicate (biological replicates).
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4.6 Figures
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Figure 4.1: Wildtype tau4RD and 4RD-Cysless aggregation occur on similar timescales. ThT traces
for heparin-induced tau4RD and 4RD-Cysless aggregation. While there is no significant difference in the
tso value between the two conditions here, significant differences in tso were observed in other experiments.

In general, 4RD-Cysless appears to aggregate twice as quickly as tau4RD.
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Figure 4.2: Zn?* accelerates aggregation of tau4RD and 4RD-Cysless. ThT traces for heparin-induced
tau4RD and 4RD-Cysless aggregation in the absence or presence of 30 uM Zn?. Zn?" significantly
accelerates the aggregation of both tau constructs; tau4RD aggregation is accelerated by approx. 21-fold
and 4RD-Cysless by approx. 4-fold. See Sl Fig. 4.2.
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Figure 4.3: 4RD-Cysless aggregation is resistant to tryptanthrin inhibition. A) Tau4RD aggregation is
almost completely abrogated by the addition of 1.25 uM (1:4 molar ratio) of tryptanthrin. 4RD-Cysless
aggregation is unaffected by 1.25 uM tryptanthrin. B) 4RD-Cysless is resistant to tryptanthrin and its
analogs 19 and 27; none of the three compounds abrogate 4RD-Cysless aggregation at a 1:1 molar ratio,

despite having an ECso of 16 nM against tau4RD (27).
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Figure 4.4: Single-cysteine mutants reveal that Cys291 is critical for tryptanthrin inhibition.
Comparison of t50 values in the presence or absence of tryptanthrin (1) reveals that 4RD-C291S
recapitulates the resistance to tryptanthrin inhibition seen in the double-mutant, 4RD-Cysless. Meanwhile,

4RD-C322S, which contains the native Cys291, is sensitive to tryptanthrin inhibition. See Sl Fig. 4.3 for

complete data.
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Figure 4.5: 4RD-Cysless and tau4RD form different aggregation nuclei. A) The addition of 5% (v/v)
pre-formed fibrillar seeds bypasses the aggregation lag phase and allows observation of the elongation rate.
The elongation rate of tau4RD seeded with tau4RD can be reduced by the addition of tryptanthrin. The
elongation rate of 4RD-Cysless is not diminished by tryptanthrin (left). When 4RD-Cysless seeds are
applied to tau4RD, tau4RD becomes resistant to the addition of tryptanthrin (right). As with tau4RD-seeded
reactions, the elongation rate of 4RD-Cysless seeded with 4RD-Cysless seeds is not reduced by
tryptanthrin. B) Trypsin/Lys-C limited proteolysis of tau4RD monomer, tau4RD fibrils, and 4RD-Cysless
fibrils reveal different cleavage fingerprints, indicating that tau4RD and 4RD-Cysless form different fibril

conformations.
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Figure 4.6: Sensitivity to tryptanthrins is dependent on aggregation nuclei. A) Tryptanthrin analogs 25
and 24 moderately inhibit and 20 mildly inhibits heparin-induced tau4RD aggregation. The effect is
apparent both in the extension of the lag phase and in the reduction in the aggregation plateau. In contrast,
all three analogs only mildly inhibit polyphosphate-induced tau4RD aggregation, and apparently through a
different mechanism (note lack of lag phase).
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4.7 Supplementary Material
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Sl Fig. 4.1: Tau4RD and 4RD-Cysless simple sigmoidal fits and resulting tso values. Related to Figs. 1
and 3A. Simple sigmoidal fits (eqn. 1) are marked with dashed lines. There is no significant difference
between the tso values of tau4RD and 4RD-Cysless. The addition of tryptanthrin (1) to tau4RD results in a
significant increase in the tso, while the same addition to 4RD-Cysless results in no change to the tso.

Significance assessed by one-way ANOVA (alpha = 0.05).
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SI Fig. 4.2: TaudRD and 4RD-Cysless simple sigmoidal fits and resulting tso values in the presence of
Zn?*, Related to Fig. 4.2. Simple sigmoidal fits (eqn. 1) are marked with dashed lines. There is no significant
difference between the t50 values of tau4RD and 4RD-Cysless. The addition of tryptanthrin (1) to tau4RD
results in a significant increase in the tso, while the same addition to 4RD-Cysless results in no change to

the tso. Significance assessed by one-way ANOVA (alpha = 0.05).
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Sl Fig. 4.3: Tau constructs simple sigmoidal fits and resulting tso values in the presence of
tryptanthrin. Related to Fig. 4. Simple sigmoidal fits (egn. 1) are marked with dashed lines. Only tau4RD
and 4RD-C322s are susceptible to inhibition by tryptanthrin. 4RD-Cysless and 4RD-C291S are not
susceptible to tryptanthrin inhibition. Significance assessed by one-way ANOVA (alpha = 0.05).
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5. Chapter 5: Perspectives and Future Directions

5.1. Perspectives

Despite intensive study and attempts at therapeutic intervention, all-cause dementia remains
debilitating for more than 6 million Americans and 55 million people worldwide.!” Tau, an intrinsically
disordered protein (IDP), is associated with many diseases classified as dementias, the most notable of
which is Alzheimer’s disease (AD, estimated 50-75% of dementia cases). This disease has disproportionate
effects on the population that extend beyond the cognitive decline patients experience. Over 11 million
people in the United States alone provide 18.4 billion hours of unpaid care for loved ones with AD, care
which carries an estimated value of $350 billion per year.! Also of note, AD is more likely to affect
marginalized communities; Black Americans suffer from AD at a rate twice that of similarly aged white
Americans. The lifetime risk for AD at age 45 is twice as high for women as for men, and nearly two-thirds
of U.S. AD patients are women. There is also data to suggest that gender and sexual minorities
disproportionately suffer from AD, although stratifying the population for these studies is a new
development.'

Looking beyond the U.S., the value of global dementia care is forecast to rise to $2.8 trillion dollars
by 2030,° approximately equivalent to Italy’s current GDP.* More than 60% of dementia patients live in
low- and middle-income countries where accessing treatment and care is more challenging than in high-
income countries. In fact, an estimated one-fifth to one-half of dementia cases are diagnosed in high-income
countries, while only one-tenth of cases are diagnosed in low-income countries. There also appears to be a
difference in care distribution between high- and low-income countries: informal care provided by family
or friends occurs at higher rates in low-income countries than observed in North America and Western
Europe,” a staggering fact when the number of informal carers in the U.S. is double the number of patients.

Over the years, there have been a handful of drugs approved for the treatment of AD and associated
symptoms. Amongst these are small molecule drugs like cholinesterase inhibitors (e.g., donepezil,
rivastigmine), which are effective for between 20 and 60% of patients, and memantine, an NMDA receptor
antagonist that is effective for 10% of patients.” These treatments have been found to delay symptom
progression by up to 6 months for patients with mild to severe AD in the U.S., although the E.U. only
permits the use of cholinesterase inhibitors and restricts their prescription to the treatment of mild to
moderate AD.’ There is a dire need for additional therapeutics to treat AD, and many people were excited
when aducanumab, the first monoclonal antibody (mAb) treatment for AD, was FDA-approved in 2021.
Aducanamab was soon followed by lecanemab (2023) and donanemab (2024), all of which target various
pathological states of amyloid-beta.®® Evidence for the efficacy of these therapeutics was slim upon their

approval, and subsequent meta-analysis has suggested that these drugs do not meet the minimum proposed
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threshold for clinically meaningful change on AD assessment scales.” Ignoring their limited efficacy, these
drugs also carry significant safety risks, calling into question their approval and prescription. It is evident

that we are in desperate need of additional diagnostic and therapeutic compounds for AD.

5.2. Future Directions

IDPs such as tau offer a new avenue of exploration for AD drugs, although major gaps remain in our
understanding of amyloid aggregation and how to target ‘undruggable’ IDP conformational ensembles. This
knowledge gap arises mainly due to the challenge associated with studying IDPs, namely, their lack of
structure. Historical approaches to structural biology are applicable to well-behaved (well-folded) proteins
but fall short of capturing the dynamic interconversions inherent to IDP chains. As structural biology,
computational tools, and instrumentation have advanced, so too has our understanding of IDPs. The
research presented in this dissertation addresses questions directly related to the validity of applying
traditional drug discovery approaches to a disordered target and highlights HDX-MS as a technique capable
of discerning structural changes in small, soluble species during tau’s aggregation.

In Chapter 2, we describe the discovery and subsequent SAR study of tryptanthrin and its analogs as
potent inhibitors of tau4RD aggregation. This was the first report of tryptanthrin, a natural product with
antimicrobial,!® anti-inflammatory,!! and anti-cancer activity,'? as an anti-amyloid agent. Additionally, our
work reports the most potent small molecule IDP effector to date, with one analog displaying an £Cs of 11
nM against heparin-induced tau4RD aggregation (Fig 2.3). The SAR study revealed that the principles
behind changing a small portion of the molecular scaffold to change potency hold even against targets that
are largely unstructured. Finally, the tryptanthrin family analogs inhibit nucleation, the first step of tau4RD
aggregation. This could be an important advantage to pursue for future anti-amyloid drug discovery efforts;
if one can inhibit nucleation, it may be possible to prevent or substantially delay amyloid aggregation. It
would be interesting to apply tryptanthrin inhibitors to studies of prion-like tau seeding. Theoretically,
tryptanthrin and its analogs should be more specific to tau than to other amyloidogenic IDPs (e.g., amyloid-
beta, alpha-synuclein) because they were screened against a tau4RD conformational ensemble generated in
silico. This would be a relatively straightforward set of experiments and would provide important feedback
about the computational drug discovery pipeline (and its assumptions) that was developed in the Nath lab.

Chapter 3 addresses a major open question in amyloid research about the origin timeline of polymorphic
amyloid fibrils. While the differences between mature fibrils are readily apparent by cryo-EM, there are
few structural techniques that have both the resolution and capability of resolving dynamic intermediate
species in the aggregation pathway. We applied pulsed HDX-MS to follow the structural changes associated
with heparin- and polyphosphate-induced tau4RD aggregation. Remarkably, we observed multiple
protected populations in the polyphosphate-induced condition after only 15 seconds of aggregation (Figs.
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3.2/3.5). These populations developed in lockstep, indicating that they were separate and not
interconverting species. Further, our data revealed that heparin- and polyphosphate-induced aggregation
are different from the onset (Fig. 3.3). Because we were unable to disassemble fibrils to probe them by
pulsed HDX-MS, we have assumed that no structural changes happen between the late soluble species
(protofibrils) and the mature fibrils. It would be advantageous to probe the fibrils with fast photochemical
oxidation of proteins (FPOP, reviewed in Ref. 13), a solution-based MS technique that provides
complementary and orthogonal data to HDX-MS. Unlike deuterium, the hydroxyl label transferred to the
side chains of the protein of interest during FPOP is not labile, which opens many avenues for disrupting
the mature fibrils that would be too harsh for HDX-MS.

Returning to pulsed HDX-MS, the addition of tryptanthrin to either aggregation reaction did not change
the structure of the intermediates observed, nor did it influence the relative population fractions of the two
polyphosphate fibril morphs (Figs. 3.4/3.5). There is also data that suggests the binding site of tryptanthrin
to taud4RD is near residues 285-290. While we have put significant effort toward building and testing a
quenched-flow mixing apparatus capable of resolving HDX on the millisecond timescale to address this
question, we have not been able to obtain a complete dataset. However, the many partial datasets we have
generated also suggest that region of tau is differentially protected in the presence of tryptanthrin (data not
shown). It would be advantageous to confirm whether this is indeed the tryptanthrin binding site, both to
characterize the mechanism of tryptanthrin and to validate the computational screening approach by which
it was discovered. The most straightforward approach to this question would be to continue with millisecond
HDX studies of tau4RD and the tau constructs introduced in Chapter 4 (4RD-Cysless, 4RD-C291S, 4RD-
C3228) in the presence of vehicle or tryptanthrin.

Finally, in Chapter 4, we serendipitously tied together the work from Chapters 2 and 3. We discovered
that a cysteine-free tau4RD mutant (4RD-Cysless) is resistant to tryptanthrin inhibition, as well as inhibition
by its more potent synthetic analogs (Fig. 4.3). Upon testing the single-cysteine mutants, we found that
Cys291 is required for tryptanthrin inhibition, which aligns shockingly well with the binding site near
residues 285-290 suggested by pulsed HDX-MS. Interestingly, 4RD-Cysless behavior seems to dominate
over wildtype tau4RD and makes tau4RD aggregation resistant to tryptanthrin inhibition when seeded with
4RD-Cysless (Fig. 4.5). While this work clearly demonstrates that Cys291 plays a key role in tryptanthrin
inhibition, it does not reveal tryptanthrin’s mechanism of action. Additional experiments are necessary to
determine how Cys291 confers susceptibility to tryptanthrin inhibition; structural studies by HDX-MS or
cryo-EM could be informative, as well as studies of chain dynamics such as smFRET or FCS. Together, the
work presented in this dissertation expands our understanding of tau’s aggregation and presents it as an

enticing drug target.
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