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Summary

Tauopathies, such as Alzheimer’s Disease (AD), are a heterogeneous class of neurodegenera-
tive disorders that exhibit a common pathological hallmark: the abnormal aggregation of
aberrantly phosphorylated, misfolded tau protein inside neuronal and/or glial cells in the
brain. Tau aggregation has been associated with tau gene missense mutations, changes in
tau spliceform homeostasis, and many different post-translational modifications (PTMs).
In particular, the pathological state of tau is often referred to as "hyperphosphorylated’, as
phosphorylation is increased and present on several non-physiological sites in pathological
conditions. Deciphering the role of tau phosphorylation and other PTMs has been a major
goal in the field of neurodegeneration, as it may help in defining targets for prognostic and
diagnostic approaches as well as clinically effective therapeutic strategies. Although current
technologies, in particular mass spectrometry (MS)-based proteomics, have allowed for
detailed mapping of tau phosphorylation and other PTMs, the disease-relevant sites remain
elusive, as these qualitative studies yield limited information about functionality. Besides,
only easily detectable modifications can be observed. In order to identify functionally
relevant sites, the acquisition of comprehensive, quantitative data is indispensable.

The aim of this thesis is the development of an analytical method to quantify tau and its
PTMs in a precise manner. This assay, termed FLEXITau, is a sensitive MS-based targeted
assay that measures unmodified tau peptide species relative to peptides from a heavy
isotope-labeled standard, thus providing an indirect but precise measure of the amount of
modification present. In combination with traditional PTM mapping, site occupancy of
individual sites can be calculated. The power of this assay was demonstrated by measuring
the state of hyperphosphorylation of tau expressed in a cellular model for AD pathology,
the Sf9 insect cells, mapping and calculating site occupancies for over 20 phosphorylations.
In addition, FLEXITau was employed to define the tau PTM landscape present in AD
post-mortem brain. The data confirms that regions containing epitopes recognized by
AD-specific antibodies are similarly modified in AD-tau and Sf9-tau. However other regions
show large discrepancies in their PTM pattern, revealing limitations of Sf9-tau as a model
system for tau pathology.

Diagnosis of tauopathies in vivo as well as post-mortem is hampered by the clinicopatho-
logical heterogeneity of the diseases, the overlap of many pathological features, and the lack
of accurate diagnostic tools. Thus, in the second part of this thesis, FLEXITau was applied
to identify differences and similarities in the modification landscape of tau in human tissue

from multiple tauopathies, namely AD, progressive supranuclear palsy (PSP), Pick’s disease
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(PiD), corticobasal degeneration (CBD), as well as non-demented individuals as a control
group. The FLEXITau data show that each condition presents with a unique molecular
composition - a signature - determined by the tau PTM state and isoform distribution.
Supervised machine learning approaches were then used to extract distinct peptide features
from the FLEXITau data and train a computational classifier to distinguish each disease
category. The diagnostic potential of the developed tool was corroborated by validation
with an independent sample test set, where it achieved accuracies of 80% for PSP, 92% for
PiD, 94% for CBD and controls, and 96% for AD.

Altogether these findings show that FLEXITau is a versatile assay to analyze tau PTMs
with unprecedented precision, with application to a wide range of biological and clinical
questions. Thus in the future it may have a significant impact on the characterization,
diagnosis and prognosis of tauopathies and could lay the ground for novel disease-modifying

and preventative therapeutics.



Zusammenfassung

Tauopathien, wie z.B. die Alzheimer-Krankheit (AK), sind eine heterogene Klasse von
neurodegenerativen Erkrankungen, die ein gemeinsames pathologisches Merkmal aufweisen:
die Ablagerung von abnormal phosphoryliertem Tau-Protein in Neuronen oder Gliazellen im
Gehirn. Die Aggregation von Tau ist mit Punktmutationen des Tau-Gens, Verédnderungen in
der Tau-Isoform-Homoostase und vielen verschiedenen post-translationalen Modifikationen
(PTMs) assoziiert. Insbesondere wird der pathologische Zustand des Tau-Proteins oft
als "hyperphosphoryliert" bezeichnet, da Phosphorylierung im pathologischen Zustand im
erh6hten Mafle und an unphysiologischen Stellen auftritt. Die Entschliisselung der Rolle von
Tau-Phosphorylierung und anderen PTMs ist ein wichtiges Ziel im Forschungsbereich der
Neurodegeneration, da diese zur Bestimmung von molekularen Targets fiir prognostische
und diagnostische Ansétze sowie fiir therapeutische Strategien benutzt werden kénnte. Ob-
wohl derzeitige Technologien, insbesondere die massenspektrometrie-basierte (MS-basierte)
Proteomik, eine detaillierte Kartierung von Phosphorylierungsstellen und anderen Tau-
PTMs ermoglicht haben, ist es derzeit nicht eindeutig, welche PTMs krankheitsrelevant
sind, da diese qualitativen Studien nur begrenzt Informationen iiber die Funktionalitdt der
einzelnen Modifikationen liefern. Zudem koénnen nur leicht nachweisbare Verdnderungen
mit diesen Techniken beobachtet werden. Um funktionsrelevante PTMs zu identifizieren,
ist es unentbehrlich, umfassende und quantitative Daten zu gewinnen.

Das Ziel dieser Arbeit war die Entwicklung eines Analyseverfahrens, das Tau und seine
PTMs in einer prézisen Art und Weise quantifizieren kann. Der entwickelte Assay, FLEXI-
Tau genannt, ist ein empfindlicher MS-basierter Test, der unverdnderte Peptide von Tau
(also ohne PTMs) im quantitativen Vergleich zu schweren Tau-Peptiden misst. Diese
stammen von einem Protein-Standard, der mit schweren Isotopen markiert ist. Hierdurch
kann indirekt, aber prézise, der Bruchteil der modifizierten Peptide abgeleitet werden. In
Kombination mit traditionellen PTM-Analysen kann die Stelle der Modifikation teilweise
mit aminosadure-genauer Aufléosung bestimmt werden. Um die Verwendbarkeit des Assays
zu testen, wurde hyperphosphoryliertes Tau in Sf-9-Insektenzellen, einem Zellmodell fiir
AK, exprimiert und dessen Tau-PTM-Muster analysiert. Hierbei wurden iiber 20 Sf-9-Tau
Phosphorylierungsstellen lokalisiert und deren Besetzung berechnet. Zudem wurde FLEXI-
Tau dazu benutzt, das Tau-PTM-Muster zum Vergleich in AK-post-mortem Gehirnproben
zu bestimmen. Die Ergebnisse bestétigen, dass Regionen, die Erkennungssequenzen fiir AK-
spezifische Antikérper enthalten, im Sf-9-Tau tatsdchlich dhnlich stark modifiziert sind wie

im AK-Tau. Allerdings zeigen andere Regionen grofie Unterschiede in ihrem PTM-Muster,
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was offenbart, dass das Sf-9-Tau nur beschrinkt als Modellsystem fiir AK-Tau geeignet ist.
Die differentielle Diagnose von Tauopathien, sowohl klinisch als auch post-mortem, wird
erschwert durch Uneindeutigkeit der Symptome, durch Uberlappung vieler pathologischer
Merkmale, aber auch durch mangelnde Zuverléssigkeit der aktuellen Diagnose-Methoden.
Daher wurde im zweiten Teil dieser Arbeit FLEXITau angewandt, um Unterschiede und Ahn-
lichkeiten im Modifikationsmuster von Tau in menschlichem post-mortem-Gehirngewebe
aus mehreren Tauopathien zu identifizieren, und zwar von Patienten mit AK, progres-
siver supranukledrer Blickparese (PSP), Pick-Krankheit (PiK), corticobasaler Degeneration
(CBD) sowie von Personen ohne Demenzerkrankung (Kontrolle). Die FLEXITau-Daten
zeigen, dass jede Krankheit eine eindeutige molekulare Zusammensetzung von Tau aufweist,
eine Art Signatur, bestimmt durch die Verteilung von Tau-PTMs und Isoformen. Durch
"iiberwachtes maschinelles Lernen" (engl. supervised machine learning) wurden bestimmte
Peptidmerkmale aus den FLEXITau-Daten herausgefiltert und dazu verwendet, einen
Klassifizierungs- Algorithmus zu erstellen, der in der Lage ist, jede Krankheitskategorie
von den anderen zu unterscheiden. Die Leistungsfiahigkeit der entwickelten Methode zur
Diagnose von Tauopathien wurde mit einem unabhangigen post-mortem-Datensatz validiert,
wobei Genauigkeiten von 80% fiir PSP, 92% fiir PiK, 94% fiir CBD und Kontrollen, sowie
96% fiur AK erreicht wurden.

Insgesamt zeigen diese Ergebnisse, dass FLEXITau ein vielseitiger Test ist, der Tau-PTMs
mit neuartiger Prazision misst und so auf eine Vielzahl biologischer und klinischer Fragen
angewendet werden kann. Damit kénnte er in Zukunft die Charakterisierung, Diagnose sowie
Prognose von Tauopathien vorantreiben und sogar neue Strategien fiir krankheitsveran-

dernde und préventive Therapien ermdoglichen.
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1 Introduction

1.1 Neurodegenerative diseases

Neurodegenerative disease is an umbrella term for a range of heterogeneous conditions
that primarily affect the neurons in the human brain. Neurodegeneration usually causes
dementia, i.e. the deterioration of cognitive function beyond what might be expected from
normal aging. Individuals with neurodegenerative diseases usually suffer from impairment in
abstract thinking, emotions, cognition, and memory. Furthermore, degeneration of the brain
can affect many of the body’s activities, such as balance, movement, talking, breathing, and
heart function. Neurodegenerative diseases are a major cause of disability and premature

death among older people worldwide.

Protein aggregation as common mechanism in neurodegeneration

Although neurodegenerative disorders manifest with diverse clinical phenotypes, a growing
body of evidence suggests that they have in common one pathological hallmark: the atypical
accumulation and deposition of specific proteins into large insoluble aggregates (also called
lesions) inside or among specific neurons and glial cells. These diseases are therefore also
encompassed by the umbrella term "proteinopathies". Different types of lesions have been
demonstrated at the beginning of the 20th century using histological staining techniques,
such as the silver staining [473], which was an excellent tool to reveal the so-called "tangles",
the markers of neurofibrillary degeneration. Using these techniques, neuropathologists
have been able to detect tangles in many clinical conditions that are now well defined,
such as Alzheimer’s disease (AD), frontotemporal dementia (FTD) with parkinsonism
linked to chromosome 17 (FTDP-17) [405], Pick’s disease (PiD), corticobasal degeneration
(CBD) [123], progressive supranuclear palsy (PSP) [228], post-encephalic parkinsonism
[305], argyrophilic grain disease (AGD) [425], Huntington’s disease (HD) [81, 298] and
amyotrophic lateral sclerosis (ALS) [393], amongst others.

Because tangles were found in a variety of very different diseases, initially it was thought
that their formation was a response to different types of insult, and therefore a consequence,
not a cause [420]. However, electron microscope observations and X-ray diffraction analyses
revealed that tangles have distinct structural conformations and are not the same in all
diseases. Today it is well known that pathological lesions, apart from presenting distinct
structures, can be composed of different proteins. For example, sporadic AD is characterized

by aggregates composed of microtubule (MT) associated protein tau within bundles of
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paired-helical filaments (PHF), together with extracellular deposits of amyloid 8 (AS5).
The pathogenesis of HD, on the other hand, is associated with neuronal accumulation
of aggregated forms of huntingtin. Characteristic for sporadic Parkinson’s disease (PD)
and PD with dementia is the intra-neuronal accumulation of a-synuclein in Lewy bodies
and Lewy neurites [405]. Furthermore, almost all cases of ALS, as well as a subgroup of
cases of frontotemporal lobar degeneration (FTLD; the pathological cause for FTD), are
characterized by aggregates of TAR DNA-binding protein 43 (TDP-43) (FTLD-TDP-43)
[324]. The second subgroup of FTLD is associated with aggregation of fused in sarcoma
protein (FUS) (FTLD-FUS) [118] (Fig. 1.1).

Notably, the deposition of tau fibrils is observed not only in AD. In the absence of A3 plaques,
tau inclusions are the pathological hallmark of a diverse group of neurodegenerative diseases
that are collectively called tauopathies. These disorders comprise the third subgroup of
FTLD pathology, which is designated as FTLD-tau; examples include the above-mentioned
PiD, CBD, PSP and AGD. The following sections give a brief overview of tau protein with a
focus on tau pathology and tauopathies (sections 1.3 and 1.4), as well as current diagnostic

and therapeutic approaches for tau-mediated neurodegeneration (sections 1.4.5 and 1.4.6).

7 tau
Protein @7

FTD-
MND ‘bVFTD‘ ‘PNFA‘ ‘CBS‘ ‘PSPS‘

‘Phenotype‘

SooboN

Pathology ALS-TDP FTDL-TDP FTLD-FUS FTLD-tau A plaques Lewy huntingtin ~ Prpsc
and tau NFTs bodies accumulation plaques

: ,,‘; 2

Genes TARDBP, PGRN FUS MAPT APP, PS1, SNAC, Parkin, HTT PRPN
C90RF72 and PS2 LRRK2, PINK1,
and VCP and DJ-1

Figure 1.1: Scheme for the clinical, pathological and genetic spectrum of pro-
teinopathies. Several neurodegenerative diseases, collectively termed proteinopathies, are
characterized by abnormal assembly and deposition of specific proteins in the brain. The
same protein can be found in different clinical presentations (phenotype), reversely the same
phenotype can be the result of different genes and/or misfolded proteins. Tau protein (or-
ange) is a key player in the majority of these disorders. The dotted box encompasses pheno-
types where altered tau has been observed, with less established evidence. Importantly, this
scheme is not complete; for instance rare variants of the APP genes can contribute to PD
[384], and FUS mutations have been associated with ALS and PD [265]. Adapted from [441].
bvFTD, behavioral variant FTD; CBS, corticobasal syndrome; CJD, Creutzfeldt-Jakob
Disease; DLB, dementia with Lewy bodies; FTD-MND, frontotemporal dementia with motor
neuron disease; PNFA, progressive nonfluent aphasia; PRPSY, cellular and scrapie form of
prion protein; PSPS, PSP syndrome; SD, semantic dementia.
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1.2 Tau protein

1.2.1 Tau gene, mRNA and splicing

Tau is a highly conserved protein belonging to the family of MT-associated proteins (MAPs).
It is exclusively found in higher eukaryotes, including Caenorhabditis elegans [161, 297],
Drosophila [87, 221], rodents [257, 268], monkeys [322], and human [165, 166]. In human,
tau protein is primarily expressed throughout the central nervous system (CNS), and
particularly abundant in neuronal axons (reviewed in [382, 434]). It can also be expressed
in non-neuronal cells such as glial cells, mainly in pathological conditions [92]. Furthermore,
trace amounts of tau mRNA and proteins have been detected in several peripheral tissues
such as heart, kidney, lung, muscle, pancreas, testis, as well as in fibroblasts [183, 218, 437].
In human, teu is encoded by a single gene located on the long arm of chromosome 17 in
locus 17¢21.3, occupying over 100 kb [325]. Among the 16 exons of the tau gene, exons
1, 4,5, 7,9, 11, 12, and 13 are constitutive exons. In contrast, exons 4A, 6 and 8 are
never present in any mRNA in human brain. Of these, exon 4A is only transcribed in
the peripheral nervous system, whereas exons 6 and 8, to date, have not been found to
be transcribed in human [19, 82]. Finally, exons 2, 3 and 10 are alternatively spliced and
are adult brain-specific, whereby exon 3 never appears independently of exon 2 [18, 19].
As summarized in Fig. 1.2, alternative splicing of these three exons allows for six possible
combinations corresponding to the six tau isoforms expressed in human brain.

The six tau variants range from 352 to 441 amino acids (AAs), and their molecular weight
(MW) is between 45 to 65 kDa when run with polyacrylamide gel electrophoresis in presence
of sodium dodecyl sulfate (SDS-PAGE). Under normal physiological conditions (i.e. in
soluble forms), tau has little secondary structure; it is mostly disordered and flexible,
predominantly acquiring random coil structure [46]. In respect to primary structure, tau
protein is divided into four regions: 1) a negatively charged acidic region in the N-terminal
part (exons 1-5), where exon 2 and 3 encode for N-terminal inserts (N1 and N2); 2) a
positively charged proline-rich region encoded by exon 7 and a part of exon 9; 3) a region
responsible for binding of tau to MTs encoded by exons 9-12, each containing one of
the four repeat domains (R1, R2, R3, and R4), whereby exon 10 contains R2; and 4) a
carboxy-terminal (C-terminal) region encoded by exon 13 (Fig. 1.2) [165, 166, 204]. Thus
the six tau isoforms that arise from alternative splicing differ from each other by the number
of tubulin-binding repeats (either three (3R-tau) or four (4R-tau) repeats, depending on
the absence or presence of exon 10), and the presence of zero, one, or two N-terminal acidic
inserts (referred to as ON, 1N or 2N, depending on the absence or presence of exons 2 and
3). The six isoforms are thus usually denoted as ON3R, 1N3R, 2N3R, ON4R, 1N4R and
2N4R tau.

Although the tau isoforms appear to be broadly functionally similar, each one is likely to

have a precise, and to some extent distinctive, physiological role. In human fetal brain, only
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Figure 1.2: Schematic representation of the human tau gene and the six human
tau protein isoforms. Tau mRNA contains 16 exons (top panel). Of these, exons 1, 4,
5,7,9, 11, 12, and 13 are constitutive (orange), whereas exons 4A, 6 and 8 (gray) are not
transcribed in human. Exons 2 (blue), 3 (red), and 10 (purple) are alternatively spliced,
with exon 3 only being transcribed in presence of exon 2. The combination of splicing of
exons 2/3 and 10 gives rise to six different transcripts, translated into six different tau iso-
forms (bottom panel). Exon 2 and 3 encode for 29 AA long inserts in the amino-terminal
(N-terminal) acidic region, while exon 10 is located in the MT-binding domain and encodes
for one (R2) of the four repeat regions (R1-R4, dark shaded boxes). Thus, the six tau iso-
forms differ by the absence or presence of N-terminal inserts (ON, 1N, or 2N), in combination
with either 3 (R1, R3 and R4) or four (R1-R4) MT-binding repeats. The latter are termed
3R-tau and 4R-tau isoforms, respectively. Adapted from [79] and [452].

ON3R, the shortest isoform (lacking the two N-terminal repeats and the extra MT-binding
repeat) is expressed. In contrast, in human adult brain, balanced splicing of exon 10 results
in approximately equal amounts of both 3R-tau and 4R-tau [166]. Deviations from this
ratio are characteristic for several tauopathies (see section 1.4). Although the functional
differences between 3R and 4R-tau remains unclear, in vitro studies suggest that 4R-tau
binds MTs three times more strongly than 3R-tau, owing to the presence of the additional
MT-binding repeat [83, 162, 281, 339).
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1.2.2 Physiological functions of tau

Since its discovery approximately 40 years ago, a number of well-defined functions of tau
have been revealed and extensively characterized (reviewed in [82]). One of its main func-
tions is the stabilization of axonal MTs. Tau interacts with tubulin via its binding repeat
regions R1-R4 in the MT-binding domain. These repetitive regions are composed of a highly
conserved 18 AA long binding elements, and are separated from each other by flexible, less
conserved 13 or 14 AA inter-repeat domains [166, 204, 268, 269]. In addition, tau binding
to MTs has been shown to promote tubulin polymerization in vitro [64, 75, 95, 96, 429].

Importantly, under normal conditions, tau is in a constant dynamic equilibrium of attach-
ment and detachment (on and off the MTs). The MT-tau interaction is thought to be
regulated primarily by the phosphorylation state of tau, which in turn is determined by the
balanced action of kinases and phosphatases (Fig. 1.3, see also section 1.2.3). Abnormal
phosphorylation of tau leads to detachment of tau from MTs and is associated with patho-

logical conditions.

Healthy neuron Diseased neuron

Cell body

Microtubule Destabilized microtubule

Figure 1.3: The role of tau phosphorylation in physiology and disease. Under nor-
mal physiological conditions, tau binding and detachment to MTs is coordinated by phos-
phorylation and dephosphorylation, requiring the precise interplay of multiple kinases (such
as MARK) and phosphatases. Aberrant phosphorylation by specific kinases (such as GSK3
and CDK?5) is associated with increased detachment of tau from MT and loss of its MT-
stabilizing function, and can lead to tau misfolding and self-aggregation inside the neuron.

With its ability to modulate MT dynamics, tau contributes directly or indirectly to struc-
tural and regulatory cellular functions, such as the maintenance of neuron morphology.
Furthermore, the interaction of tau with the MT network is key to the axonal transport
machinery that allows signaling molecules and other essential cellular constituents, in-
cluding organelles (e.g. mitochondria and vesicles), to travel along the axons. Thus, tau
has profound effects on the function and viability of neurons and their axonal extensions
[85, 103, 135, 171, 289]. Notably, because other MAPs perform similar functions, it is
possible that they can compensate for a tau deficiency or loss, which may account for the

report that tau knockout mice did not show any overt phenotype [197].
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1.2.3 Post-translational modifications (PTMs) of tau in physiological conditions

Phosphorylation is the most common and most studied tau PTM. Multiple kinases are able
to phosphorylate tau, many of which are proline-directed protein kinases, such as glycogen
synthase kinase 3 (GSK3), cyclin-dependent kinase-5 (CDK5), mitogen-activated protein
kinase (MAPK) and stress-activated protein (SAP) kinases. On the longest tau isoforms,
there are 85 putative serine (S), threonine (T) and tyrosine (Y) phosphorylation residues in
total, and phosphorylation at 75 of these sites has been reported. However, only half of
these have been found phosphorylated in physiological conditions [57, 82, 293]. As indicated
above, phosphorylation on specific sites can effectively decrease the binding affinity of
tau for MTs and/or increase its propensity to assemble into fibrils [53, 74, 130, 295, 476]
(Fig. 1.3, see also section 1.3.4).

Although in the course of tau-mediated neurodegeneration, aberrant tau phosphorylation is
always observed, the importance of individual phosphorylation sites in regulating tau func-
tion has been debated for some time. For example, phosphorylation of S262, which lies in
the first MT-binding repeat and is phosphorylated by MAP /microtubule affinity-regulating
kinase (MARK), is thought to strongly reduce tau binding to MTs, but has been shown to
prevent tau fibrillization [53].

Apart from phosphorylation, several other modifications have been described, including
ubiquitination, acetylation, and glycosylation, among others (see [292] and [91] for compre-
hensive reviews). These modifications have been studied mostly in pathological conditions.
Their exact role in physiological conditions is unclear, and little is known about their
baseline state. Probably physiological tau exists as a mixture of differentially modified
molecules. The role of PTMs in tau pathology and aggregation is described in more detail

in section 1.3.4.

1.2.4 Genetics of tau

The cause-effect relationship between tau dysfunction and neurodegeneration remained
under debate until the early 90s, when genetic studies established an unequivocal connection.
First, an autosomal dominantly inherited form of FTD and parkinsonism was linked to
chromosome 17, a region containing tawu, which led to the introduction of the term FTDP-17
[458]. In 1998 multiple tau gene mutations were discovered in the majority of patients
with FTDP-17, providing evidence that tau abnormalities alone are sufficient to cause
neurodegenerative disease. Today, 51 pathogenic tau mutations have been identified and
account for 5% of cases of FTD [167].

The majority of mutations are located in exons 9-12 (encoding the repeat regions) and the
intronic regions between exons 10 and 11 (Fig. 1.4). Some mutations have a primary effect
at the protein level and result in AA changes that reduce the ability of tau to interact with
MT [114, 201, 208] and/or increase the susceptibility of tau to form fibrils [37, 152, 319].

However, a substantial proportion of the known teu mutations in FTDP-17 affect the
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Figure 1.4: The tau gene mutations associated with FTDP-17. Tau mutations that

cause FTDP-17 are primarily located in exons 9-12 or in the intronic region between exons

10 and 11. Exon 10 and intronic mutations affect the splicing of exon 10 and generally result
in an increase of exon 10-containing 4R-tau. Adapted from [79] and [406].

alternative splicing of tau mRNA, in particular exon 10, which perturbs the normal ratio of
3R-tau to 4R-tau isoforms. Most of these mutations result in an increased prevalence of
exon 10-containing 4R-tau.

Clinically, FTDP-17 has very similar phenotypes to the clinical presentation of non-familial
FTLD-tau, such as PiD, PSP, and CBD. Patients present with behavioral changes followed by
cognitive decline, eventually leading to dementia, the onset being highly variable [309, 370].
The main pathological hallmark is the invariable presence of neuronal AD-like tau deposits.
Due to the symptomatic and molecular similarities to non-familial tauopathies, many of
these FTDP-17-causing tau mutations have been used to develop animal models for tau
aggregation and neurofibrillary degeneration [134, 174, 175]. The most widely used mouse
models contain the P301L and P301S missense mutation located on exon 10. While not
affecting the relative ratio of 3R to 4R-tau, they appear to promote the self-assembly of
mutant tau into filaments and tangles [480].

Notably, there are no reported tau gene mutations in AD. Instead, familial AD is caused by
mutations in the amyloid precursor protein (APP) (from which A is derived by proteolytic
cleavage) and in the presenilin-1 (PS1) and presenilin-2 (PS2) genes, both of which encode
proteins involved in AS formation (see also Fig. 1.1, bottom). These pathogenic mutations
account for less than 1% of AD cases [116].

1.3 Tau pathology

As mentioned above, the defining common neuropathological hallmark of all tauopathies
is the neuronal (or neuronal and glial) accumulation of tau protein. Although natively
unfolded, during disease progression, tau assembles into various filamentous forms. Possible
causes for the formation of tau aggregates include an imbalance of tau kinases and/or
phosphatases, other PTMs, truncation, mutations in the tau gene, and possibly others
(Fig. 1.5).
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The precise role of these aggregates and their precursors in the different stages of neurode-
generative disease pathology is not yet fully understood. It is generally known that the
cortical density of tau tangles in post-mortem brain from tauopathy patients correlates
with pre-morbid cognitive dysfunction and neuronal loss. Moreover, it is clear that tau by
itself can be the disease-causing agent. However, several lines of research have suggested
different, at times even contradictory, cause-and-effect relationships. Especially for the
non-familial tauopathies, up to today, it remains controversial whether tau aggregation is a
primary causative factor, plays a peripheral role in the disease, or may even be a protective
response. To add to the complexity, recent reports indicate that oligomeric pre-fibrillar
forms of misfolded tau may be the disease-causing agent. All these aspects are discussed in

more detail in the following sections.
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1.3.1 Tau aggregation

As mentioned above, under pathological conditions, tau affinity for MTs is aberrantly
decreased, likely due to an increased rate of phosphorylation (see also 1.3). Abnormal
detachment of tau from MTs results not only in the destabilization of MTs, but also
in an increase in the levels of free soluble tau (in the monomeric form). The latter
causes a perturbation of the equilibrium of bound and unbound tau to MT. Cytosolic
unbound tau monomers can undergo conformational changes and be targeted by other PTMs
that attenuate the MT-binding affinity of tau further, and/or increase its propensity to
aggregate into filaments [47, 146, 256] (see also section 1.3.4). It is possible that the higher
concentration of cytosolic tau by itself increases the chances of pathogenic conformational
changes that then favor misfolding and may, as a result, make it more prone to aggregate.
The morphology of tau filaments can vary. In AD, the predominant filaments are straight
or paired helical filaments (SFs and PHFs, respectively). While these can also occur in
other tauopathies, different shapes such as twisted ribbons or rope-like conformations exist
[109]. Tau filaments can self-aggregate to highly ordered bigger structures (lesions), and
also here different types exist. They include neurofibrillary tangles (NFTs), the classic
fibrillary tangles first described by Alzheimer in 1907. In AD brains, NFTs consist of large
bundles of fibers made mostly of PHFs and rare SFs (see Fig. 1.5). They are often described
as having "flame-shaped" form, and may fill the entire neuronal cytoplasm. NFTs can also
be found in PSP, although with a different anatomical distribution compared to AD [271].
Another type of neuronal fibril that occurs in AD and several other tauopathies are neuropil
threads, which are bundles of SFs and PHFs that occupy dendrites and largely displace the
cytoskeleton [347]. Glial lesions include the so-called astrocytic plaques which are typical
for CBD, and tufted astrocytes that are exclusively found in PSP.

There are other forms of pathological insoluble tau found in human brains that may be
filamentous, yet are non-fibrillar in structure. Such aggregates include Hirano bodies and
Pick bodies. Hirano bodies have been described in AD and PiD, amongst others. They are
intraneuronal filament arrays made of tau, actin, cofilin, and other actin-binding proteins
[205, 284]. Pick bodies are argyrophilic grains that are made of disorganized bundles of
filaments which form spherical cytoplasmic inclusions. They have been described in AD,
PiD, and AGD.

Importantly, tau lesions are not always composed of all isoforms of tau. While PHFs and
SFs formed in AD are equally made of all six splice variants, the tau lesions in PSP and CBD
comprise mostly the 4R-tau isoforms [478]. In contrast, Pick bodies are comprised only of
the 3R isoforms of tau [115]. More details about these tauopathies and their histopathology
can be found in section 1.4 (see also Table 1.2).

Structurally, the path from normal soluble tau to large aggregates is thought to be a
multi-step phenomenon, and has been best studied for the PHFs in AD (reviewed in [301],

see also Fig. 1.5): First, newly formed soluble monomers dimerize in an anti-parallel manner
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linked by disulfide bonds. Next, small non-fibrillary oligomeric tau deposits are formed
(normally referred to as "pretangles"). The assembly of these pretangles into PHFs involves
the formation of the characteristic pleated S-sheets. More precisely, the conformation of
two hexapeptide motifs in the MT-binding region of tau (VQIINK and VQIVYK) changes
from random coil to a [-sheet structure [47, 331, 459]. Because of the cross-f structure
in their core, PHFs are considered amyloid filaments [49]. The structure of the remainder
of the protein, including the N-terminal half and the C-terminal tail, has been difficult to
study and has been dubbed "fuzzy coat" [110, 456, 466].

1.3.2 Tau aggregation and toxicity

Determining which forms of tau are actually toxic remains one of the largest questions in
the field. NFTs were a vital historical clue to the involvement of tau in neurodegenerative
disease, and initially, tangles themselves were considered the species most likely to be
neurotoxic. However, although theories about direct physical disruption of cellular function
remain intuitive, several lines of evidence weigh against tangles as a form of tau toxicity, at
least they suggest that they are neither necessary nor sufficient.

The evidence that supports the notion that tau aggregates are associated with neurotoxicity
are largely of correlative nature. For example, studies of human post-mortem brains show
a strong spatial and temporal correlation between NFTs and severity of dementia, and
between NFTs and neurodegeneration or neuronal death [28, 70, 122, 170, 180, 320, 426].
Furthermore, some tau transgenic mouse models, such as tau P301L, show neuronal
apoptosis at the same ages as filaments and NFTs are formed, and there is a correlation
between reduction of NFT and improvement in cognition [173, 330]. More direct evidence
comes from mice conditionally expressing human tau variants harboring pro-aggregation
or anti-aggregation mutations. Pro-aggregation mice develop pretangles, PHFs and NFTs,
followed by synaptic and neuronal loss, whereas mice expressing the same tau with the
anti-aggregation mutation do not develop this neuronal pathology [136, 306]. Finally, after
suppression of the expression of the human tau, these mice recover from toxicity, both in
terms of cell death and cognition [230, 413].

Although all these studies represent very strong data in favor of PHFs and/or NFTs as the
toxic species, there is evidence from a number of models that NFTs are not required for
tau-induced neuronal dysfunction and toxicity, and/or that cell death occurs prior to NFT
formation. For example, in some mouse models, cognitive/behavioral impairments and cell
death can be demonstrated prior to NFT formation [17]. In most Drosophila models of
tauopathy, despite clear neurodegeneration and functional phenotypes, neuronal NFTs are
not formed at all [259, 302, 313, 462, 468]. This indicates that filaments are not necessary
for tau-induced toxicity. Other evidence suggests that filaments are also not sufficient, since
they continue to form in the conditional mice mentioned above, even when the transgenic

tau expression is suppressed and memory function as well as neuronal loss are recovered
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[379]. This is corroborated by another study in which successful treatment reduced motor
deficits despite failing to reduce NFTs [101].

In summary, while these studies do not exclude the possibility that tangles are ultimately
toxic, they do suggest that NFTs themselves might not be solely responsible for the
initial tau-induced neurodegeneration and dysfunction. Possibly tangles are a late-stage
manifestation contributing to the disease progression by physically interfering with normal

cellular functions.

1.3.3 Propagation of tau pathology

In AD and other tauopathies, it is well documented that the NFT pathology propagates in
a defined manner, and that its progression throughout the brain correlates well with decline
in cognitive function [323]. First, NF'Ts accumulate in the entorhinal cortex (EC), from
where the pathology spreads to other brain regions such as hippocampus, and ultimately
the neocortex, crossing limbic and association cortices in a predictable pattern [27, 70].
Until recently, it was unclear how exactly tau pathology spreads in the human brain. Recent
findings point to the presence of multimeric tau species which are intermediates between
tau monomers and filaments, and are referred to as tau oligomers [48, 287, 377]. They have
recently received considerable attention because in vitro and in vivo studies suggested that
these oligomeric species initiate toxicity, and can induce synaptic dysfunction and cell death
in neurodegenerative tauopathies [48, 105, 255, 287, 377, 407]|. Furthermore, several data
now support the possibility that these soluble tau oligomers can be released from affected
neurons, followed by their uptake into neighboring neurons. However the exact mechanism
by which these oligomeric species propagate from one neuron to the next remains to be
fully determined.

Furthermore, several groups report that tau propagation is a self-perpetuating process
similar to that observed in prion diseases, suggesting that tau propagates in a "prion-
like" manner - prion-like since they lack the infectious properties that characterize true
prion diseases (reviewed in [239]). In the first step, this involves a misfolded tau protein
forming a template that progressively induces other native tau proteins to adopt the same
pathological conformation (also called "seeding"). In a second step, aggregates of misfolded
tau species are thought to propagate from affected brain regions to unaffected regions
(reviewed in [157, 448]). A recent study even provided evidence for the existence of distinct
conformational states of misfolded tau, referred to as tau "strains" [378]. However, the exact
association between these oligomeric species and tau seeding, propagation and neurotoxicity

remains debated.

1.3.4 The role of tau PTMs in disease

In all diseases in which tau filaments are implicated, tau is found to be excessively modified,

and modifications that occur prior to oligomerization or filament formation may promote
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toxicity. By far, the most common and best studied PTM is phosphorylation. Several other
PTMs exist, including glycosylation, ubiquitination, sumoylation, acetylation, methylation,
oxidation, nitration, truncation by proteases, deamidation, prolylisomerization, and non-
enzymatic cleavage. Generally these PTMs have been associated in some way with the
aggregation of tau into tangles, or the enhancement of other events such as phosphorylation
or modification of tau function and structure which might in turn facilitate the formation of
pathological tau species. However their study is still in its infancy. In the following section,
the implication of each PTM in tau aggregation and pathogenesis is briefly summarized

according to current knowledge.

Phosphorylation: Excessive tau phosphorylation is thought to play a crucial role in mediating
toxicity and aggregation. In pathological conditions, both extent and number of sites of
phosphorylation are increased. For example, in healthy brains, tau contains on average 2-3
phosphates per molecule, whereas tau from PHEFs of patients with AD carries 6-8 phosphates
[240, 263]. From the 85 potential sites, 75 have been found to be phosphorylatable [196].
45 of these - more than half of all phosphorylatable residues - have been found in AD
brain [21, 194, 196, 391, 470]. While some sites are exclusively found to be phosphorylated
in diseased brain and do not occur in physiological conditions at all, others occur both
in physiological and pathological conditions, although phosphorylated to different extent
(Fig. 1.6). A subset of sites have received significant attention since they are recognized by
antibodies raised against AD tau in a phosphorylation-dependent manner and thus are useful
for diagnostic means. These include AT8 (pS202/pT205), AT100 (pT212/pS214), AT180
(pT231/pS235), 12E8 (pS262/pS356) and PHF1 (pS396/pS404) [55, 163, 178] (Fig. 1.6,
top).

Since in AD brain, increased signal of these antibodies is detected compared to normal
brain, historically pathological tau is referred to as being "hyperphosphorylated". Although
widely used to describe the increased phosphorylation state of pathological tau, a clear
definition of this term is missing (e.g. number of sites and/or the extent of phosphorylation
of each site) (see also chapter 2). Over decades of extensive studies, it has become clear that
tau phosphorylation and its consequences on tau aggregation and pathology is bewilderingly
complex. Even though it is well accepted that aberrant tau phosphorylation is a major
early characteristic of tau aggregation, it is not clear whether this process is necessary or
sufficient for filament assembly. Elevated tau phosphorylation is not necessarily detrimental,
as it occurs also naturally. For example, during development of fetal mammalian brain,
the phosphorylation state of tau is substantially higher compared to adult brain under
physiological conditions [164, 483]. Moreover, transient increased tau phosphorylation is
observed in hibernating animals [22, 200, 411] and during hypothermia [354]. Furthermore,
tau expressed during division of neuronal cells acquires a phosphorylation state similar to
that found in AD [217, 358, 442]. Finally, phosphorylation at certain sites even protects

against aggregation [381]. In conclusion, hyperphosphorylation is not an absolute indicator
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Figure 1.6: Human tau PTM sites in physiology and disease. Of the 85 tau phos-
phorylation sites, 45 have been described in PHF-tau derived from AD brain (top panel); of
these, 29 are found in AD brain only (red) and 16 are found in both AD and normal brain
(light blue). Epitopes of the AD-diagnostic antibodies are indicated. 30 phosphorylation
sites are only described in normal brain (green), and the remaining 10 sites are putative
(mid panel). Sites for various other PTMs have been described in AD brains (bottom panel).
These include nitration (gray), acetylation (orange), ubiquitination (dark blue), and oxida-
tion (brown). Sites of cleavage by caspases are also shown (pink). Adapted from [292], [210]
and [451].

of the disease state but rather appears to reflect a state of the cell where the balance of
kinases and phosphatases is perturbed in favor of phosphorylation. Despite its ambiguity,
for the sake of simplicity the term "hyperphosphorylation” is used in the remaining work

when referring to the state of increased phosphorylation in respect to tau pathology.

Glycosylation: Protein glycosylation is the covalent attachment of oligosaccharides to a
functional group on a protein. Two types of glycosylation exist: N-linked and O-linked
glycosylation. N-linked glycans are produced by the attachment of a sugar to an amine
radical in the side-chains of asparagines or arginines. O-linked glycans result from the
attachment of the sugar to hydroxyl radicals of serines and threonines, respectively. Tau
from the brain of AD patients was found to be abnormally glycosylated [415, 450], and in
vitro deglycosylation leads to the conversion of tau tangles into filaments, restoring their ac-
cessibility to MTs [450]. On the other hand, the O-linked attachment of N-acetylglucosamine

(O-GlcNAc) on several serines and threonines decreases tau phosphorylation by the kinases
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protein kinase A (PKA), CDK5 and GSK3 [276]. It is believed that O-GlcNAc counteracts
phosphorylation by competition for the same sites. As such it has been proposed to prevent
tau phosphorylation, thereby decreasing dissociation of tau from MT and tau aggregation

26, 275, 484).

Ubiquitination and sumoylation: Ubiquitination is the binding of one or more ubiquitin
molecules (a small protein) onto proteins, and serves as a signal for their degradation
by the proteasome. Tau in physiological conditions has been shown to be ubiquitinated
and proteolytically processed by the ubiquitin-proteasome-system (UPS) [25, 113, 279].
In disease, excessive tau ubiquitination was proposed to occur in PHFs as a late event,
after its hyperphosphorylation. Polyubiquitination in PHFs from AD was reported on
several lysine (K) residues (K254, 257, 311, 317 and perhaps others) that are all in the
MT-binding repeat domain [108, 308, 423]. Tau protein can also be sumoylated at K340 in
vitro by SUMO1 (small ubiquitin-like modifier protein-1) and to lesser extent by SUMO2
and SUMO3 [128, 129, 414]. In AD, sumoylation probably counteracts ubiquitination [414],

warranting further studies.

Acetylation: Another modification targeting lysine residues is acetylation, a reversible
reaction that refers to the process of covalently transferring or removing an acetyl group
onto or from an AA. This reaction relies on acetyl-coenzyme A and catalyzing enzymes such
as histone acetyltransferases (HATs) and histone deacetylases (HDAC). Tau acetylation has
been found to be increased in AD brains, and acetylation on K280 has been suggested to
impair MT-binding of tau and promote aggregation [98]. Potentially acetylation interferes
with ubiquitination and thus degradation of tau [303], but may also serve alternate regulatory

functions.

Methylation: Methylation of tau on lysine and arginine residues has been described very

recently [150, 186, 423], and the functional effects are mostly unknown.

Oxidation:  Oxidation, which is prominent in aging neurons, affects two cysteines (C) in
the repeat regions of tau, C291 (in R2) and C322 (in R3). The formation of dimers formed

by cross-linking via two oxidized cysteines greatly enhances the rate of aggregation [386].

Nitration: Nitration is the addition of nitrogen dioxide on tyrosine (Y) on an organic
molecule. Nitration has been found on both soluble tau and insoluble tau on four out of
the five tyrosine residues. [89, 367]. Nitration on Y29 was found to be increased in AD
[367] and was proposed to decrease tau ability to promote tubulin assembly, leading to tau

oligomerization [488].

Truncation: Another major modification of tau associated to neurodegeneration and neu-
rotoxicity is proteolytic cleavage. Tau contains several cleavage sites accessible to multiple

proteases, yielding breakdown products that could be toxic in various ways. So far, proteases
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found to cleave tau include calpain, caspases, and PSA (puromycin-sensitive aminopepti-
dase). Cleavage in AD brain patients has been shown to occur at D13, E391 and D421
[41, 209]. Truncation at these sites enhances the capacity of tau to aggregate and contributes

to neuronal apoptosis [94, 141, 154].

Non-enzymatic tau PTMs: Finally, because tau and its aggregates are long-lived, they
are subject to various non-enzymatic modifications, such as glycation by AGEs (advanced
glycation end products), deamidation, prolyl-isomerization, cross-linking and non-enzymatic
cleavage around aspartic acid (D) residues. These may be the cause of the "high MW smear"

typical of AD tau preparations run on SDS gels [455].

From the evidence above, it is difficult to define which of the tau PTMs are preferentially
implicated in tau pathology. Although tau phosphorylation can be considered as the major
tau PTM due to the large number of sites involved, this should not preclude the qualitative
importance of each of the other PTMs during the pathological process. It can be concluded
that tau undergoes a wide range of biochemical and conformational changes that may occur
simultaneously, and cooperation between several tau PTMs may be required for aggregation
of tau into toxic species. However, the timing and significance of all these modifications in

tau pathogenesis remains to be further investigated.

1.4 Tauopathies

As mentioned above, many neurodegenerative diseases are associated with tau inclusions,
and they are collectively referred to as tauopathies. An extensive list of tauopathies can be
found in Table 1.1. Based on their predominance, tauopathies are recognized as the most
common proteinopathy (see also Fig. 1.1).

Apart from AD, other common non-familial tauopathies are PSP, CBD, and PiD, which
all fit into the spectrum of FTLD-tau (the other subtypes of FTLD presenting with
ubiquitin-positive and TDP-43-positive, but tau-negative inclusions (FTLD-TDP-43), or
FUS aggregates (FTLD-FUS) [285]). FTLD-tau disorders are characterized by selective
atrophy of the frontal and temporal cortex with neuronal loss, gliosis, as well as tau-
positive inclusions. Despite the tau accumulation as common pathological hallmark, clinical
presentations and selective vulnerability of anatomic systems vary across these disorders
(see also Fig. 1.7). Furthermore, each of these tauopathies is characterized by characteristic
inclusions and lesional distributions. Finally, the preferential accumulation of alternative
splice forms (3R-tau or 4R-tau) contributes to heterogeneity of tau neuropathology [117, 477].
The latter led to the differentiation of 4R tauopathies (4R >3R) and 3R tauopathies (4AR<3R).
In the following section, a summary for each of the above mentioned tauopathies is provided,
including a description of the biochemical and ultrastructural characteristics of the tau lesion

that are found in neurons and glia in these patient brains (for a summary see Table 1.2).
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Table 1.1: Diseases with tau inclusions. Tauopathies examined over the course of this
work are marked in bold.

Pathological diagnosis

Alzheimer’s Disease (AD)

Amyotrophic lateral sclerosis of Guam

Argyrophilic grain disease (AGD)

Chronic traumatic encephalopathy

Corticobasal degeneration (CBD)

Diffuse neurofibrillary tangles with calcification

Down’s syndrome

Familial British dementia

Familial Danish dementia

Frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17)
Frontotemporal lobar degeneration (some cases caused by C9ORF72 mutations)
Gerstmann-Straussler-Scheinker disease

Guadeloupean parkinsonism

Myotonic dystrophy

Neurodegeneration with brain iron accumulation

Niemann-Pick disease, type C

Non-Guamanian motor neuron disease with neurofibrillary tangles
Parkinsonism-dementia complex of Guam

Pick’s disease (PiD)

Postencephalitic parkinsonism

Prion protein cerebral amyloid angiopathy

Progressive subcortical gliosis

Progressive supranuclear palsy (PSP)

SLC9AG6-related mental retardation

Subacute sclerosing panencephalitis

Tangle predominant dementia

White matter tauopathy with globular glial inclusions

Further below, current approaches for their differential diagnosis and therapy are described
(sections 1.4.5 and 1.4.6).

1.4.1 AD

AD is the best-studied tauopathy and the most common form of dementia in the aging
population. Contributing to 60-70% of cases, it is estimated to affect more than 30
million people worldwide, a number that is expected to triple by the year 2050 [359].
Characteristic features are the flame-shaped NFTs in cell bodies and apical dendrites of
neurons, and neuropil threads in distal dendrites. In a strict sense, AD is not a primary
tauopathy since tau pathology is evident in conjunction with extracellular A5 deposition
into neuritic plaques. Glial inclusions are not prominent in AD, but PHF as well as SF
have been found in astrocytes and coiled bodies in AD brains of patients with long duration
[23, 216, 321, 328, 474]. Furthermore, AD brains contain higher quantities of tau than
unaffected subjects [246, 247] (see also section 3.4, Fig 3.2).

AD patients typically present initially with memory impairment, correlating with tau
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Table 1.2: Biochemical characteristics of sporadic tauopathies. AD and several dis-
orders from the spectrum of FTLD-tau present with distinct tau isoform distributions and
characteristic tau inclusions in neurons and glia cells.

Isoforms  Filaments Neuronal inclusion Glial lesion
AD 3R~4R PHF » SF NFT, neuropil threads rare SF/PHF in astrocytes
and coiled bodies
PSP 4R>3R SF; rare twisted globose NFT, pretangles, tufted astrocytes, coiled bodies
filaments ballooned neurons

CBD 4R>3R SF; rare twisted pretangles, ballooned neurons astrocytic plaques, coiled bodies

filaments

AGD 4R>3R SF; rare twisted pretangles, ballooned neurons  coiled bodies
filaments

PiD 3R>4R SF; loose twisted  Pick bodies, Pick cells rare ramified astrocytes
filaments

NFT load in medial temporal lobe structures, including the entorhinal cortex, amygdala,
and hippocampus early in the disease process [28, 70]. The stereotypic progression from
temporal lobe to association cortices and eventually the involvement of primary cortex was
originally described by Braak and Braak [70]. Dementia associated with AD pathology
has an insidious onset with progressive deterioration of cognitive functions. The recently
updated clinical diagnostic criterion for dementia associated with AD pathology incorporates
imaging and cerebrospinal fluid (CSF) biomarkers in efforts to improve early detection and
tracking of disease progression, which are further described below (section 1.4.5) [13, 300].
Atypical AD cases have been reported that don’t fit the Braak staging scheme and show a
different distribution and density of NFTs. They also show defined clinical characteristics
and thus have been considered as distinct subtypes of AD [227, 316].

1.4.2 FTLD-tau

PSP: PSP was first described in 1964 by Steele, Richardson and Olszewski [408]. Like other
disorders from the type FTLD-tau, PSP is a sporadic neurodegenerative disorder that is
characterized with prominent hyperphosphorylated tau aggregates in the brain accompanied
by neuronal loss and gliosis. Because of the preferential accumulation of 4R-tau isoform,
PSP is considered a 4R tauopathy. The core neuroanatomical regions affected in all cases of
PSP include the basal ganglia, subthalamic nucleus and the substantia nigra [202]. Cortical
involvement is minimal but if present it is greatest in motor and premotor cortices [235].
Often, PSP can be diagnosed on macroscopic examination by severe midbrain atrophy with
dilation of the superior cerebrellar peduncle [430], but in atypical cortical presentations of
PSP this atrophy may be mild or absent.

Microscopically, PSP neuropathology is characterized by neuronal inclusions called globose
NFTs. The hallmark glial lesion is the tuft-shaped astrocyte or tufted astrocyte, apart from
tau immunoreactive inclusions in oligodendrocytes, termed coiled bodies. Tufted astrocytes

are abundant in the motor cortex and the corpus striatum. Neuronal loss and gliosis is



18 1 Introduction

most marked in the substantia nigra and subthalamic nucleus, where thread-like processes
and coiled bodies are often found. Ultrastructural analysis of PSP pathology reveals that
most inclusions are 4R-tau isoforms that aggregate into SFs, while rare twisted filaments
have been observed (Table 1.2).

Patients with PSP usually present with a late-onset atypical parkinsonism. Most cases
suffer from axial rigidity, postural instability and unexplained falls, and personality changes,
with most patients also developing progressive vertical gaze palsy (for which the disorder
is named). Although these symptoms describe the typical PSP cases, there is a great
deal of pathological heterogeneity that causes patients to present with various clinical
syndromes. Typically, the particular clinical phenotype is determined by the distribution of
tau pathology. Variants of PSP include behavioral variant FTD (bvFTD) [56], progressive
nonfluent aphasia (PNFA) or apraxia of speech [232], corticobasal syndrome (CBS), the
clinical presentation of CBD [234, 431], and pure akinesia with gait freezing (PAGF)
[9, 463]. The cause of this extensive variability associated with PSP is currently unknown

but underlying genetic variance is expected to play a role.

CBD: CBD was first described in 1967 by Rebeiz and colleagues and referred to as
corticodentatonigral degeneration with neuronal achromasia [363]. Like PSP, CBD is a
neurodegenerative disorder classified as 4R tauopathy due to neuronal and glial aggregates
of hyperphosphorylated 4R-tau isoforms. Tau lesions in the brains of CBD patients are
found in both gray and white matter of the neocortex, basal ganglia, thalamus, and to a
lesser extent, the brain stem [121]. Gross examination of the brain varies from patient to
patient. Most cases are asymmetric, with only one hemisphere affected.

The hallmark glial lesion in CBD is the astrocytic plaque, which is not observed in other
disorders [142, 253]. Microscopic analysis of affected cortices often shows cortical thinning
with neuronal loss, gliosis, and many ballooned neurons. These achromatic neurons appear
enlarged, with a pale, glassy cytoplasm, are often vacuolated and with swollen dendrites.
They can be immunostained with phosphorylated neurofilament, tau, and beta-crystallin
antibodies. Ultrastructural characterization of tau pathology in CBD reveals mostly SFs
with some wide twisted filaments, similar to PSP (Table 1.2).

The classic clinical presentation of CBD is atypical parkinsonism and is specifically referred
to as CBS. It is associated with asymmetrical rigidity and apraxia, often with dystonia and
the classic symptom of "alien limb" [274]. Moderate dementia emerges sometimes late in the
course of disease [369]. CBD is associated with focal cortical atrophy and because of this
patients can present with a wide range of clinical syndromes depending on the location of
the highest tau burden pathology and marked cortical atrophy. Because of the heterogeneity
of symptoms and clinical phenotypes, defining clinical diagnostic criteria for CBD has been
extremely challenging. Common atypical cases include presentations with bvFTD or PNFA
with focal degeneration in peri-Sylvian areas. Furthermore, it is increasingly recognized

that CBD has substantial overlapping pathological and clinical features with PSP and other
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disorders such as PD and dementia with Lewy bodies (DLB) which often make a differential

diagnosis difficult, both on clinical and pathological level.

PiD: Pick’s disease is a less common cause of FTLD-tau, accounting for less than 5%
in autopsy series of dementia [38]. It is classically associated with severe circumscribed
cortical atrophy of the frontal and temporal lobes. Also here, the clinical presentation is
determined by the distribution of the most affected cortical degeneration.
Neuropathologically, apart from the frontotemporal lobar and limbic atrophy, PiD is defined
by marked neuronal loss, spongiosis, and gliosis. The characteristic histopathological inclu-
sions observed in PiD, termed Pick bodies, are round intraneuronal inclusions composed of
hyperphosphorylated 3R-tau [360, 398]. Pick bodies are argyrophilic on some silver stains,
e.g. Bielschowsky, but consistently negative with the Gallyas Braak silver stain method.
Another less specific feature of PiD are ballooned achromatic neurons (also called Pick
cells), similar to those observed in CBD. Tau-immunoreactive glial inclusions, including
small, round inclusions in oligodendrocytes and ramified astrocytes are sometimes present
in PiD but not as frequent as seen in the 4R tauopathies (see above). Interestingly, glial
lesions contain predominantly 4R-tau [207] which may contribute to the variability in the
ratio between 3R and 4R-tau isoforms observed in different biochemical studies. There is
overlap between subcortical nuclei affected in PiD compared to both CBD and PSP [143].
Ultrastructural analysis of tau pathology in PiD reveals mostly SF, with some wide twisted
filaments that aggregated in close proximity and can be associated with dense granular
material.

PiD patients with frontotemporal atrophy often present with bvE'TD [100], while frontopari-
etal atrophy presents with apraxia [267], and peri-Sylvian atrophy with PNFA [176]. When
amnestic symptoms prevail, clinical diagnosis is often initially AD. PiD is a disorder that
is usually associated with "presenile dementia" with age of onset younger than 65 years.

Familial forms of PiD are rare and are due to mutations in the tau gene [77, 207, 318].

1.4.3 Other tauopathies

Another disorder of the FTLD-tau group is AGD, a highly frequent but atypical 4R tauopa-
thy that is not always associated with clinical progression. Although it will not be part of
the presented work, it is described here for the sake of completeness. AGD is characterized
by the presence of abundant spindle-shaped argyrophilic grains in the neuronal processes,
pre-neurofibrillary tangles, and coiled bodies in oligodendrocytes, all positive for 4R-tau.
Because clinicopathological studies failed to show a distinctive clinical or imaging phenotype
associated with AGD, recent studies raise the hypothesis that AGD may be a defense
mechanism against the spread of other neuropathological entities, in particular AD [371].
Recent evidence links the lack of tau acetylation in AGD to its protective role against the
spread of AD [179], a hypothesis that remains to be investigated.

Other tauopathies include Down’s syndrome, parkinsonism with dementia, myotonic dys-
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trophy, prion diseases with tangles, Blint disease (an ophthalmologic disorder), dementia
pugilistica, dementia with tangles only, ALS, and parkinsonism-dementia complex of Guam.

For a complete list of tauopathies see Table 1.1 (reviewed in [82] and [219)]).

1.4.4 Age-related changes in tau

While extensive neuronal loss and the formation of NFT is generally associated with
neurodegenerative disorders, these changes have also been observed in normal aging brain.
For example, evidence of neuronal loss has been shown in the brain of patients with very
mild cognitive dysfunction [311], and other studies indicate that age-related events lead to
the formation of NFTs that are indistinguishable from those of AD, with the difference that
no AfS plaques are found. Recently, this NFT pathology has been considered to represent a
distinct disease, termed primary age-related tauopathy (PART) [106]. Moreover, FTLD-
tau-like pathology was reported in non-demented elderly individuals exhibiting argyrophilic
grains and oligodendroglial coiled bodies in a pattern similar to AGD. It is not clear whether
these cases represent preclinical stages of AD or specific FTLD-tau subtypes, or whether
such lesions are age-related as suggested for PART [71, 421, 425].

1.4.5 Diagnosing tauopathies
Pre-mortem clinical diagnosis

As discussed above for each individual disorder, FTLD-tau may present as several clinical
syndromes: behavioral/dysexecutive syndrome (bvFTD), language disorder (primary pro-
gressive aphasia variants such as semantic dementia (SD) and PNFA), and motor disorders
(ALS, CBS, PSP syndrome). Although specified diagnostic criteria have been established
for the typical clinical symptoms associated with each disease [13, 24, 202, 300], there
is a substantial overlap and a vast heterogeneity in clinical presentations of underlying
neuropathologies, including AD (Fig. 1.7A). For example, some patients with confirmed
CBD pathology at autopsy have a clinical presentation indistinguishable from that of PSP.
Reversely, it has also become clear that CBS, the classical syndrome of CBD, is not specific
to CBD [63, 273, 443]; to the contrary, evidence suggests that CBS is more likely to be
caused by a pathology other than CBD, e.g. PSP, AD, PiD, or a pathology unrelated to tau
[63, 273, 443], such as FTLD-TDP-43 (Fig. 1.7B). Other clinical phenotypes with profound
neuropathological heterogeneity are bvFTD and PNFA. In summary, due to the absence of
reliable diagnostic criteria or biomarkers, current clinical criteria do not reliably predict
underlying proteinopathies, and an unequivocal differential diagnosis can often only be
confirmed by histopathological examination of the brain post-mortem. Although it is the

most common form of dementia, this is currently also the case for AD.
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Figure 1.7: Relationship between clinical FTD phenotypes and underlying dis-
ease pathologies. A. Patients with FTD usually present with deficits in behavior, language
and/or motor function. Each clinical subtype can be caused by several underlying molecular
pathologies: tau, FUS, or TDP-43. The associated disease neuropathology is denominated
FTLD-tau, FTLD-FUS, and FTLD-TDP-43. B. For each clinical subtype, the estimated
proportion of underlying pathology is depicted. Question marks indicate that the proportion
of the respective pathology is unknown. Adapted from [111] and [167].

Biomarker development

A biomarker is defined as "a characteristic that is objectively measured and evaluated as an
indicator of normal biologic processes, pathogenic processes, or pharmacologic responses
to a therapeutic intervention" [182]. A biomarker can thus predict and diagnose disease,
monitor disease progression and response to therapy, as well as help in drug discovery. In
view of current difficulties in reliably diagnose tauopathies prior to autopsy, extensive efforts
have been put into biomarker research including 1) body fluid analysis and 2) neuroimaging.

They were initially developed for AD and are being expanded to other tauopathies.

1) Body fluid biomarkers: Unlike in other disease such as cancer, biochemical changes in

the diseased brain cannot be directly visualized by in vivo tissue sampling. Thus, numerous
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investigations have focused on peripheral biomarkers. One approach is the identification
of changes (increases or decreases) of protein levels in CSF and plasma from patients
compared to controls and MCI patients. In the mid 90s, three protein biomarkers have
been established for AD: 1) total tau levels, believed to reflect the axonal degeneration of
neurons; 2) phosphorylated tau levels (pT181), thought to reflect NFT pathology; and 3)
Ap levels, correlating to amyloid plaques [61, 312]. Since they represent the key elements
of AD pathology, these biomarkers are considered the "core" AD biomarkers, and they were
incorporated into the clinical diagnostic criteria for dementia associated with AD pathology
[13, 300]. However, the vast majority of studies investigating these biomarkers have not
followed a standardized protocol for recruitment of patients, sample size, sample collection,
or reporting, and have been criticized for lack of consistency. Furthermore, although they
can distinguish between AD and control patients, they do not reflect the clinical course of
the disease over time [68], and they cannot distinguish AD from other neurodegenerative
disorders, including FTLD-tau [383]. In order to discriminate AD from other primary
dementia disorders, more accurate and specific markers are needed. Preliminary evidence
suggests that quantification of tau which is phosphorylated at other sites than pT181
could improve early detection and differential diagnosis [60]. When combined with the
established AD biomarkers, the level of a-synuclein and neurofilament light chain may
improve differential diagnosis of AD from parkinsonian disorders such as PSP, CBD, DLB
and PD [188]. Several other novel biomarker candidates that are currently being investigated
are [-site APP cleaving enzyme 1 (BACE), soluble APP proteins « and £, and soluble A
oligomers [190, 471].

2) Tau imaging: Another method to detect and monitor tauopathies are neuroimaging
approaches that determine distinct patterns in the brain using different brain-scanning
techniques. Due to the death of specific neuronal populations, disease-specific atrophy
distribution and/or distinct changes in brain function may occur in each tauopathy. Two
noninvasive imaging technologies are currently used to measure tau pathology in the brain:
positron emission tomography (PET) [151], and magnetic resonance imaging (MRI) [314].
PET imaging is used for measuring tau-mediated neuronal injury. It involves intravenous
injection of a radioactive tracer into the patient. The tracer binds to a biologically active
molecule of interest, here tau, and decays to produce gamma radiation that can be measured
using PET cameras. Especially after the invention of the excellent AS plaque binding
tracers, such as radio-labeled Pittsburgh compound B and florbetapir, the search for a tau
binding tracer has intensified [250, 294]. However, owing to the vast molecular heterogeneity
of tau, development and validation of selective tau PET tracers is not straightforward [317].
This quest has seen recent advances with the development of several classes of tau-specific
PET ligands [6, 332, 395, 487] but their potential in differentially diagnosing tauopathies
needs to be further validated.

MRI is based on the principle of nuclear magnetic resonance of the atomic nuclei. It captures
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structural changes that occur on a microscopic level, such as gray and white matter atrophy.
Significant advances have been made in identifying neuroanatomical patterns underlying
different FTLD clinical syndromes [248, 317, 364]. Although phenotypic heterogeneity has
been linked to distinct atrophic patterns, studies are usually inconclusive in respect to
whether atrophy can predict the subtypes of FTD-tau [181, 248, 346]. Furthermore, the
extent of brain atrophy and neuronal injury does not always correlate with the amount of

cognitive decline, further complicating the identification of specific diagnostic patterns.

Post-mortem diagnosis

Due to the challenges associated with pre-mortem diagnosis, to date an accurate diagnosis
of tauopathies is often only possible post-mortem by investigation of form and location of
inclusions among the diseases using several neuropathological techniques. Post-mortem
classification and differential diagnosis is a tedious and time-consuming endeavor as it
involves gross and microscopic assessment of anatomical distributions and abnormalities in
a stepwise manner. Diagnosis is based on the identification of characteristic morphological
changes, as well as distribution and type of lesions in several brain sections, using various
staining techniques that visualize all suspect pathologies.

The most accurate method existing today is immunohistochemistry, as it can be used to
detect aberrantly phosphorylated tau and distinguish tau isoforms [73]. The phospho-specific
tau antibody most widely used in diagnostic practice is AT8 (pS202/pT205), but several
other well-characterized commercially available diagnostic antibodies exist. Importantly,
different phospho-specific antibodies can detect pathological structures differently in the
same brain depending on the anatomical region and their binding specificity. This means
that not all phospho-specific tau antibodies will result in the visualization of the same
structures, which may have implications in diagnostic practices. In addition to phospho-
specific antibodies, tau isoform-specific antibodies (RD3 and RD4) are available that stain
3R-tau and 4R-tau isoforms, respectively [397]. Furthermore, immunodetection of ubiquitin
or p62-containing aggregates is becoming more common in diagnostic practice [264].
Traditionally, labeling of aggregates is performed using silver stains (such as Bielschowsky,
Bodia, Gallyas, Campbell-Switzer) [435]. §-sheet structure-specific fluorescent labels have
been proposed as a quicker and easier alternative, for example Thioflavin S, which has been
shown to label NFTs in AD comparably to the Gallyas silver staining method [412].
Although the silver stainings in combination with immunohistochemistry are widely used
for the differential pathological diagnosis of tauopathy brains at autopsy, their application is
hindered by the difficulties of the techniques, variability of staining qualities, and the lack of
standardized protocols [12]. Neuropathological evaluation requires the careful interpretation
of silver stained and immunoreactive structures that are visible using these techniques. In
neurons, tau immunoreactivity applies to (i) pretangles, (ii) NFTs, (iii) Pick bodies and

other spherical cytoplasmic inclusions, (iv) dystrophic neurites, (v) neuropil threads and
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(vi) grains. In astrocytes, the most relevant tau immunoreactive morphological features
are tufted astrocytes (PSP) and astrocytic plaques (CBD) (see also Table 1.2). Further
complicating interpretation, these structure all show variable silver staining or ubiquitin/p62
immunoreactivity. This is because it is thought that aggregates develop in a particular
sequence, following a hierarchical pathway and spreading across the brain sequentially. Thus,
aberrantly phosphorylated pretangles (detectable by phospho-tau immunostaining) are an
early stage of ubiquitinated, fibrillar NFTs (detectable by silver stains and ubiquitin/p62
immunostaining). In summary, tau-immunoreactivity 1) can vary between regions of the
same brain, and 2) may not overlap with the silver stain and ubiquitin/p62 staining patter,
hindering unequivocal diagnosis. Furthermore it has to be kept in mind that co-morbidities
can occur, e.g. AD-related pathologies can been observed in patients with PiD, PSP, CBD,

and non-demented elderly individuals.

1.4.6 Therapeutic approaches for tauopathies

To date, no effective disease modifying or preventive therapy exists for tauopathies. This is
partially due to the absence of accurate early differential diagnosis and the lack of specific
biomarkers and selective PET tracers to measure effectiveness of treatment (see section
1.4.5). Thus, current therapy does not address cause, but provides symptomatic relief either
by temporarily improving symptoms above baseline or by delaying cognitive decline.

Most therapeutic efforts have focused on AD, the most common and best characterized form
of dementia, while the treatment of FTLD disorders has received much less attention [111].
Based on the amyloid cascade hypothesis of AD [198], wherein abnormal accumulation
of AS is speculated to be the most important and first disease specific mechanism, the
majority of drug trials initially targeted A/ removal or reduction in the brain. However,
more than 100 candidate treatment compounds have failed in Phase III latest (where the
drug is tested in symptomatic patients) [43-45]. Recognition of the central role of tau in AD
disease pathogenesis and many other disorders, as well as the correlation of tau aggregates
with cognition and memory deficits have led to a paradigm shift. Increasing efforts are now
going towards the development of tau-targeted treatments, and many clinical trials for AD
are ongoing, and a handful for FTLD-tau. While initially the major focus was the reduction
of NFTs, to date many different approaches are being pursued that aim to reduce in some
way the consequences of tau pathogenesis in AD and related tauopathies. These strategies

are described below, with a focus on PTM-related targets (also summarized in Fig. 1.8).

MT-stabilization: Because tau sequestration into NFTs or other fibrillar structures results
in a loss of normal tau stabilization of MTs, MT-stabilizing agents might compensate for
a reduction of the tau-MT interaction, and thus sustain axonal transport and cellular
morphology. Programs for such drugs are at various stages of development, ranging from
preclinical investigations to Phase II studies. Examples for MT stabilizing drugs are
Epothilone D and davunetide (also referred to as NAP and AL-108) [39, 80, 485]. The
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latter is undergoing Phase II clinical trials for the treatment of PSP [168], FTDP-17, CBD
and PNFA (NCT01056965). However, a recently published trial (Phase II/III) reported
davunetide to be ineffective for treatment of PSP [69].

Inhibition of tau assembly into oligomerization and fibrils: Although it is still debated
whether fibrillar tau aggregates are toxic or result from an effort of the cell to sequester
these toxic species (see also section 1.3.2), in either case inhibiting the process of aggregation
should be a promising target. Inhibition of novel tau fibril formation or dissolution of
pre-existing aggregates may prevent toxic gain of functions and/or increase the levels of
monomeric tau, which could contribute to MT stabilization (compensating loss of function).
Several programs have conducted high-throughput screening studies to identify aggregation
inhibitors that are now in early stages of clinical Phases. An advanced example is the dye
methylene blue, which has shown positive therapeutic effects in a Phase II clinical trial and
is now undergoing Phase III clinical trials for AD [465] (NCT01689233, NCT01689246).

Upregulating intracellular tau degradation: Another strategy to reduce harmful levels of
pathological tau species is to enhance its degradation, either via the ubiquitin-proteasome
pathway or the autophagy (lysosomal) system (reviewed in [270]). Inhibitors of Heat shock
protein 90 (HSP90), a molecular chaperone that assists in the folding of many proteins,

have shown to decrease the amount of hyperphosphorylated tau in mouse models [119, 283].


http://www.clinicaltrials.gov/ct2/show/NCT01056965
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There is also growing evidence that upregulation of the autophagy mediated degradation
system with drugs like rapamycin might be a potential strategy for the treatment of
tauopathies [189).

Inhibition of tau pathology propagation by immunotherapy: Evidence suggests that extracel-
lular abnormal tau can enter cells and induce a templated seeding process, thus leading
to propagation of misfolded tau and tau pathology (see also section 1.3.3). Thus, removal
or degradation of extracellular tau should be a promising therapeutic approach. Several
studies using tau antibodies to clear the misfolded propagating tau species (with either
active or passive immunization strategies) have shown beneficial effects in preclinical studies
[30, 52, 65, 67].

Attenuation of inflammation: Inflammatory response plays an important role in AD [10, 418]
and other tauopathies [156, 225]. Moreover, a chronic inflammatory state, including diabetes
mellitus and hypertension, was reported to be a risk factor for AD [361]. A relationship
between microglial activation and NFT burden has also been demonstrated [88, 107, 394].
Several clinical trials targeting inflammation have been conducted and are at various stages
of development [249, 343, 428].

Targeting tau PTMs:  Tau PTMs, including phosphorylation, glycosylation, ubiquitination,
and acetylation, are thought to be an important regulatory mechanism both in physio-
logical and pathological processes. Several PTMs have been suggested to contribute to
the propensity of tau to aggregate in AD and/or related tauopathies (see section 1.3.4).
Targeting PTMs represents promising therapeutic avenues as it may restore physiological
tau function as well as decrease its aggregation (reverting loss of function and decreasing
gain of toxic function).

Reducing pathological tau phosphorylation, either by inhibition of kinases or activation
of phosphatases has been a major focus in the development of tau-targeting therapeutics
(reviewed in [195]). However, reducing tau phosphorylation levels is associated with several
challenges. Many kinases have been shown to phosphorylate tau in vitro, but the identity
of the true physiological and pathological kinases in vivo remains unclear. This process
also requires detailed knowledge of all phosphorylation sites in both physiological and
pathological states. Although extensively investigated, of the 45 AD-specific sites known to
date [195], only a small number of sites have been well characterized. It remains uncertain
which of these sites are the most important for tau hyperphosphorylation in human disease.
Thus, the identification of relevant tau kinases and phosphatases as therapeutic targets is
not straightforward. Another challenge is the high risk of off-target effects, as most kinases
regulate multiple cellular processes. Finally, achieving selectivity of kinase inhibitors has
been difficult [158].

GSK3 and CDKS5 are among the best studied tau kinases and are thought to be good

targets for treatment: Both are known to phosphorylate tau at a large number of sites,



1.5 Mass spectrometry (MS)-based proteomics 27

and their expression levels in the brain are high. Furthermore, both kinases have been
shown to be associated with all stages of NFT pathology in AD [261, 345]. Various com-
pounds targeting GSK3 and CDK?5 kinase inhibition are currently at different stages of
preclinical investigation [479]. Only GSK3 inhibitors have entered clinical trials to date,
with tideglusib being the most advanced (Phase II), for treatment of mild-to-moderate AD
(http://clinicaltrials.gov/ct2/show /NCT01350362).

In addition to phosphorylation, several other PTMs are thought to alter tau function
directly or indirectly during disease (see also section 1.3.4). Because tau O-GlcNAc and
phosphorylation seem to be reciprocally regulated, inhibition of S-N-acetylglucosaminidase
(O-GlcNAcase) might be another approach for decreasing pathological tau phosphorylation.
PHF-tau from AD brain is highly glycated and forms advanced glycation end products that
generate oxygen free radicals, which might contribute to AD pathogenesis [475]. Recent
studies have indicated that tau acetylation may contribute to tau mediated neurodegenera-
tion by driving tau aggregation and inhibiting its degradation [98, 223, 303]. Furthermore,
nitration has been observed on four residues in the tau protein, and each nitration site
has a different pathological significance. For example, nitration at Y29 or Y197 increases,
but that at Y18 or Y394 decreases the propensity of tau to form filaments in vitro [367].
Antibodies selectively recognizing nitration at Y29 or Y197 are able to stain NFTs in
AD brain, furthermore an antibody to nitration at Y29 was shown to stain neuronal tau
inclusions in the brains of CBD and PSP patients [367]. Last but not least, the involvement
of the ubiquitin-dependent clearance pathway that requires the action of ubiquitin-ligases
and molecular chaperones offers multiple targets for treatment. For example, manipulation
of HSP70/CHIP or inhibition of HSP90 has been shown to induce proteasome-mediated
tau degradation and a decrease in tau steady-state levels, as well as a selective clearance
of phosphorylated tau [119, 349]. In summary, modulation of non-phospho PTMs of tau
holds promise for many potential therapeutic targets, but much more research is needed to

advance them into preclinical studies.

1.5 Mass spectrometry (MS)-based proteomics

MS-based proteomics enables the identification and quantification of thousands of peptides
or proteins in complex biological samples (tissue, cell culture, organelles, body fluids). Apart
from the analysis of primary sequence, proteomics allows for the analysis of PTMs and
protein-protein interactions. To date, MS-based proteomics has reached high-throughput
capabilities due to routine sample preparation and analysis workflows, as well as the
availability of large protein sequence databases for many organisms. Still, due to the rapid
development of more sensitive, faster technologies and improved workflows, its sensitivity,

reliability and versatility is constantly improving.
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1.5.1 Key principles and instrumentation

Mass spectrometry is an analytical technique for the determination of the elemental
composition of a sample or a molecule. It can also be used for structural analyses of
molecules such as peptides or chemical compounds. The principle of MS consists of ionizing
the components of a sample and measuring their mass-to-charge (m/z) ratios. A typical MS
experiment consists of two steps: First the analyte is transferred to gas phase and ionized,
resulting in the formation of charged particles. The two techniques most commonly used
for volatilization and ionization are electrospray ionization (ESI) and matrix-assisted laser
desorption/ionization (MALDI) [144, 238]. In the second step, the ions are accelerated by
an electric field, the m/z of the ionized particles is measured by a mass analyzer, and a
detector registers the number of ions for each m/z value. The analyzer is, literally and
figuratively, central to the technology, determining the sensitivity, resolution and mass
accuracy of the instrument. Several analyzers can be combined to perform tandem (MS/MS)
spectrometry to generate information-rich ion mass spectra from peptide fragments (called
tandem mass, MS/MS, or MS2 spectra) [4, 290, 340]. The most common analyzers include

quadrupole, time-of-flight and ion trap mass analyzers [8].

1.5.2 Shotgun proteomics: Protein identification and quantification

Traditionally an MS-based proteomics experiment aims for the identification and often
quantification of ideally all proteins present in a complex peptide mixture. This approach

is also referred to as shotgun proteomics, or discovery proteomics.

Protein identification

A typical shotgun proteomics experiment consists of the following steps (for a schematic
of the workflow, see Fig. 1.9, left panel): first, proteins to be analyzed are extracted from
their biological source (cell lysate or tissue) and optionally fractionated biochemically or
by affinity selection. Proteins are then enzymatically cleaved into peptides, usually by
trypsin. The resulting peptide sample is further fractionated by liquid chromatography
(LC) and eluted into an ESI ion source. The volatilized, multiply charged droplets give rise
to ionized peptides that are subjected to a first round of mass spectrometric analysis where
the mass spectrum of peptides eluting at a certain time point is analyzed (MS1 spectrum).
Specific ions, typically the most abundant, are then selected and subjected to further
fragmentation through collision, resulting in a MS2 spectrum which can be used to deduce
the corresponding AA sequence. This acquisition mode is also known as data-dependent
acquisition (DDA) mode. MS2 spectra are then assigned to their corresponding peptide
sequences by database searching which in turn allows for the identification of the proteins
in the original sample [5, 409]. The combination of LC separation and MS/MS analysis is
commonly referred to as LC-MS/MS.
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Protein quantification

In addition to the identification of the proteins in the sample of interest, quantitative
information can be obtained through a variety of techniques (depicted in Fig. 1.10). These
can be generally divided into label-free and label-based methods. A basic label-free technique
involves quantification based on measurements of spectral counts (from MS/MS data),
where protein abundance is estimated from the number of MS2 spectra identified for a
certain protein (also called spectral counting) [224, 333]. This strategy, however, is not very
precise and has difficulties in quantifying proteins of low abundance [137, 277]. Another
label-free strategy determines the relative protein abundance across samples based on the
intensity of the MS1 features of the corresponding peptides. Here, the step of feature
quantification is independent from the LC-MS/MS peptide identification, enabling the
unbiased identification of high and low abundant peptides across samples [490]. Because
samples are analyzed separately, label-free methods allow for the analysis of a limitless
number of samples. However, a key drawback herein is the introduction of variability due

to experimental and instrumental variation [385, 385].
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Figure 1.10: Quantification approaches in LC-MS and LC-MS/MS-based pro-
teomics. Label-free strategies involve the analysis of samples separately, and peptide inten-
sities from each MS run are compared. A variant is spectral counting, where the number of
acquired MS2 spectra for each protein are compared between samples. Labeling strategies
involve the labeling of one or more samples, such that samples can be mixed prior to MS
analysis. Depending on when the labeling occurs in the experimental workflow, mixing oc-
curs prior to lysis, after lysis, or after digestion. Labeling methods include metabolic labeling
of cells (SILAC), or isotope labeling of proteins with chemical isotopic tags. Samples can
also be labeled on peptide level via isobaric tags (e.g. TMT or iTRAQ). In targeted work-
flows (see also section 1.5.3), heavy isotope-labeled peptides or proteins of interest are added
to the endogenous sample allowing absolute quantification (bottom two panels). Adapted
from Thermo Fisher.



https://www.thermofisher.com/de/de/home/life-science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/quantitative-proteomics.html

1.5 Mass spectrometry (MS)-based proteomics 31

In contrast, label-based methods allow for the combined analysis of samples of interest,
thus not only improving precision, but also reducing instrument time. One commonly
used labeling technique is the stable isotope labeling of proteins. This is achieved either
chemically, such as with isotope coded affinity tags (ICAT) [187], or metabolically, for
example stable isotope labeling with amino acids in cell culture (SILAC) [336]. In both
techniques, proteins in the samples to be compared are either labeled with a light or a heavy
mass tag, which allows for the mixing of samples prior to digestion (in the case of SILAC,
even prior to cell lysis). The mass shift that is introduced allows for the quantification
of MS1 features corresponding to the same peptides, the ratio representing their relative
abundance in different samples. Another approach involves labeling peptides with isobaric
tags (that are the same in mass), which fragment during MS/MS to yield reporter ions
of different mass. To date two types of isobaric tags are commercially available: tandem
mass tags (TMT) [424] and isobaric tags for relative and absolute quantification (iTRAQ)
[372]. Peptide mixtures labeled with different isobaric tags are mixed at equal ratios and
during the LC-MS/MS analysis, peptides are fragmented to produce product ions, which
help to determine the peptide sequence, as well as reporter tags, whose abundance reflects

the relative ratio of the peptide in the samples that were combined.

1.5.3 Targeted proteomics

Apart from shotgun proteomics, a second main strategy has emerged over the past decade,
referred to as targeted proteomics. While shotgun proteomics aims for discovering the
maximal number of proteins from the sample(s) of interest, in targeted proteomics the goal
is the reproducible detection and accurate quantification of sets of specific peptides and
proteins, such as those constituting particular cellular networks or candidate biomarkers.
Targeted proteomics thus requires the identification of proteins and proteotypic peptides of
interest prior to analysis. Once the targeted assay is developed, the sample workflow prior

to MS is the same as for the discovery experiment (Fig. 1.9, right panel).

Selected reaction monitoring (SRM)

A widely used targeted MS approach is SRM [160, 177, 352]. Unlike discovery proteomics
experiments in which full-scan MS2 spectra are collected, in SRM only a small number of
predetermined fragment ions per precursor ion are monitored. Typically, SRM is coupled to
LC-MS and exploits triple quadrupole mass spectrometry (QQQ), where three quadrupoles
act as mass filter and monitor the fragment ions generated from the precursor analyte
by collisional dissociation [254, 481, 482] (Fig. 1.11). The pair of precursor ion mass and
fragment ion mass is termed SRM transition.

In proteomics applications of SRM, the experimental workflow prior to MS analysis is
identical to shotgun proteomics (see also Fig. 1.9, right panel). Peptides are produced from

protein samples by enzymatic digestion and loaded on the the LC-MS system. In the first
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Figure 1.11: A typical SRM workflow. Proteins are digested into peptides and sepa-
rated using chromatography, followed by injection into the mass spectrometer. In Q1, pre-
cursor ions are selected according to the transition list. In Q2, precursors are fragmented
and the resulting fragment ions are filtered in Q3 for predetermined product ions. Signal
intensities of several transitions for one peptide over time result in a chromatographic trace
that can be quantified.

mass analyzer (Q1), ions are selected within the mass range centered around the mass of the
targeted peptide (the precursor mass). In Q2, the selected precursor ions are fragmented at
the peptide bonds. One or several of the resulting fragment ions are then measured by a
second mass analyzer (Q3). The number of these fragment ions that reach the detector
is counted over time, resulting in a chromatographic trace with retention time and signal
intensities as coordinates (Fig. 1.11). The integration of the chromatographic traces of
several transitions for the same precursor ion allows for the reliable quantification of the
targeted peptide initially released from the protein. Transitions can be sequentially and
repeatedly measured at a periodicity that is fast compared to the analyte’s chromatographic
elution. In other words, for each transition, chromatographic peaks are generated and
quantified quasi concurrently, allowing for the quantification of multiple analytes in parallel.
This multiplexing ability has led to the term multiple reaction monitoring (MRM), which is
frequently used as a synonym for SRM [352].

SRM-based experiments can yield quantitative information by either relative (differential)
or absolute protein quantification strategies. Relative quantification aims to measure the
amount of a protein or peptide in one state or sample relative to that of a second state
or sample. Similar to shotgun proteomics, relative quantification can be achieved either
label-free by direct evaluation of MS signal intensities of the chromatographic peaks, or
through labeling approaches to improve precision of quantification (see Fig. 1.10). Because
a limited, predetermined number of analytes is targeted, SRM also allows for absolute
quantification. The most commonly used approach relies on the addition of known quantities
of isotopically labeled reference peptides that are chemically identical to the light native
peptides (AQUA peptides) [155]. As the synthetic peptides are added to the endogenous
sample late in the sample processing workflow, quantification may be inaccurate because of
partial loss of the endogenous target peptide (for instance due to incomplete digestion of
the protein or artifactual modifications of the target peptide). Another disadvantage of

AQUA peptides is that they are expensive and, depending on the number and sequence
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of analytes monitored, laborious to prepare. An alternative is the heterologous expression
and metabolic labeling of concatenated tryptic peptides (QconCATs) [50]. The QconCAT
protein is added to the sample prior to the enzymatic digestion step. The drawback of this
approach, in turn, is that tryptic digestion efficiency can vary due to different sequence
context, thus affecting the accuracy of quantification. Finally, to circumvent these issues
one can add full-length isotope-labeled proteins into the sample, each an analog to the
target protein [132] (see Fig. 1.10, bottom). This approach is limited by the capability of
expression, purification and quantification of protein standards. The performance of these
different strategies has been extensively reviewed [304, 388, 486].

The key advantage of the SRM approach over discovery-based methods is its sensitivity.
Because the mass spectrometer only looks at the fragments of interest, issues dealing
with dynamic range usually encountered by DDA mode can be circumvented, and low-
copy number proteins in complex sample mixtures are analyzed with high precision [16,
454, 469]. Another advantage of targeted proteomics over discovery-based approaches is
its reproducibility. Once target peptides are selected and corresponding fragment ions
chosen, the resulting SRM assay can be applied in many different research labs and on
different machines with minimal variability, making results comparable across the research
community [3]. On the other hand, SRM is limited to the measurement of around thousand
transitions per LC-MS/MS run, thus restricting the analysis to a maximum of several
hundred peptides/proteins [352, 404]. Furthermore, SRM requires the careful selection and
validation of peptides. Optimally, target peptides should be easily detectable, unique to
the protein of interest, and not modified by PTMs. Finally, to create a transition list for
the SRM assay, one relies on the knowledge of suitable fragment ions for each peptide of
interest.

As an alternative method of targeted quantification, the parallel reaction monitoring (PRM)
assay has emerged. PRM is performed in a high resolution and high mass accuracy mode,
which make it a highly specific and selective method. In contrast to SRM, all transitions
of the selected precursor ion are detected, thus not requiring the determination of specific

product ions prior to MS analysis.

1.5.4 Data-independent acquisition approaches

Another recent development has been the emergence of data-independent acquisition (DIA)
approaches that alleviate the limitations of both DDA and SRM. These methods operate
via unbiased cyclic recording of consecutive survey scans and fragment ion spectra for all
the precursors contained in predetermined isolation windows [338, 438]. This results in
accurate peptide quantification without being limited to profiling predefined peptides of
interest. In such full-ion scans, the link between the fragment ions and the precursor from
which they originate is lost, and the resulting MS2 spectra are complex. Thus, DIA relies on

efficient algorithms and software tools for deconvolution of the datasets [126, 373]. The data
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is analyzed in a targeted mode, where pre-compiled spectral libraries are used to filter the
fragment ion chromatography maps [159]. Similar to SRM, quantification is performed on
the fragment ion level (MS2), in contrast to DDA where quantification occurs on precursor
level (MS1). One key advantage of DIA approaches is that the same dataset can be mined

repeatedly retrospectively, without requiring the re-analysis of the sample.

1.5.5 Identification and quantification of PTMs by MS

Mounting evidence suggests that PTMs or combinations thereof, rather than the pure
protein abundance, are responsible for regulation and fine-tuning of protein function and
activity (the tau protein being a prominent example (see section 1.3.4)) [51, 213]. Thus the
interest in PTM analysis of proteins is growing rapidly. However, the identification and
quantification of PTMs is associated with several analytical challenges. First of all, modified
proteins, and thus the modified peptides, are often of lower abundance compared to the
overall pool of proteins inside the cell. This is particularly problematic when using DDA
methods as these rely on the "flyability" of the peptide species of interest relative to all
other peptides analyzed at the same time. Peptides are typically selected for fragmentation
according to their abundance in the MS spectrum, thus the analysis is biased towards
higher abundant peptides which are often not the modified species. Furthermore, relative
or absolute abundance of the PTM can only be based on the modified peptide, which might
not be readily detectable (e.g. due to low abundance, issues in ionization or interference).
In addition, modified peptides can be more difficult to identify from their fragmentation
spectra than corresponding non-modified peptides. Finally, the MS2 spectra sometimes
contain insufficient information to localize the modification with single AA resolution.

To overcome the problem of low stoichiometry, specific enrichment can be performed where
the PTM of interest is retained with respect to the unmodified or otherwise modified
peptides. For phosphorylation, there are protocols with high specificity that can lead to a
phosphopeptide proportion of more than 90% [375, 417]. Other enrichment protocols now
exist for ubiquitination [84, 387] and acetylation [93, 184], but these are less efficient. For
many other PTMs, no enrichment strategies exist yet.

Analysis of enriched samples may increase the identification of more modified peptides and
proteins in the sample of interest. However, enrichment steps introduce systematic errors
that lead to a quantification bias. Furthermore, PTM quantification requires a correction
by protein quantification to avoid misinterpretation arising from changes in overall protein
expression over the course of an experiment. Attempts to identify modifications on a
proteome-wide scale, in contrast to focusing on specific PTMs, are very challenging and
resource demanding, and with current technologies unfeasible.

The above mentioned labeling techniques for quantification can be readily applied to the
analysis of PTMs (reviewed for the case of phospho-proteomics in [140]). In particular,
SILAC has been used in many cellular systems over the past years [203, 245, 335, 368, 374].
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Because samples are combined at the earliest possible step and subsequent steps (including
the enrichment) are performed together, quantification biases are minimized. In addition,
in recent years both iTRAQ and TMT-based quantitative phospho-proteomics have been
widely implemented [66, 226, 231, 472].

The FLEXIQuant strategy

Recently a quantitative MS-based strategy was developed that enables the precise charac-
terization of the PTM status of a particular protein of interest. FLEXIQuant, short for
Full-Length Expressed Stable Isotope-Labeled Proteins for Quantification, utilizes stable
isotope-labeled full-length recombinant proteins which are expressed in vitro and are com-
bined with the unlabeled endogenous sample prior to tryptic digest [401]. The method
relies on quantification of unmodified peptides from the endogenous protein compared to
peptides derived from the spiked-in isotope-labeled protein. A deviation from the mixing
ratio indicates that a particular peptide from the endogenous protein is modified and the
extent of modification can be quantified. This strategy circumvents the problems inherent
to DDA-based PTM analyses, such as relying on the detectability of the modified species,
and for quantification, the different response factor for modified and unmodified peptide.
In FLEXIQuant, the presence of a modification can be deduced (and quantified) even when
no PTM is detected, and the possible modified species can be investigated by targeted
follow-up experiments. This approach has been applied to analyze phosphorylation events of
APC-dependant degradation during mitosis [401, 402] and was further expanded to analyze

mechanisms of multi-kinase substrate phosphorylation [400].

1.6 Approaches to analyze tau and tau PTMs

As described in previous sections, tau is a highly modified protein, and although the
mechanisms are not yet fully understood, abnormalities in PTM patterns have been linked
to the rate and extent of tau aggregation in AD and other tauopathies (see section 1.3.4).
The characterization of tau PTMs and their relationship to tau pathology has been a major
goal in the field of neurodegeneration, as understanding their exact role will help identifying
molecular targets for tau-based therapeutic or diagnostic approaches (see also section 1.4.6).
Traditionally, studies for the analysis of tau PTMs employed immunochemistry approaches,
but advances in tandem mass spectrometry and enrichment techniques for tau have aided the
identification of tau PTMs significantly. Below the current approaches and their limitations

are summarized.

1.6.1 Antibody-based approaches

There exists a large number of anti-tau antibodies that have been developed over the course

of several decades, some of which are now routinely used for research and diagnostic purposes
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(see also section 1.4.5). Many of these antibodies are specific to tau tangles and recognize the
epitope of singly or multiply phosphorylated residues, as is the case with the most commonly
used AD-diagnostic antibodies (see also Fig. 1.6). Others recognize conformation-specific
epitopes [282], C- and N-terminal truncation epitopes [153], as well as specific acetylated
lysines [222]. Several studies have successfully used a combination of these antibodies to
characterize the formation of NFTs and sequential appearance of hyperphosphorylation,
providing the hierarchical model of tangle progression [307, 489]. Large panels of antibodies
have also been used to characterize tau phosphorylation in post-mortem brain from patients
with tauopathies such as CBD [149] or AD in comparison to PD and DLB [131]. In another
study, the variability of pathological tau burden and its distribution in PSP variants was
investigated, with AT8 antibody staining being one of the main criteria [463]. In addition,
there has been a substantial effort in designing immunoassays that use multiple detection
antibodies to infer total tau quantities in combination with phosphorylated tau levels as
a diagnostic biomarker for AD [236] (see also section 1.4.5). Finally, in the context of
immunotherapy approaches, several antibodies are being raised to clear toxic extracellular
or intracellular tau aggregates [344].

Although immune-based assays have been an invaluable tool in the study of tau pathology
in neurodegeneration, many drawbacks exist: 1) Immunochemistry methods are restricted
to a limited number of antibodies that can be used simultaneously, and therefore are not
suited for high-throughput and comprehensive studies; 2) a priori knowledge of particular
PTMs is required, hampering the identification of novel modifications and their sites; 3)
there may be known sites for which no antibodies are available, the development of new
antibodies being laborious and cost-intense; for some sites, no antibody can be raised due
to sequence; 4) although often employed for relative abundance measurements of total tau
and/or modified tau species, antibodies suffer from varying affinity and analytical specificity,
which is particularly relevant because of the many tau PTMs and tau splice forms; and 5)
there is currently no standardized reference method for antibody-based quantification that
can be used for normalization between samples, further hampering precise quantification.
These limitations severely limit the potential of immuno-based methods as tools to study

tau PTMs in a comprehensive and quantitative manner.

1.6.2 MS-based approaches

Mass spectrometry (MS)-based proteomics approaches are a powerful alternative method
used to identify proteins and characterize modifications (see also section 1.5.5). In the
case of tau, exploitation of this technology over the last 20 years led to the discovery of
many novel tau modifications, in particular phosphorylation sites [108, 112, 193, 196]. In
some cases multiple types of modifications were characterized simultaneously, for example
lysine methylation and ubiquitination [423] and phosphorylation and glycosylation [237].

However, usually not more than 2-3 types are analyzed simultaneously, typically with the
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strongest focus on phosphorylation and little focus on less common PTMs.

So far, all MS tau PTM studies primarily aimed for the identification of modifications
and the localization of modified sites. The latter is not often straightforward due to
suboptimal quality of MS/MS spectra, especially when analyzing low-abundant species.
The assignment of phosphorylation sites is particularly difficult because of the dense
clustering of phosphorylation sites, which leads to peptides with multiple phospho-moieties.
Information about stoichiometry of the identified modifications is sometimes provided by
spectral counting of modified species relative to unmodified species [423], however this
approach can be inaccurate, as the modified and unmodified species may have very different
MS response factors (signal produced relative to quantity of peptide).

The vast majority of these MS-based tau PTM studies employed DDA. As mentioned
above, a limitation of DDA mode is the stochastic selection of ions for fragmentation,
handicapping the identification of PTMs, as the modified species can be present in very
low stoichiometries compared to the unmodified counterpart (see also section 1.5.5). To
overcome this limitation, several of the studies employed protein and peptide enrichment
methods such as immunopurification and affinity separation [108, 112, 237, 423]. Apart from
being laborious, these techniques introduce a bias into the peptide population and are thus
not compatible with absolute quantification of the modification relative to their unmodified
species [334, 439, 449]. Another drawback of enriching for particular modifications, such as

phosphorylation, is that other modifications are neglected.

In summary, despite the extensive efforts using the existing antibody repertoire and recent
progress in MS-based technologies, the study of tau PTM is hampered by the complexity
and the heterogeneity of its modifications. For a start, the analysis of tau PTMs is extremely
challenging due to the large number of modified sites. In the case of phosphorylation, the
best studied tau PTM, over 70 sites (out of the 85 putative sites) have been described
[196, 293]. It is widely accepted that in disease, tau phosphorylation occurs to an increased
extent and on more sites (see also section 1.3.4). However, information about occupancy,
total number of phosphorylations, and other modifications present is not only scarce, but
also difficult to resolve with existing techniques. For some less studied PTMs, the location
of occupied sites in vivo is not even identified. A further challenge are the many types of
modifications that can co-exist. Several PTMs have even been reported to compete for
same sites, e.g. glycosylation and phosphorylation on serines and threonines, or acetylation,
ubiquitination and methylation on lysines [310, 376, 423]. Analysis of such crosstalk is not
possible when enrichment of modified species is performed. Thus, a novel analytical method
is urgently needed that is able to detect and quantitatively describe the PTM landscape in

an unbiased, complete manner, without the need for enriching for particular PTM species.
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1.7 Aim of this work

It is widely accepted that tau PTMs are involved in early as well as late stages of disease
progression of AD and other tauopathies. Distinctive PTM patterns may exist for each
tauopathy that could allow for their differentiation, and the modulation of distinct PTMs
could be effective therapeutic targets. Nevertheless, despite extensive research it is still
unclear which PTMs are preferentially implicated in tau pathology and whether a specific
PTM distribution leads to disease. This is mainly due to the fact that current approaches
to study tau modifications are not capable of capturing the many possible combinations of
PTMs, let alone in a quantitative manner.

The overall objective of this thesis is to develop a novel quantitative tool for studying
tau PTMs and to illustrate its utility by application to relevant biological questions. In
Chapter 2, the development of FLEXITau is presented, a novel assay for the MS-based
analysis of tau PTMs. Based on the FLEXIQuant strategy, the key to this method is
the addition of an isotope labeled heavy tau standard to the endogenous mixture prior
to enzymatic digest and MS analysis. Rather than aiming for the direct detection and
quantification of modified tau peptide species, FLEXITau aims for the measurement of
all unmodified tau peptides relative to their heavy counterpart, thus providing an indirect
measure of the amount of modification present. Improving upon the original FLEXIQuant
workflow, SRM acquisition is implemented to maximize sensitivity and reproducibility of
quantification. The performance of the FLEXITau assay is illustrated by measuring the
stoichiometry of highly phosphorylated tau expressed in a cellular model, mapping and
calculating site occupancies for over 20 phosphorylation sites. The versatility of FLEXITau
and its applicability to disease is then demonstrated by defining the PTM landscape present
in AD post-mortem brain tissue.

The excellent accuracy and reproducibility even in complex samples was then exploited to
apply the assay to the analysis of tau in non-AD tauopathies. In Chapter 3, FLEXITau is
used to investigate whether tau from post-mortem brain from CBD, PSP, PiD, AD patients
and non-demented individuals can be distinguished on the basis of the measured PTM
landscape. The results indicate that each tauopathy presents with a unique signature. For
each disease category, a computational diagnostic tool is then developed based on a subset
of features, reaching accuracy of above 90%. These results have far-reaching implications in
the post-mortem diagnosis of tauopathies and the development of novel in vivo diagnostic
tools. Furthermore, the PTMs corresponding to the disease signature are mapped, providing

a foundation for the development of PTM-targeted tau-modulating therapeutic approaches.
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Tau in Vitro and in Human Disease

2.1 Summary

Tauopathies, including Alzheimer’s Disease (AD), are associated with the aggregation of
modified microtubule associated protein tau. This pathological state of tau is often referred
to as "hyperphosphorylated". Due to limitations in technology, an accurate quantitative
description of this state is lacking. Here, a mass spectrometry-based assay, FLEXITau, is
presented to measure phosphorylation stoichiometry and provide an unbiased quantitative
view of the tau post-translational modification (PTM) landscape. The power of this assay is
demonstrated by measuring the state of hyperphosphorylation from tau in a cellular model
for AD pathology, mapping and calculating site occupancies for over 20 phosphorylations.
FLEXITau was further employed to define the tau PTM landscape present in AD post-
mortem brain. As shown in this study, the application of this assay provides mechanistic
understanding of tau pathology that could lead to novel therapeutics, and one can envision

its further use in prognostic and diagnostic approaches for tauopathies.

2.2 Introduction

Tau is a microtubule (MT)-associated protein that is predominantly expressed in neurons,
where it mostly localizes to axonal regions. Major functions of tau include MT stabilization,
maintenance of axonal transport and regulation of neurite outgrowth [31, 127]. Perturbation
of tau regulation can lead to the formation of intra-neuronal insoluble aggregates of abnor-
mally phosphorylated tau, in the form of paired helical filaments (PHFs). Tau aggregates
are the pathological hallmark of a number of neurodegenerative disorders that are collec-
tively called tauopathies, the most common being AD, a so-called "secondary tauopathy".
Phosphorylation on multiple sites is considered to be a major early event in the formation
of tau inclusions [34, 256]. Apart from phosphorylation, several other post-translational
modifications (PTMs) have been implicated in disease pathogenesis, including acetylation
[98, 303], ubiquitination [108, 220], methylation [423], and glycosylation [415, 450], among
others.

The characterization of tau PTMs and their exact relationship to tau pathology has been a

major goal in the field of neurodegeneration, as understanding the nature of tau biochem-
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istry will identify molecular targets for therapeutics or diagnostic approaches, however a
comprehensive picture is missing. The study of tau PTMs is extremely challenging due to
the large number of modified sites and by the coexistence of multiple types of modifications,
sometimes competing for same sites [310, 376, 423]. In the case of phosphorylation, to
date over 70 sites (out of the 85 putative sites) have been described [196, 293]. While 28
phosphorylation sites have been exclusively found in tau from AD brain, many others overlap
between AD and normal adult brain, but are phosphorylated to a different extent, in most
cases higher in AD compared to control. In this context, the term "hyperphosphorylation"
has been used widely in the literature, often when a positive signal is obtained from specific
antibodies. One prominent example is the AT8 antibody, which binds to phosphorylated
residues pS202/pT205. However, the term "hyperphosphorylation" is ambiguous, as in most
cases phosphorylation stoichiometry is not measured. Moreover, information about total
number of phosphorylations or other modifications, as well as their occupancy is lacking.
To untangle the PTM landscape, many possible sites have to be analyzed in a qualitative
as well as quantitative level. Thus the complexity of the tau PTM landscape poses a major
analytical challenge.

Immunochemistry approaches are the traditional methods used to analyze tau PTMs and a
large array of tau antibodies specific to phosphorylated or otherwise modified epitopes are
available, such as the above mentioned AT8. While these antibodies are useful in the study
of tau pathology, rigorous quantification using antibodies is difficult because of variable
affinity specificity and selectivity, which complicates quantification [296, 350, 356]. Finally,
a priori knowledge of particular PTMs is required, and for some sites, no antibodies exist
while for other sites antibodies cannot be raised. These limitations severely constrain the
potential of antibody-based methods as tools to study tau PTMs in a comprehensive and
quantitative manner.

Emerging MS-based proteomics approaches are powerful alternative methods used to identify
proteins and characterize modifications. In the case of tau, exploitation of this technology
resulted in greatly enhanced protein sequence coverage. Many MS-based tau PTM studies
led to the discovery of thus far undescribed tau modifications as well as novel phospho-
rylation sites, and allowed for the simultaneous analysis of dozens of modification sites
[108, 193, 196, 237, 423]. Although they enabled the parallel analysis of different types of
modification, these studies generally characterized only a limited number of PTM types,
with the strongest emphasis on phosphorylation and little focus on less common PTMs. Fur-
thermore, the majority of these MS-based experiments employed data-dependent-acquisition
(DDA), a data collection mode that relies on the "detectability" of the peptide species
of interest, biasing the analysis towards peptides of highest intensity. This particularly
handicaps the identification of PTMs, as the modified species can be present in very low
stoichiometries and/or exhibit decreased flyability compared to the unmodified counterpart.
To address a critical need for an analytical method to measure tau PTMs, FLEXITau (Full-
length expressed stable isotope-labeled Tau) assay was developed, based on the FLEXIQuant
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strategy [401]. The FLEXITau assay allows for the unbiased analysis of tau modifications
in a highly quantitative fashion, where the addition of a stable isotope labeled tau stan-
dard to the biological sample is key to the quantification. To maximize reproducibility
and sensitivity, the original workflow was expanded by implementing a selected reaction
monitoring (SRM) acquisition method and developed a sensitive, robust, tau-specific assay.
The assay was then used to study human tau expressed in Sf9 insect cells, a cellular model
system that generates tau in a highly phosphorylated, AD-like state [32, 419]. The precise
phosphorylation state of Sf9-tau was measured, mapping and quantifying 23 phosphoryla-
tions in a site-specific manner. To demonstrate the versatility of the assay, the workflow
was then applied to tau aggregates derived from post-mortem AD brain tissue. These
results show that the performance of the assay is not compromised by the complexity of the
human sample or the heterogeneity of the modifications on tau. Due to its sensitivity and
versatility, FLEXITau is a powerful, robust tool for investigating tau modifications both in
vitro and in vivo. The application of this method will greatly enhance our understanding of
tau modifications and their role in pathogenesis. Thus FLEXITau provides a foundation

for the development of better diagnostic tools and tau-modulating therapeutic strategies.

2.3 Experimental procedures

Cells and viruses

Sf9 cells were obtained from Invitrogen (San Diego, CA) and grown at 27 °C in monolayer
culture Grace’s medium (Life Technologies, Gaithersburg, MD) supplemented with 10% fetal
bovine serum, 50 pg/ml Gentamycin, and 2.5 pg/ml Amphotericin. Sapphire™ baculovirus
DNA was obtained from Orbigen/Biozol (Eching, Germany), and pVL1392 was from

Invitrogen.

Baculovirus construction

The hTau40 ¢cDNA, the longest tau isoform in human CNS (2N4R), was excised from the
bacterial expression vector pNG2 [53] with Xbal and BamHI and inserted into the baculovirus
transfer vector pVL1392. For the construction of tau containing baculovirus vectors,
Sapphire™ baculovirus DNA was used for homologous recombination with pVLhtau40

plasmid in Sf9 cells.

Sf9-tau protein preparation and purification

Phosphorylated Sf9-tau ("P-tau") was purified as described before [419]. Briefly, Sf9-cells
were infected with recombinant virus at a MOI of 1-5, typically in six T150 cell culture
flasks containing 75% confluent Sf9 cells. Cells were incubated for three days at 27 °C and
collected directly in lysis buffer (50 mM Tris HCI pH 7.4, 500 mM NaCl, 10% glycerol, 1%
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Nonidet-P40, 5 mM dithiothreitol (DTT), 10 mM ethylene glycol tetra-acetic acid (EGTA),
20 mM NaF, 1 mM orthovanadate, 5 uM microcystin, 10 pug/ml each of protease inhibitors
leupeptin, aprotinin, and pepstatin). For the generation of "PP-tau" (hyperphosphorylated
Sf9 P-tau), Sf9 cells were treated for 1 h with 0.2 uM okadaic acid (OA, a phosphatase
inhibitor, Enzo-Lifescience) 1 h prior to harvesting. Lysates were boiled in a water bath at
100 °C for 10 min and cell debris was removed by centrifugation for 15 min at 16,000 x g. The
supernatant containing soluble tau protein was concentrated in Millipore Amicon Ultra-4
Centrifugal filter units (MW cutoff 3 kDa). The concentrated material was applied to a size
exclusion column Superdex G200 (GE Healthcare) and eluted with PBS Buffer (pH 7.4;
1 mM DTT), collecting 1 ml fractions. A second purification step was performed, using
anion exchange chromatography on a MonoQ HR 16/10 column (GE Healthcare). For this
purpose the tau-containing fractions of the G200-column were pooled and dialyzed against
buffer A (100 mM MES (pH 6.8), 2 mM DTT, 1 mM NaEGTA, 1 mM MgSO4, 0.1 mM
PMSF), before loading onto the MonoQ column. Tau protein was eluted by a three step
salt gradient (Buffer A supplemented with 1 M NaCl was used to create salt gradient steps
of 0-0.2 M, 0.2-0.3 M and 0.3-1 M NaCl). To generate dephosphorylated Sf9-tau ("deP-tau")
30 pg purified P-tau protein was incubated with 10 U of alkaline phosphatase (FastAP,
Invitrogen) for ~16 h at 37 °C. The enzyme was removed afterwards by precipitation (5 mM
DTT, 0.5 M NaCl), followed by centrifugation and dialysis to PBS. Protein amounts were
estimated by a bicinchoninic acid test (BCA, Sigma). Samples were additionally analyzed
by SDS-PAGE to verify purity and protein degradation (data not shown). The preparation
and purification of Sf9-tau was performed by Dr. Katharina Tepper.

Preparation of human Tau40 from E. coli

Expression and purification of human Tau40 from E. coli cells was carried out as described
in [36]. Note that human Tau40 is purified differently to Sf9-tau, as it does not carry
the negative charges of phosphates. Human Tau40 was first purified by cation exchange
chromatography (SP sepharose; GE Healthcare), and then by size exclusion chromatography
(G200), as described above. The preparation and purification of E. coli tau was performed

by Dr. Katharina Tepper.

SDS-PAGE and silver staining

Samples were boiled 5 min at 98 °C in 2x Laemmli buffer and separated by SDS-PAGE
(4-12% Bis-Tris, NuPage, Invitrogen) at 120 V. Gels were stained with colloidal blue (Nuvex,
Invitrogen). Silver staining was performed by fixing the gels in 30% ethanol / 10% acidic
acid solution, cross-linking the proteins (in 0.5% glutarealdehyde) and staining in 0.1%
AgNOs solution, followed by development with 2.5% NayCO3 / 1% formaldehyde until the

protein marker was visible.
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Extraction of AD-tau

Human AD brain tissue was obtained from the Human Brain and Spinal Fluid Resource
Center, VA West Los Angeles Healthcare Center, Los Angeles, and the Neurodegenerative
Disease Brain Bank, University of California, San Francisco (see Table 2.4). AD cases had
advanced disease, meeting NIA-Reagan criteria for high likelihood AD [326]. Tissue blocks
representing the angular gyrus (1-3 g) were dissected from frozen brain slabs and shipped
overnight to Boston Children’s Hospital on dry ice. While still frozen, 0.3 g sections were
homogenized in 5 volumes 25 mM Tris-HCI buffer, pH 7.4, containing 150 mM NaCl, 10 mM
ethylene diamine tetraacetic acid (EDTA), 10 mM EGTA, 1 mM DTT, 10 mM nicotinamide,
2 pM trichostatin A, phosphatase inhibitor cocktail (Sigma), protease inhibitor cocktail
(Roche). Crude brain homogenates were then clarified by centrifugation at 11,000 x g
for 30 min at 4 °C. Pellets were re-homogenized in half the volume of buffer used before
and re-centrifuged at 11,000 x g for 30 min at 4 °C. Supernatants were pooled and used
as a crude tau fraction (unfractionated homogenate). Part of the crude tau fraction was
treated with sarkosyl (1% final concentration) for 60 min at 4 °C and ultracentrifuged at
100,000 x g for 2 h at 4 °C. The supernatant was transferred to a new tube (sarkosyl soluble
fraction). The pellet was air-dried, washed twice with 50 ul ddH2O and solubilized in Tris
buffer containing 1% SDS, 10 mM nicotinamide, 2 uM trichostatin A, and phosphatase
and protease inhibitor cocktail (0.3 ul buffer per mg wet weight of the starting material).
Solubilized pellets were used as the sarkosyl insoluble tau fraction. All samples were stored
at -80 °C until use.

Preparation of heavy tau standard

Full-length human 2N4R (GI:294862262) was subcloned into the previously generated pEU-
E01-TEV-N1-AQUA vector [401]. After verification by DNA sequencing (Molecular Genetics
Core Facility, Children’s Hospital Boston), tau was in vitro transcribed and translated in a
cell-free wheat germ expression (WGE) system according to the manufacturer’s protocols
(Cell Free Sciences, Wheat Germ Expression H Kit-NA). Expression was carried out in the
presence of isotope labeled amino acids (AAs), namely lysine K8 (13C6 15N2), arginine
R10 (13C6 15N4) and aspartate D5 (13C4 15N1). Heavy tau standard was batch-purified
using Ni-Sepharose beads (Ni-Sepharose High Performance resin, GE Healthcare). Briefly,
after a prewash in binding buffer (20 mM phosphate buffer, pH 7.5, 500 mM NaCl, 10 mM
imidazole) beads were incubated with WGE (ratio 1:4) for 1 h rotating head-over-head
at 4 °C for binding. After removal of the unbound fraction, beads were washed once with
50 pl and 3 times with 500 pl wash buffer (20 mM phosphate buffer, pH 7.5, 500 mM
NaCl, 10 mM imidazole). Elution of tau was carried out in three steps (50 ul binding buffer
with 100/300/500 mM imidazole, respectively). Purification was verified by SDS-PAGE
and western blot analysis (data not shown). Pooled eluates were stored at -20 °C in 50 pul

aliquots.
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Sample preparation for MS

Heavy tau standard was subjected to incubation with lambda protein phosphatase (New
England Biolabs) for 30 min at 30 °C at 300 rpm. Digestion [467] was performed using 1 ug
of Sf9-tau or 50 ug of AD sarkosyl insoluble pellet. For spikes, dephosphorylated standard
was added prior to digest. Protein mixtures were reduced with 50 mM DTT (20 min, 56 °C)
and alkylated with 1% acrylamide (30 min, room temperature). Samples were diluted
with 8 M urea and processed using FASP following the manufacturer’s protocol (FASP
Protein Digestion Kit, Expedeon). Briefly, proteins were loaded on the filters, followed by
washing with 8 M urea and 50 mM ammonium bicarbonate (ABC). Samples were digested
with 2 ng/ul trypsin (sequencing grade modified trypsin, Promega) overnight at 37 °C. For
LysC digest, the last two washes were performed using LysC buffer (0.1 M Tris, pH 9.2,
1 mM EDTA), followed by overnight incubation at 37 °C with 4 ng/ul LysC (endoproteinase
LysC sequencing grade, Roche) in LysC buffer. After digestion, peptides were eluted from
the membrane by two washes with 50 mM ABC (or LysC buffer for LysC samples) and
one wash with 0.5 M NaCl. Peptides were acidified with formic acid (FA), desalted using
C18 microspin tips (Nest Group) and dried under vacuum. Peptides were reconstituted in
sample buffer (5% FA, 5% acetonitrile (ACN)) containing 10 fmol/ul non-labeled FLEX-
peptide (TENLYFQGDISR, synthesized by Sigma Life Science, quantified via AA analysis
of Molecular Biology Core Facilities, Dana Farber Cancer Institute, Boston) and indexed

retention time (iRT) peptides (Biognosys) [138].

LC-MS/MS measurements

To identify the most sensitive and selective transitions (pair of peptide and their fragment ion
masses), we performed high-resolution liquid chromatography tandem MS (LC-MS/MS) of
purified, digested heavy tau standard in DDA mode and generated a collection of experimen-
tally detected peptides and their fragment ions (spectral library). Multiple measurements
of up to 400 fmol of tau were performed using two different instruments platforms: First, a
quadrupole Orbitrap tandem mass spectrometer (Q Exactive, Thermo Fisher Scientific)
was used to maximize the number of peptide identifications. Tau was analyzed on a Q
Exactive hyphenated with a micro-autosampler AS2 and a nanoflow HPLC pump (both
Eksigent), using the trap-elute chip system (cHiPLC nanoflex, Eksigent). Peptides were
first loaded onto the trap-chip (200 ym x 75 pm, ChromXP C18-CL 3 pm 120 A, Nano
cHiPLC Eksigent) and then separated using an analytical column-chip (75 ym x 15 cm,
ChromXP C18-CL 3 pm 120 A, Nano cHiPLC Eksigent) by a linear 30 min gradient from
95% buffer A (0.1% (v/v) FA in HPLC-H20) and 5% buffer B (0.2% (v/v) FA in ACN) to
35% buffer B. A full mass spectrum with resolution of 70,000 (relative to an m/z of 200)
was acquired in a mass range of 300-1500 m/z (AGC target 3 x 106, maximum injection
time 20 ms). The 10 most intense ions were selected for fragmentation via higher-energy

c-trap dissociation (HCD, resolution 17,500, AGC target 2 x 105, maximum injection time
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250 ms, isolation window 1.6 m/z, normalized collision energy 27%). The dynamic exclusion
time was set to 20 s and unassigned/singly charged ions were not selected.

In addition, the purified tau standard was analyzed on an Sciex Triple TOF 5600 to
generate fragment-ion spectra comparable to the employed SRM instrument (Sciex QTRAP
5500), using the same LC setup as described above. The Triple TOF was operated in
data-dependent TOP30 mode with following settings: MS1 mass range 350-1300 Th with
175 ms accumulation time; MS2 mass range 100-1500 Th with 25 ms accumulation time
and following MS2 selection criteria: UNIT resolution, intensity threshold 8 cts; charge
states 2-5. To identify sites of modifications on tau, Sf9-tau digests were analyzed on the Q
Exactive applying the settings described above, replacing the chip-system with an in-house
packed C18 analytical column (Magic C18 particles, 3um, 200A, Michrom Bioresource).
After initial measurements, an inclusion list containing all identified phosphorylated tau
peptides was created using Skyline. For final measurements, following settings were used
in order to increase peptide identification: AGC target 5 x 106, maximum injection time
120 ms, MS/MS resolution 35,000, AGC target 2 x 105, maximum injection time 200 ms,
isolation window 2 m/z. The dynamic exclusion time was set to 4 s and unassigned and
charge state 1 and >5 ions were rejected. The inclusion list was turned on allowing picking
others if idle.

LC-MS/MS data processing

Q Exactive raw files were converted into mgf data format using ProteoWizard [244]. The
spectra were centroided and filtered using ms2preproc to select the 6 most intense peaks in
a 30 Th window(Renard et al., 2009). MS/MS spectra from mgf or wiff files were assigned
to peptides and corresponding proteins using ProteinPilot™ Software 4.5 Beta (Paragon
Algorithm 4.5.0.0. 1575, Sciex). The following settings were applied: sample type SILAC
(Lys+8, Arg+10, Asp+5)’, instrument: 'Orbi MS (1-3ppm)’, ’Orbi MS/MS’ and "TripleTOF
5600’ respectively; 'Urea denaturation’; 'rapid’ search mode. Spectra were searched against
a custom database containing wheat germ proteins and the human 2N4R tau sequence
tagged with the FLEX peptide. For the mapping of Sf9-tau PTMs, raw files were converted
and processed in ProteinPilot as described above except for following search parameters:
thorough’ search mode, 'phosphorylation emphasis’, ’acetylation emphasis’, ’ID focus on
biological modifications’ and using Homo Sapiens database (downloaded from uniprot.org
on 11/01/2011). Note that ProteinPilot doesn’t allow the user to pick mass tolerances and
number of missed cleavages. All MS/MS spectra of identified post-translationally modified

peptides were subjected to manual verification.

SRM assay development

To generate a spectral library from the generated LC-MS/MS datasets, xml files were
extracted from ProteinPilot and loaded into Skyline [286] using cut off score of 0.5. A
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FASTA file containing the 2N4R tau protein sequence tagged with the FLEX-peptide was
imported, using a wheat germ protein database as a background proteome. Filter settings
for tryptic peptides (Trypsin/P KR|-) were as follows: a maximum of 2 missed cleavages, a
peptide length between 5 and 40 AAs, a maximum of 3 variable structural modifications
(cysteine propionamidation, serine/threonine phosphorylation, methionine oxidation and
asparagine/glutamine deamidation) and a maximum of 1 neutral loss. The spectra were
used to confirm identities, extract the optimal fragment ions for SRM analysis and obtain
retention times. An initial transition list for each tryptic and LysC samples were generated
choosing 8 most intense product ions from the library spectrum, considering only y ions
with charges 1 and 2 (from precursor ions with charges 2, 3 and 4) from ion 3 to last ion -1.
The transition lists were validated and optimized after SRM measurements, as described

below.

SRM measurements and data processing

The SRM assay using the transition lists developed above was tested using the tau standard.
Measurements were performed on a triple quadrupole mass spectrometer (5500 QTRAP,
Sciex) using the same LC trap-elute chip setup as described above. Initial measurements
for optimization of transitions were done using a scheduled SRM mode, a retention time
window of 7 min, a gradient of 30 min and a maximum of 250 transitions per method.
Resulting SRM data were analyzed and manually validated in Skyline. Transition groups
corresponding to the targeted peptides were evaluated based on specific parameters (in
order of importance): co-elution of light and heavy peptides; rank correlation between the
SRM relative intensities and the intensities obtained in the MS/MS spectra; and consistence
among technical and biological replicates. Using these criteria, the transition lists were
reduced from 8 to 4-5 most intense product ions per peptide.

To assess linearity of product ion signals and to determine detection limit of the assay,
a dilution series of heavy tau standard was performed. Absolute quantification of the
standard was carried out using SRM relative intensities between the heavy FLEX-peptide
and its light counterpart FLEX-peptide, as described previously [401]. Samples containing
different amounts of heavy tau spanning four orders of magnitude (from 0.8 - 800 fmol)
were prepared and measured in triplicates using the optimized transition list (Fig. 2.3).
Final FLEXITau measurements of mixed peptide samples were performed using the validated
scheduled transition lists for a 30 min gradient (see appendix, Table A1), a retention time
window of 5 min and a total scan time of 1.2 s, which ensured a dwell time of over 20 ms
per transition. To achieve the desired concentration range (as elaborated below in section
2.4.2) initially data was collected from a 1:10 dilution of the samples and the injection
amount adjusted appropriately. Blank runs between SRM measurements ensured minimal
sample carry over, and three replicate injections were measured per sample (MS injection

on separate days).
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SRM data were analyzed and manually curated in Skyline. Peptide transitions were re-
evaluated for variability, similarity between y-ion ratios, elution times, and interfering
signals by manual analysis. For quantification, the 3 highest intense transitions were used.
For each individual run, ratios of L/H peak intensities were normalized using the average of
the 3 peptides with highest ratio. The same normalization factor was used for the LysC
sample as calculated for the trypsin-digested sample. To assess quantification precision of
technical and biological replicates, averages of normalized L/H ratio as well as light peak
area of each peptide were calculated from the triplicate measurements for each biological
replicate (Fig. 2.4), and subsequently the average and %CV from the three biological
replicates was calculated for each species (Fig. 2.5). For the calculation of the modification
extent of each peptide, first the average of technical replicates (normalized L/H ratio) was
taken, followed by normalization of each sample by the average of all control samples. The
modification extent for each biological replicate was then calculated by subtracting this
value from 1. Negative values were transformed to zero and averages of the three biological
replicates were calculated. FLEXITau data was expressed as mean + /- standard deviation
(SD) of normalized L/H ratio of biological replicates and analyzed by the Student’s t test
(two-sided) between two groups (Fig. 2.6). Statistical significance was accepted at the
p<0.05 level.

Calculation of site-occupancy and number of phosphates per molecule

Individual site occupancies of the mapped phosphorylation sites were calculated for each
biological replicate using the equations listed in Fig. 2.7A. Then the average for each tau
species was calculated (Fig. 2.7B). Next a recursive approach was used to calculate the
polynomial probability distribution of observing a specific number of phosphorylations per
tau molecule (see Fig. 2.8). The input data consisted of site occupancies X;; for a total
number of N = 22 sites for each biological replicate (three replicates each). The probability
pj of a site j (j = 1,2,...,N) being modified from a total of r = 3 replicates (i = 1,2,3) was

calculated as .
1
pj = ;ZXij (2.1)
i=1

Given D = {p1,p2,...,pn } the entire list of probability values for all N sites, P(1|pm) = pm
the probability of observing site m in a particular tau species, and P(0|p,,) = 1 — p,, the
probability of not observing site m, the probability of seeing k sites to be modified in that

particular species out of all N sites was calculated as

P(k|D) = pi(k —1|D —p1) + (1 —p1) - P(k|D — p1) (2.2)

17
with P(0|D) = [] (1 — p;) being the probability of observing 0 sites. The above mentioned

J=1
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approach for the calculation of site-occupancy was developed and implemented by Dr.

Shaojun Tang.

2.4 Results

2.4.1 Development of the quantitative SRM FLEXITau assay

The overall goal of this study was to develop an SRM workflow to quantify tau modifications
in an unbiased manner. Based on the FLEXIQuant strategy [401], this approach utilizes a
stable isotope-labeled ("heavy") full-length tau protein standard that is added to biological
specimens prior to sample processing and MS analysis (Fig. 2.1A). The premise of FLEXITau
is to measure the change in the unmodified peptide species rather than measuring the
modified species. For example, if 66.7% of a particular site carries a specific modification
then the abundance of the unmodified species is decreased to 33.3%.

The heavy tau standard is generated by cloning the longest tau isoform (2N4R) into the
FLEX-vector, introducing an artificial tag at the N-terminal of tau, which is used for
purification as well as for absolute quantification of the endogenous tau. Heavy tau protein
is expressed in a cell free expression system in the presence of isotopically labeled aspartic
acid, lysine and arginine. The triple labeling strategy allowed us to minimize co-expressed
light tau standard that could lead to a bias in quantification of endogenous tau.

In a FLEXITau experiment, the tau standard is purified and added to the unlabeled
endogenous ("light") sample, which is digested using trypsin or other enzymes (Fig. 2.1A).
Notably, due to the mixing of light and heavy species early in the sample processing,
quantification errors are minimized that might arise due to sample loss and technical
variability between samples during preparation. Notably, variability in various batches of
extraction/purification prior to mixing may lead to differences in absolute amount of the light
and heavy proteins, however this does not affect the relative quantification by FLEXITau
which occurs on peptide level. The digested peptide mixture, containing light and heavy
tau peptides species, is then analyzed by MS. All observed tau peptides are present as pairs,
featuring the light and the heavy isotopologues. The initial mixing ratio is calculated by
determining the light-to-heavy (L/H) ratio of unmodified peptides. As mentioned above,
if a peptide from the sample is modified, this modification results in a reduction in the
amount of unmodified peptide, thus, any deviation of the L/H ratio indicates modification.
The extent of modification of a peptide is calculated by measuring the difference in L/H
ratio of the unmodified peptide species and the mixing ratio. Plotting the FLEXITau data
for all tau peptides sorted from N- to C-terminal results in an intuitive representation of the
PTM landscape across the entire protein. This plot indicates where individual modifications
occur and which domains of a protein are highly modified (Fig. 2.1B).

The quality of the FLEXITau data strongly depends on the sensitive and reproducible

MS-based detection of the unmodified peptide species. To ensure this, targeted assay was
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devised specifically tailored to monitor the unmodified tau, using SRM. SRM is increasingly
being used in protein quantification because of its outstanding specificity, reproducibility
and sensitivity [3, 243, 353, 357, 436].

A crucial step in developing SRM assays is the identification of the most sensitive and
selective transitions (pair of peptide and their fragment ion masses). The expressed full-
length tau standard was utilized to create a spectral library in order to find suitable
transitions. To this end high-resolution liquid chromatography tandem MS (LC-MS/MS)
of purified, digested tau standard in DDA mode was performed, generating a collection of

experimentally detected peptides and their fragment ions (Fig. 2.2A). To maximize the
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sequence coverage of tau, the tau standard was digested by trypsin and LysC. Collectively
the spectral library peptides covered 84.6% of tau sequence. This spectral library was
then used to develop a quantitative SRM assay for these peptides, choosing the transitions
with highest intensity without interfering signals (for more details about the SRM assay
development, see section 2.3).

The sensitivity of the SRM method can be maximized by acquisition of the transitions
in a small retention time window (termed scheduled SRM). Therefore a scheduled 30
min LC-SRM method was developed. This method is suitable for pure/low complex tau
samples and enables tau modification profile quantification from pure/low complex tau
samples in a sensitive and time efficient manner (see appendix Table A1 for scheduled SRM
transition lists). When analyzing high concentrations of purified trypsin-digested standard
using the developed SRM assay, a sequence coverage of 71% was reproducibly achieved
(23 peptides), and the 5 complementary LysC peptides increased this number to 75.3%
(Fig. 2.2B). Notably, for the analysis of highly complex samples, it is recommended to use
longer gradient in order to maintain specificity and minimize interfering background signals.
Both the tau peptides or the iRT standard peptides (Biognosys) implemented in the assay

allow for quick and accurate peptide retention time calculation in other gradient lengths

2.4.2 Sensitivity of the FLEXITau assay

To determine the detection limit of the assay and the dependence of the sequence coverage
on concentration, a dilution series of digested heavy tau standard from 800 fmol to 8 amol
in 11 dilution steps was analyzed. The FLEX peptide was used as described previously
to determine initial tau concentrations [401]. Samples were measured in triplicate using

the developed scheduled SRM assay and the signal intensities of the heavy peptides were
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monitored. For maximal sequence coverage at least 2 fmol of tau must be injected (Fig. 2.3A);
any concentrations below 2 fmol resulted in a decrease in sequence coverage. At 80 amol, a
sequence coverage of 51% (25 quantifiable peptides) was measured and at the lowest end of
the dilution series of 8 amol, the sequence coverage was 38.7% with 15 quantifiable peptides
(Fig. 2.3B). Figure 2.3C shows representative dilution curves for 8 peptides. The peptide
quantification was linear over the range of the dilution series for most peptides, with some
deviation from linearity at the lower and/or higher end of the series (data not shown). The
average R2 value for the peptides assayed in the dilution curve experiment was 0.97. For a
concentration range with highest linearity (0.4 to 400 fmol injected on column), a R2 value
of > 0.98 was observed for approximately 90% of the targeted peptides.

In summary, the sensitivity of the assay is highlighted by the successful quantification of
peptides across 5 orders of magnitude, down to 8 amol of injected tau. To achieve maximum
sequence coverage and linearity of quantification, a working range between 2 and 400 fmol
of tau is required. It is worth noting that the optimal working range and reproducibility of
the assay can be affected by interfering signals and should be reassessed in each individual

sample background, particularly in highly complex samples.

2.4.3 Analytical precision of the FLEXITau assay

To evaluate precision of the assay, an in vitro tau expression system was used in which the
modifications present are well defined, i.e. human tau protein produced in insect Sf9 cells
via baculovirus transfection [32, 54, 258]. Tau expressed in these cells is phosphorylated at

multiple sites and is thought to have a similar phosphorylation pattern as PHF tau from
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AD [54]. This Sf9 cellular model system has been used to study tau aggregation [419] and
sequential phosphorylation by multiple kinases [489]. This state of phosphorylated tau is
often called "hyperphosphorylated", and despite its ambiguity, this term is used throughout
this chapter for the sake of simplicity.

Four different species were analyzed: (i) tau from untreated Sf9 cells, phosphorylated at a
native level (hereafter termed P-tau), (ii) tau from Sf9 cells treated with a phosphatase
inhibitor (okadaic acid, OA), resulting in an increased level of phosphorylation (PP-tau),
(iii) tau purified from Sf9 cells subsequently treated with alkaline phosphatase (AP) to
remove the phosphorylations (deP-tau), and (iv) tau expressed in E. coli as unmodified
control (ctrl-tau) (Fig. 2.4A). 3 independent preparations of each species were subjected to
the FLEXITau workflow and each sample was analyzed 3 times. This analysis resulted in
the quantification of 28 targeted peptides in all samples achieving a sequence coverage of
75%. To ensure a high level of precision in peptide quantification, the data were manually
curated For modified species (P-tau and PP-tau), L/H ratios were normalized by the average
of the 3 highest L/H ratios among all peptides for each individual sample, and for control
species normalization was performed using all ratios above the median ratio. The same
normalization factor was used for the LysC sample as calculated for the trypsin-digested
sample (for more details, see section 2.3).

First the quantification precision of technical replicates (replicate injections) and biological
replicates (different Sf9 cell batches) was assessed. On average, the median coefficient of
variation (CV) across replicate injections was 3.9% (Fig. 2.4B). Ctrl-tau presented the lowest
(3%), and PP-tau the highest variability (5.2%). On average, the biological variability was
higher than the technical variability, with a median %CV of 13.2% (3.5-fold compared to
CV of technical replicates). Again, ctrl-tau presented the lowest variability (median %CV of
8.2%). In comparison to the technical variability, apart from the increase in median %CV,
a broadening of the CV distribution could also be observed (Fig. 2.5A and 2.5B).

Next, to evaluate if the use of an internal standard improves the quantification reproducibil-
ity, the FLEXITau results were compared to quantification using only peak intensities of
endogenous tau peptides. To this end, light peak areas were extracted for all monitored
peptides in the same dataset. Quantification using peak area intensity resulted in a 4-fold
increase of technical variability (15.3 %CV) and 2-fold increase in biological variability
(25.3 %CV) compared to the FLEXITau quantification of 3.9 %CV and 13.2 %CV respec-
tively (Fig. 2.4C). This corroborates that the employment of the internal standard is highly

beneficial to the precision of the analysis.

2.4.4 Quantitative PTM profiling of "hyperphosphorylated" tau

Next, the peptide modification landscape in these Sf9-tau samples was quantitatively
assessed. Fig. 2.6A shows the quantification of unmodified tau peptides in the global FLEX-

ITau representation. Peptides were defined as "modified" if the average of the biological
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replicates resulted in a value below 100% and were significantly different from ctrl-tau (stu-
dent t-test, p<0.05). Table 2.1 lists all quantified peptides and their respective modification
extent, including the significance value. On average (mean value of all modified peptides),
the modification extent of PP-tau was 25% higher compared to P-tau (33.0% for P-tau,
compared to 42.7% for PP-tau). 9 peptides (39% of the quantified sequence) appeared to be
unmodified in both species, while the remaining 19 peptides (nearly half of the quantified
sequence) were found to be modified in P-tau and/or PP-tau. From these, the vast majority
was modified both in P-tau and PP-tau; only 3 peptides (peptides F, R and T') were modified
in PP-tau only, suggesting that phosphorylation sites in these regions are more accessi-
ble to phosphatases, which are inhibited by the okadaic acid (151 IATPRGAAPPGQKj¢3,
322CGSLGNIHHKPGGGQVEVK340, and 354IGSLDNITHVPGGGNK369, Table 2.1, pep-
tides highlighted in red).
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Figure 2.5: Distribution of peptide %CV. To assess variability of peptide quantifica-
tion, three independent preparations of each tau species (biological replicates) were subjected
to the FLEXITau workflow and analyzed in triplicates (technical replicates). %CV distri-
butions of normalized L /H ratio of technical (A.) and biological (B.) replicates are shown.
For the technical replicates, the average across the 3 biological batches is shown for each bin
(mean +/- SD).

To gain a more functional view of the data, the peptides were projected to their corre-
sponding tau domains, from N- to C-terminal: acidic region, proline-rich region, repeat
region, and C-terminal tail (Fig. 2.6A, bottom). This data indicated that each tau domain
presented with a characteristic modification extent (and this trend was maintained upon
treatment with phosphatase inhibitor). The repeat region was the least modified with an
average modification extent of 10.1% and 14.8% for P-tau and PP-tau, respectively; most of
the peptides in this region were unmodified (student t-test, p>0.05, see above). The acidic
region and C-terminal tail showed moderate modification extents (acidic region: 23.1% and
24.5% and c-terminal tail: 48.9% and 55.9%, for P-tau and PP-tau, respectively). The
proline-rich region depicted the highest modification extent (on average 55.2% and 71.0% for
P-tau and PP-tau, respectively). Interestingly, this region contains residual phosphorylation
in the dephosphorylated Sf9-tau species, deP-tau (consistent with previous reports [419]).
The highest modification extent for deP-tau was observed on peptide K and L at 27%
for both. This region also harbored the peptide with the highest modification extent of
all peptides, with 90.6% in P-tau and 97.2% in PP-tau (peptide L, 206 VAVVRTPPK334,
Fig. 2.6A and Table 2.1).

2.4.5 Creating a quantitative PTM map

The FLEXITau experiments measured the absolute extent of modification of tau peptides
and relative differences between P-tau and PP-tau. The next goal was to identify the
modifications present on these peptides and to associate these with the quantitative data.
To this end, these samples were analyzed using DDA workflows and mapped the identified
PTMs to their corresponding quantification data (Fig. 2.6B and Table 2.1). At this point it
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Figure 2.6: Quantification of "hyperphosphorylated" tau by FLEXITau. A. FLEX-
ITau data is shown for each tau species (average of three independent Sf9-tau preparations,
bar shows relative error (%CV)). Peptides sorted from N- to C-terminus are projected onto
a schematic of 2N4R, tau protein, respective to their AA location. Exons prone to splicing
(exon 2, 3 and 10) are depicted in dark brown. Peptides not modified in P-tau and PP-tau
are shown in green, peptides significantly different from ctrl-tau in orange, and peptides dif-
ferent in PP-tau only in red (student t-test, p<0.05). B. Phosphorylated sites identified by
LC-MS/MS shotgun analysis were mapped onto tau peptides that are color coded according
to their modification extent as quantified by the SRM analysis. For the full list of modified
peptides see Table 2.2.

is important to note that if an identified phosphorylation is located on the first AA after a
tryptic cleavage site, this phosphorylation leads to a miscleavage producing a longer peptide.
Thus this modification will contribute to the reduction in the abundance of the modified
peptide (containing the modified site) as well as its N-terminal neighboring peptide. In
these cases, the respective site is listed twice in Table 2.1.

In total, 21 phosphorylation sites were identified on Sf9 P-tau - 12 serine and 7 threonine
phosphorylation sites; on PP-tau, 23 phosphorylation sites were identified, including all P-
tau sites, with 2 additional phosphorylation sites being mapped at T76 and S356. Biological
modifications other than phosphorylation, such as ubiquitination, acetylation or glycosyla-
tion, were not identified in this analysis (nor has it been previously reported for Sf9 tau
[419]). Consistent with the FLEXITau data, the proline-rich domain depicted the highest
density of phosphorylation sites with 13 sites total, for both P-tau and PP-tau (this is also
consistent with previous reports [196]). A comprehensive list of detected modified peptide
species can be found in Table 2.2. Of the 16 peptides identified as significantly "modified"
by FLEXITau (in both P-tau and PP-tau) 15 were associated with the presence of one or
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Table 2.1: Peptides quantified by the FLEXITau assay (A-W) and corresponding
PTMs identified by complementary DDA. Peptide modification extent was determined
by the difference of normalized L/H ratio to ctrl-tau, where 100% represents a peptide that
is fully modified. Peptides were defined as "unmodified" (green shade) if the difference to
control samples was insignificant (student t-test, p > 0.05), and as "modified" if difference
was significant (orange shade, peptides modified in P-tau and PP-tau; red shade, peptides
modified in PP-tau only). Corresponding phosphorylation sites detected by complementary
LC-MS/MS analysis are shown (see also Fig. 3E). Note that a modification site on the first
AA after the cleavage site will contribute to the N-terminal peptide as well and will be listed
twice (e.g. T175). Phosphorylations only detected in PP-tau are written in red. *p-value <
0.05; **p-value < 0.005; ***p-value < 0.0005

Region| ID Location [AA] FLEXITau peptide Peptide modification extent [%] PTM contributing to modification extent
Start | End P-tau [p-value| PP-tau |p-value detected hypothesized

A 6 23 QEFEVMEDHAGTYGLGDR -

B 24 44 KDQGGYTMHQDQEGDTDAGLK 50.8 * 22.2 * - Y29, T30, T39
§ (o] 45 67 ESPLQTPTEDGSEEPGSETSDAK 44.7 * 54.0 ** S68 $46, T50, T52, S56
] D 68 87 STPTAEDVTAPLVDEGAPGK 19.9 * 334 > S68, T76

E 88 126 QAAAQPHTEIPEGTTAEEAGIGDTPSLEDEAA

GHVTQAR 12.9

F | 151 | 163 | IATPRGAAPPGQK 4.2 20.1 d T153

G 164 | 174 GQANATRIPAK 2.1 3.0 T175

H 175 | 180 TPPAPK 58.4 > 67.4 ** T175,T181
- i 181 190 TPPSSGEPPK 59.1 > 66.0 b T181, S184
ch 12 181 194 TPPSSGEPPKSGDR 66.4 i 82.3 il T181, S184 S$195
2 J 195 | 209 | SGYSSPGSPGTPGSR 86.1 il 90.7 i $199, $202, T205, S210 $195
g K1 | 210 | 221 | SRTPSLPTPPTR 69.7 > 94.8 ** $210, T212, §214, T217

K2 | 210 | 224 | SRTPSLPTPPTREPK 68.8 * 91.1 * $210, T212, S214, T217

K3 [ 212 | 221 TPSLPTPPTR 52.2 > 80.1 rx T212, S214, 1217
K4 | 212 | 224 TPSLPTPPTREPK 53.7 ** 88.0 X T212, S214, 1217
L 226 | 234 VAVVRTPPK 90.6 el 97.2 el T231, S235
M 243 | 254 LQTAPVPMPDLK 9.2 12.0 -

) N 260 | 267 IGSTENLK 15.7 * 38.6 ** 5262

§ [e] 275 | 280 VQIINK 1.6 9.0 -

o P | 281 | 290 | KLDLSNVQSK 15.2 13.2

g’ Q 299 | 317 HVPGGGSVQIVYKPVDLSK 79 10.2 -

2 R | 322 | 340 | CGSLGNIHHKPGGGQVEVK 124 31.0 * S324

< S 341 | 347 SEKLDFK 10.2 6.4 -

T 354 | 369 IGSLDNITHVPGGGNK 1.8 23.8 * S356
§ U 376 | 383 LTFRENAK -
€ V1| 384 | 395 AKTDHGAEIVYK 33.2 * 411 * $396
.21:') V2 | 386 | 395 TDHGAEIVYK 29.4 * 34.2 * S396
o W | 396 | 406 | SPVVSGDTSPR 84.1 i 924 i S396, S404

more phosphorylation site. Only for peptide B (24KDQGGYTMQDQEGDTDAGLK4) no
corresponding modification could be identified. In this case, FLEXITau analysis showed a
significant modification extent in both P-tau and PP-tau (51%, p=0.008 and 22%, p=0.046,
respectively), clearly indicating the presence of a modification. Putative phosphorylation
sites on peptide B include Y29, T30 and T39 (see Table 2.1).

FLEXITau showed 3 peptides to be exclusively modified in PP-tau but not on P-tau (see
2.1, peptide sequences highlighted in red). In the DDA data phosphorylation sites T153,
5324 and S356 were identified on these peptides. Unexpectedly, T153 and S324 were not
only detected in PP-tau but also on P-tau. However, the quantitative FLEXITau data
showed that the extent of modification of these peptides in P-tau is minimal (4.2% and
12.4%, respectively; p-value across biological replicates non-significant).

The DDA data did not map any PTMs to peptides that were determined to be "unmodified"
by FLEXITau, corroborating the quantitative results. The only exception is the peptide
164GQANATRIPAK 74, on which T175 was detected as being phosphorylated both in P-tau
and PP-tau. However, the FLEXITau data determined that the modification stoichiometry
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Table 2.2: Sf9-tau phosphorylation sites Summary of phosphorylated tau peptide
species and phosphorylation sites detected in Sf9 deP-tau, P-tau, and PP-tau.
z, charge state; x, peptide species detected; red, site not detected; green, site detected

PTM site Peptide species Pep(t‘l:; :t': tzmes Site detected
AA Site Sequence Precursor MW| z deP-tau
S 68/69 STPTAEDVTAPLVDEGAPGK 2033.9055 2
T 76 STPTAEDVTAPLVDEGAPGK 2033.9055 2
TKIATPR 865.4415 2 X X
T 153 TKIATPRGAAPPGQK 1571.8176 3 X
IATPR 636.2993 2 X
IATPRGAAPPGQK 1342.6716 2 X X
GQANATRIPAKTPPAPK 1796.9287 3 X
T 175 IPAKTPPAPK 1098.587 2 X X
TPPAPKTPPSSGEPPKSGDR 2081.9709 4 X
/7 175/ 181 GQANATRIPAKTPPAPKTPPSSGEPPK 2854.3762 4 X
IPAKTPPAPKTPPSSGEPPK 2156.0305 3
IPAKTPPAPKTPPSSGEPPK 2156.0305 3 X X
TPPAPKTPPSSGEPPK 1666.7997 3 X X X
T 181 TPPAPKTPPSSGEPPKSGDR 2081.9709 4 X
TPPSSGEPPK 1075.462 2 X X
TPPSSGEPPKSGDR 1490.6445 2 X
s 184 TPPAPKTPPSSGEPPKSGDR 2081.9709 4
TPPAPKTPPSSGEPPK 1666.7997 3
S 199 SGYSSPGSPGTPGSR 1472.5914 2 X X
S 202 SGYSSPGSPGTPGSR 1472.5914 2 X X
s 210 SRTPSLPTPPTR 1388.6807 2 X X
SRTPSLPTPPTREPK 1822.8362 3 X
T 212 SRTPSLPTPPTR 1388.6807 2 X X
SRTPSLPTPPTREPK 1822.8362 3 X
T/S |212/214 SRTPSLPTPPTREPK 1822.8362 3
T/T 2127217 SRTPSLPTPPTREPK 1822.8362 3
SRTPSLPTPPTR 1388.6807 2 X X
s 214 SRTPSLPTPPTREPK 1822.8362 3 X
TPSLPTPPTR 1145.5465 2 X X
TPSLPTPPTREPK 1499.7394 3 X X X
SRTPSLPTPPTREPK 1822.8362 3 X X
T 217 TPSLPTPPTR 1145.5465 2 X X X
TPSLPTPPTREPK 1499.7394 3 X X X
KVAVVRTPPK 1173.6621 2 X
T 231 KVAVVRTPPKSPSSAK 1730.9443 3 X X X
TPPKSPSSAK 1078.5077 2 X X X
VAVVRTPPKSPSSAK 1602.8481 3 X X
175 | 2311035 KVAVVRTPPKSPSSAK 1730.9443 3 X X
VAVVRTPPKSPSSAK 1602.8481 3 X X
s 235 TPPKSPSSAK 1078.5077 2 X X
VAVVRTPPKSPSSAK 1602.8481 3 X X
IGSTENLKHQPGGGK 1601.7526 3 X
S 262 SKIGSTENLK 1155.5531 2 X X
SKIGSTENLKHQPGGGK 1816.8882 4 X X
S 293 CGSKDNIK 1014.4178 2 X
S 324 CGSLGNIHHKPGGGQVEVK 2066.9736 3 X X
IGSLDNITHVPGGGNK 1657.7806 2 X
S 356 DRVQSKIGSLDNITHVPGGGNK 2371.1626 4
KIGSLDNITHVPGGGNK 1785.8754 3
s 396 AKTDHGAEIVYKSPVVSGDTSPR 2493.2092 4 X X
TDHGAEIVYKSPVVSGDTSPR 2294.0759 3 X X
S/S | 396 /404 TDHGAEIVYKSPVVSGDTSPR 2294.0759 3
s 404 AKTDHGAEIVYKSPVVSGDTSPR 2493.2092 4
SPVVSGDTSPR 1180.509 2 X X
S 422 HLSNVSSTGSIDMVDSPQLATLADEVSASLAK 3322.6108 4 X X
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is low (<3% for both species), which is below the precision of the assay (%CV = 3.9%, see
above).

The quantitative precision of FLEXITau can point to additional PTMs that are not
detected in DDA experiments as for peptide B above. In one special case (peptide C,
1 ESPLQTPTEDGSEEPGSETSDAKg7), a matching modification was identified as S68,
however FLEXITau data suggested an additional PTM. S68 is located on the first AA after
the cleavage site where this phosphorylation contributes to a reduction in the abundance of
unmodified peptide C as well as the following peptide D (6sSTPTAEDVTAPLVDEGAPGK37),
as described above. Peptide D carries an additional modification thus the abundance of
unmodified peptide D was expected to be lower than that of peptide C. However, the abun-
dance of unmodified peptide D was higher than that of peptide C, reflected by the smaller
modification extent (P-tau - 19.9%; PP-tau - 33.4%), compared to that of peptide C (P-tau
- 44.7%; PP-tau - 54.0%). This led us to speculate that peptide C harbored an additional
modification site that was not detected by the DDA experiment. In the literature, many
studies of in wvitro and in vivo phosphorylated tau, often employing enrichment strategies,
have been performed [108, 112, 237, 423]. Remarkably, despite the vast amount of infor-
mation (see also http://cnr.iop.kcl.ac.uk/hangerlab/tautable, an up-to-date list of all tau
phosphorylation sites), in the N-terminal region only one site has been previously described
in vivo [195, 470]. Putative phosphorylation sites in this region are T50, T52 and S56.
Importantly, although PTMs other than phosphorylation can be found in the baculovirus
infected insect expression system neither we nor others have identified these. In summary,
although normal workflows such as DDA experiments cannot possibly map all modified
sites at once [310], the quantitative unbiased view of the modification landscape provided
by FLEXITau can point to additional areas of tau that might be modified, independent of
the type of modification.

2.4.6 Calculation of site occupancy using FLEXITau

In the above analysis, peptide abundance data for the unmodified peptides was obtained
and modification sites were mapped. For peptides harboring a single modification, the
peptide modification extent directly reflects the occupancy of the modified site. Notably
this only holds true under the premise that no modification other than the one detected
is present on the respective peptide. In this dataset, this situation applies to T175, S262,
S324, S356, and S416/422. However, for many peptides multiple phosphorylated sites
were identified, in particular in the proline-rich region, as well as in the C-terminal tail
(see Table 2.1 and Fig. 2.6). In these cases, the direct correlation of peptide modification
extent and site occupancy cannot be made. Each site may contribute to the overall peptide
modification extent. Thus, for multiply modified peptides, the peptide modification extent
is the sum of all individual site occupancies.

To determine the individual site occupancies for multiply phosphorylated peptides, a
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combinatorial strategy that uses information from "overlapping" peptides was employed
(for a schematic see Fig. 2.7A). Overlapping peptides are produced by a missed tryptic
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Figure 2.7: Calculation of site occupancies for singly and multiply modified pep-
tides. A. For peptides containing a single modification site, the site occupancy equals the
peptide modification extent calculated by the FLEXITau assay (see Table 2.1). For multiply
modified peptides, a combinatorial approach was designed to stepwise calculate individ-

ual site occupancies by using quantitative information from overlapping peptides. (i) the
proline-rich region; equations 1-9, with equation 1 starting from N-terminus and equation

5 starting from the C-terminus. (ii) the C-terminal tail; equations 10-11. B. Phosphory-
lation extents for all identified sites are shown in % (average +/- SD of 3 biological repli-
cates, 3 measurements each). Sites are sorted by the AA location in the tau sequence N- to
C-terminus. Commonly used diagnostic AD antibodies are shown in blue, with binding epi-
topes underlined. The grey boxes indicate the highly modified region (i) and (ii) shown in A.
P, phosphate group

cleavage - typically caused by closely located lysines and arginines (peptides 11/12; K1-K4,
and V1/V2). In these cases, when trypsin is used, the primary tryptic peptide has a
miscleaved counterpart whose sequence encompasses the primary tryptic peptide species
with an addition of the following AAs until the next cleavage site. A missed cleavage can
also occur if a phosphorylation is present on the AA in the first position after the cleavage
site (see peptides G/H, 12/J, J/K, and V2/W). In these cases, cleavage is impaired due to
the presence of the phosphate group. Thus, the phosphate on the second peptide causes the

reduction in the abundance of both unmodified peptides, N- and C-terminal to the cleavage
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site.

The strategy to calculate site occupancy of multiply phosphorylated peptides is to start
with a single peptide with a single modification, whose site occupancy is therefore defined
(see Fig. 2.7A). The stoichiometries of additional sites are then calculated stepwise by using
the quantitative information of each subsequent "overlapping" peptide. For example, in the
case of the proline-rich region, one starts at the N-terminus of this region with peptide G. Its
modification extent equals the occupancy of its single phosphorylation site on residue T175.
The adjacent overlapping peptide (peptide H) contained two detected phosphorylations,
T175 as well as T181. Here, the modification extent of T181 is the difference in modification
extent of peptide G (T175) and peptide H (T181+T175), in this case 56.3% (P-tau) and
64.4% (PP-tau). This combinatorial strategy allowed the successful quantification of the
individual stoichiometry of sites T181, S184, S210, S396 and S404. In the case of peptide I
(181 TPPSSGEPPKSGDR95), 2 phosphorylation sites were mapped, T181 and S184, using
DDA experiments. However, the total modification extent was higher than the sum of its
quantified single components. Thus, one can speculate that the remaining value (7.3%
and 16.3% in P-tau and PP-tau, respectively) corresponds to an additional modification,
tentatively assigned as S195, a site reported previously in AD [131].

A summary of site occupancies for all phosphorylations detected in P-tau and PP-tau is
shown in Figure 2.7B (see also Table 2.3). The average amino acid resolved site occupancy
was 29.5% (P-tau) and 35.7% (PP-tau). As expected, these values are lower than the peptide
modification extent mentioned above (33.0% and 42.7%, P-tau and PP-tau respectively), as
there are peptides containing several sites. The strategy to determine specific AA resolved
site occupancies described above cannot always be applied for two reasons i) the sites are
in close proximity and/or ii) there are no adjacent miscleaved peptides. This is the case for
the following regions: S68/T76, S199/5202/T205, T212/S214/T217 and T231/S235. For
these sites the joined occupancy is determined.

In general, the quantitative PTM landscape suggests that most of the phosphorylation sites
present with low stoichiometries. In P-tau, nearly two thirds (and in PP-tau, a third) of all
sites are phosphorylated to an extent below 20%. The combination of sites T231/S235 has
the highest occupancy (90.6% and 97.3% for P-tau and PP-tau, respectively). Four other
sites are also phosphorylated at a stoichiometry larger than 50% (T181, S199/S202/T205,
T212/5214/T217, and S404). Notably, all these are epitopes of commonly used AD
diagnostic antibodies (AT8, AT100, AT180, and PHF1) (see also Fig. 2.7B). Thus, apart
from validating the elevated extent of phosphorylation for these regions, FLEXITau is also
able to precisely quantify this state referred to as "hyperphosphorylated" by antibodies used
ubiquitously in the study of tauopathies.
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Table 2.3: Summary of calculated site occupancies for tau phosphorylation sites
of P-tau and PP-tau, in % Shown are values for each biological replicate (average of
technical replicates), their average and SD.

R DT
Site(s) P-tau1 |P-tau2 |P-tau3 |mean |stdev |PP-tautl |PP-tau2 |PP-tau3 |mean [stdev
unknown (peptide B) 75.72 |54.72 [46.80 |59.08 [14.94 [29.50 [21.15 16.07 |22.24 [6.78
S68 + T76 8.51 1450 |24.81 1594 |824 (2782 |31.89 |30.84 |30.18 |2.11
T153 2.05 0.00 6.33 2.80 [3.23 |16.41 1227 |31.56 |20.08 |10.16
T175 0.00 0.00 1155 |3.85 |6.67 [0.00 6.46 9.85 544 |5.00
T181 4929 16223 |57.42 |56.31 |6.54 [73.49 |51.66 |67.91 64.35 [11.34
S184 0.90 0.00 1117  |4.02 |6.21 [0.00 1.59 9.16 3.58 [4.90
unknown (S1957?) 2.07 1252 |7.34 7.31 |5.23 |13.74 |25.04 10.07 16.28 [7.80
S$199 + $202 + T205 7763 [38.76 |68.94 |61.78 |20.40 |75.62 |31.92 |77.36 |61.68 |25.75
S210 6.11 28.33 [16.71 17.05 |11.12 [5.71 22.44 10.30 12.82 (8.64
T212 + S214 + T217 62.19 [36.92 |57.47 |52.19 |13.44 [84.13 |69.66 |86.61 80.13 |9.15
T231 + 8235 89.04 [89.03 [93.70 |90.59 [2.69 [97.79 [95.30 [98.56 |97.22 (1.71
unknown (peptide M) 64.28 17.97  |2.98 28.41 |31.96 |15.50 [17.01 717 13.23 [5.30
S262 14.29 17.39 |15.28 |15.65 |1.58 [40.77 |29.95 |45.06 |38.59 |7.79
S324 0.00 30.09 [7.97 12.69 |15.59 [32.48 |14.96 |28.59 |25.34 |9.20
S356 0.00 20.60 (1.83 7.47 |11.40 |2445 |[13.45 [33.60 |[23.83 [10.09
S396 2470 [39.50 |29.78 |31.33 |7.52 [33.94 |31.86 |47.23 |37.68 |8.34
S404 53.58 [47.72 [56.93 |52.74 [4.66 [57.05 [59.60 [47.49 |54.71 [6.38

2.4.7 Using FLEXITau to determine the average number of phosphorylations per tau
molecule

The above results showed that FLEXITau provides the stoichiometries of identified phospho-
rylation sites. Using a recursive approach, next the polynomial probability distribution of a
particular number of sites being phosphorylated at a given time was calculated (Fig. 2.8A,
for details, see section 2.3). A shift in the distribution of PP-tau towards to a higher
phosphorylation state by 1 phosphate compared to P-tau was observed, with PP-tau show-
ing a maximum likelihood of 8 phosphates per tau molecule, compared to 7 for P-tau.
The broad base observed for both P-tau and PP-tau shows that there is a wide range of
phosphorylation states for tau ranging from 1-14 phosphates for P-tau, and 2-15 for PP-tau
(full width at half maximum (FWHM) of 4.7 and 5, P-tau and PP-tau, respectively). For
joined occupancies, two possible extreme scenarios are assumed: either the respective sites
are present exclusively alone, or exclusively together (Fig. 2.8B and 2.8C). Notably, it is
possible that some of the phosphorylations sites that were quantified are dependent on one
another i.e. a priming site is required for another phosphorylation to occur [489]. The
probability estimation does not take into account any site dependencies; if such data is
available, it should be incorporated into this calculation, as this will provide additional

accuracy for the distribution estimation.
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Figure 2.8: Frequency distribution of number of phosphates per tau molecule.
Joined occupancies (more than 1 site per quantified occupancy) were assumed to be either
exclusively occupied (MIN) or jointly occupied (MAX), and average distribution was deter-
mined by measuring the mean of MIN and MAX values for joined sites. Maximum likelihood
estimate is indicated by vertical line. For details of calculation, see section 2.3. A. Aver-
age for Sf9 P-tau and PP-tau; B. and C. MIN/MAX distributions for P-tau and PP-tau,
respectively; D. average for Sf9 P-tau and PP-tau, and AD-tau; E. MIN/MAX for AD-tau.

2.4.8 Using FLEXITau to examine the PTM landscape of human AD-tau

Above, the power of the FLEXITau approach is exemplified by quantifying the modification
landscape of purified, hyperphosphorylated Sf9-tau, i.e. an "artificial" substrate. However,
this assay could be applied in many biological settings, including more complex mixtures.
Thus, to show its versatility, the next goal was to apply FLEXITau to a tau species in a
complex, disease-related human sample. To this end, the FLEXITau assay was used to
evaluate tau aggregates derived from AD patient brains, and the quantitative data was
compared to the Sf9-tau to evaluate this cellular model as a proxy to disease.

A traditional sarkosyl fractionation of post-mortem cortical brain tissue was used to enrich
for insoluble AD tau species (AD-tau) (see 2.4). AD-tau was subjected to the FLEXITau
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Table 2.4: Characteristics of AD patient material UCSF, Neurodegenerative Disease
Brain Bank, University of California, San Francisco; HBSFRC, Human Brain and Spinal
Fluid Resource Center, West Lost Angeles; PMI, post-mortem interval

Brain bank Sample purpose Brain # Age Gender PMI Location Neuropathology Diagnosis
UCSF initial optimization AD1 75 F 8.8 BA39 Alzheimer’s Disease
UCSF initial optimization AD2 80 M 6.5 BA39 Alzheimer’s Disease

HBSFRC final dataset AD3 78 F 12.3 BA39 Alzheimer’s Disease
HBSFRC final dataset AD4 74 F 10.5 BA39 Alzheimer’s Disease
HBSFRC final dataset AD5 89 F 18.4 BA39 Alzheimer’s Disease

workflow and quantitative data was acquired. The overall modification extent of AD-tau
was more than 2-fold higher than that of the Sf9 model tau (AD-tau 77.2%, compared to
34.1% in P-tau and 42.4% PP-tau, respectively). Figure 2.9A shows the AD-tau FLEXITau
data in a heatmap presentation from N- to C-terminus in comparison to P-tau and PP-tau.
The data indicates that the N-terminus is considerably more modified in AD-tau compared
with Sf9-tau. Notably, the proline-rich region shows high modification extent for both Sf9-
and AD-tau, while the repeat regions are less modified in both, particularly R3 and R4.
To systematically assess the quantitative differences in the extent of modification for Sf9-tau
and AD-tau, a hierarchical cluster analysis of the FLEXITau data was performed (Euclidean
Distance, Ward criteria). This analysis grouped the peptides into 6 distinct classes (I-VI,
Fig. 2.9B). Class I and II contained peptides with no or little modification extent in Sf9-tau
(below 15%), with class T showing none at all and class IT showing minor modification in
AD-tau (below 60%). Class III and IV peptides showed drastic differences between Sf9-tau
and AD-tau: peptides in class III and IV showed high modification stoichiometry in AD-tau
(on average 88%), while Sf9-tau showed little or no modification respectively. Finally, class
V and VI peptides were highly modified in all three species: class V contained peptides that
showed enhanced modification in AD-tau and class VI peptides were modified to a similar
extent in all tau samples. In summary, one third of the quantified peptides (31% of tau
sequence analyzed) were modified to a similar extent in AD-tau as in the Sf9 species, while
the remaining two thirds of the peptides showed significantly higher modification extent in
AD-tau.

As mentioned above, many PTMs of PHF-tau from AD brain have been described using
different types of enrichment strategies [98, 108, 112, 179, 196, 423] (reviewed in [292, 329]).
To investigate the quantitative differences between AD-tau and Sf9 qualitatively, these
available datasets were compiled and all reported modifications were mapped to the peptides
from the FLEXITau dataset (Fig. 2.9B, right panel). Most of the differences of AD-tau
to Sf9-tau could be explained by additional modifications on the respective peptides. The
peptides that reflected the biggest changes between Sf9-tau and AD-tau (class IIT and class
IV peptides) harbor multiple additional phosphorylation as well as acetylation (ac) sites
(such as acK274 and acK280), highlighting the importance of modifications other than
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Figure 2.9: Applicability of FLEXITau to human disease. A. Sarkosyl insoluble tau
from post-mortem brain of three different AD patients was subjected to the FLEXITau work-
flow (triplicate SRM measurements). The modification extent of each peptide was compared
to Sf9-tau (see also Fig. 2.6B) and in-scale mapped to a schematic tau protein. The color
code depicts respective modification extent (green, no modification; red, 100% modification).
B. Peptides were sorted using hierarchical clustering of the FLEXITau data (Euclidean dis-
tance, Ward’s criteria). PTMs reported on AD-tau in the literature are listed next to the
corresponding peptide. If no prefix is present, AA site refers to phosphorylation; ub, ubiquiti-
nation, ac, acetylation, bold, modifications detected in Sf9-tau. References: (a) Cripps 2006
[108], (b) Hanger 2007 [196], (¢) Cohen 2011 [97], (d) Martin 2011 [292], (¢) Thomas 2012
[423], (f) Noble 2013 [329], (g) Grinberg 2013 [179], (h) Dammer 2015 [112]

phosphorylation when studying tau aggregation. In addition, it should be noted that class
IIT and IV include peptides from exons 2,3 and 10 that can be spliced out, and can thus
contribute to the reduced levels of unmodified peptides in these regions. Interestingly, all
ubiquitination sites reported so far [108] are located on peptides that contain few other
modifications and display low modification extent (class I and II peptides). Furthermore,
peptides highly modified in both AD-tau and Sf9-tau (class V and VI) exclusively harbored
phosphorylation (and no other type of modification). With few exceptions, most of these
phosphorylation sites are present in both Sf9 and AD-tau. Notably, the epitopes of the

most commonly used AD diagnostic antibodies are located on these peptides. However,
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multiple additional phosphorylation sites are present on AD-tau that were not identified on
Sf9-tau.

Finally, the recursive approach mentioned above (described in section 2.3) was applied to
calculate the distribution of the average number of phosphates per tau molecule. This
calculation showed that on average, AD-tau contains 10 phosphates per tau molecule and
the distribution of sites per tau molecule ranges between a minimum of 4 to a maximum of
19 (Fig. 2.8D, and 2.8E).

Altogether, while possibly representing a model for several AD-specific phosphorylation
sites in the proline-rich domain, altogether these data reveal significant qualitative and
quantitative differences between Sf9-tau and AD-tau, even with respect to phosphorylation.
These findings corroborate the usefulness and necessity of a global unbiased assay such as
FLEXITau when assessing and comparing the PTM state of model systems to their disease

equivalent.

2.5 Conclusion

The number and diversity of tau modifications is large, and misregulation of tau PTMs is
believed to directly or indirectly lead to tau aggregation. However, current approaches to
study tau modifications are not capable of capturing the many possible combinations of
PTMs simultaneously, let alone in a quantitative manner. Here, FLEXITau was designed,
a highly sensitive and robust SRM-based assay that measures unmodified peptide species
of tau relative to a heavy standard, rather than aiming for identification of specific PTMs.
The key advantage herein is that FLEXITau can be used to study a limitless number of
modification sites and species without requiring prior information, thus circumventing many
issues typically encountered when using other approaches [401].

Unlike other methods, this assay provides an unbiased, comprehensive understanding of
the existing PTM landscape. The resulting "signature" can be used to determine relative
differences between tau species in a precise manner. In combination with DDA data,
site-specific occupancies as well as the average number of occupied sites at a given time
can be calculated. Due to its unbiased quantification the assay can also point towards
undetected or even undescribed modifications; those hypothetical sites can be followed up
using directed and targeted analysis, emphasizing the versatility of the assay as a tool to
identify novel modifications without relying on their immediate detection.

Given its precision and versatility, in the future one can envision the application of this
assay to a wide range of biological and clinical settings. For examples, with its ability to
measure small changes in the PTM landscape, the assay could facilitate the screening of
small compounds and monitoring the effect of treatment. This is especially important given
the recent interest in tau-targeted therapeutic approaches since the failure of many amyloid-
beta-targeted therapeutics in phase III clinical trials [79]. Offering both the necessary

sensitivity and specificity, FLEXITau also has potential as in vivo diagnostic biomarker
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for tau derived from peripheral fluids such as cerebrospinal fluid or blood, an effort that
has been hampered so far by the lack of methods capable of dealing with the molecular
heterogeneity and low abundance of tau present in body fluids.

In summary, this study reports a method that provides a comprehensive, global analysis
of tau PTMs. With its ability to resolve both distribution and occupancy of tau PTMs,
FLEXITau might massively enhance the mechanistic understanding of tau function and
untangle the role of tau modifications in physiological and pathological conditions. As
such, it will provide a foundation for the development of better diagnostic tools and

tau-modulating therapeutic approaches for tauopathies.
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3 Quantitative Profiling of Tau Peptides Identifies
Diagnostic Signatures for Neurodegenerative

Tauopathies

3.1 Summary

The aggregation of tau protein in the brain is the hallmark of a diverse group of neurodegen-
erative diseases with overlapping clinical and pathological phenotypes. Currently, there is no
accurate means of differentially diagnosing these diseases. Here, a computational classifier
is presented that can identify specific tauopathies using mass spectrometry data quantifying
the post-translational modification (PTM) state of tau. A total of 129 post-mortem brain
samples from 5 different brain banks encompassing patients with Alzheimer’s Disease (AD),
progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), Pick’s Disease
(PiD), and non-demented control subjects (ctrl) were analyzed to quantify tau modification
and isoform patterns using a targeted MS assay. Supervised machine-learning approaches
identified relevant peptide combinations and associated PTMs that distinguish each dis-
ease category using a training set of 68 patients. The classifier was then validated on an
independent heterogeneous dataset of 61 patients. The final classifier developed achieved
excellent diagnostic accuracy of 96% for AD, 94% for CBD and ctrl, and 92% for PiD.
Good diagnostic accuracy was achieved for PSP with 80% accuracy. The majority of
discriminating peptide features are located in the MT-binding region of tau, including exon
10 which is prone to alternative splicing leading to 3R and 4R isoforms. In summary, tau
modification and isoform abundance quantified at the peptide level provides a tauopathy
specific signature that can distinguish tauopathies and could be used as a novel diagnostic
test.

3.2 Introduction

Neurodegenerative diseases are a major cause of disability and premature death among older
people worldwide [58, 211, 380]. These conditions usually cause dementia and are clinically
characterized by progressive behavioral changes, executive dysfunction and impairment
of cognition and memory, ultimately affecting many of the body’s activities. Today, an

estimate of 44 million people worldwide live with dementia; driven by a rapidly aging
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population and due to the lack of prevention and cure, its frequency is expected to double
by 2030, and to triple by 2050 [359]. Alzheimer’s Disease (AD) is the most common
degenerative disease. Accounting for 60-70% of cases, it represents a major medical, social,
and financial burden to the society. A growing body of evidence suggests that the atypical
deposition of characteristic proteins into insoluble aggregates inside or among specific
neurons and glial cells is a shared feature of neurodegenerative diseases, thus also referred
to as proteinopathies [148, 372, 446, 447]. The most common group of proteinopathies
are tauopathies, where an altered form of the microtubule associated protein tau forms
aggregates. This pathological tau aggregation is a shared molecular mechanism in many
neurodegenerative conditions [33, 406]; more than 20 tauopathies, including AD, have been
described [317, 461].

Several non-AD tauopathies fall into the spectrum of sporadic frontotemporal lobe dementia
(FTLD) with tau pathology (FTLD-tau) and are characterized by selective atrophy of
the frontal and temporal cortex, together with neuronal loss and gliosis [125, 389]. The
most prominent FTLD-tau disorders include corticobasal degeneration (CBD), progressive
supranuclear palsy (PSP) and Pick’s disease (PiD) [167, 422]. The clinical presentation is
typically determined by the analysis of symptoms such as progressive deficits in behavior,
executive function, or language, while the pathology of each disorder is defined by charac-
teristic types and distribution of the tau inclusions [35, 125]. This abnormal tau protein
accumulating in characteristic insoluble structures is known to carry many post-translational
modifications (PTMs). Thus, it can be hypothesized that the characteristic types and
distribution of the tau inclusions have underpinnings which may be defined by the molecular
nature of tau, whereby specific PTMs and PTMs found in specific stoichiometries result in
these characteristic tau inclusions specific to each tauopathy. Profiling the specific molecular
characteristics of tau in these tauopathies will enable the diagnosis, prognosis and the
development of directed therapies.

Substantial overlap in clinical phenotypes and the recent recognition of many atypical
manifestations have complicated clinical diagnosis of these disorders [272, 317, 366, 464].
Despite significant progress in developing diagnostic biomarkers for some of these conditions,
in particular AD [212, 251, 291] and PSP [327, 364, 444, 457], currently no method exists
to permit their reliable differentiation. To date, an accurate diagnosis is often reached post-
mortem by the investigation of specific types and location of inclusions among the diseases
by neuropathological techniques. Post-mortem classification is a time consuming and labor
intensive as it involves rigorous investigation of anatomical distributions and abnormalities
using an array of immunohistological and biochemical staining methods [280, 317, 461].
Often, even a post-mortem diagnosis is difficult due to pathological heterogeneity, disease-
overlapping histopathological features, and co-morbidities [62, 124, 125, 316, 433, 445].
Given these described complications, the development of patient stratification tools both
in vivo and post-mortem will have an immense impact on the assessment, treatment, and

characterization of tauopathies for multiple reasons: not only will they provide means
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for future inexpensive and accurate diagnosis of new autopsies; they will also allow for
fast re-evaluation of existing samples in brain banks, a key and indispensable tool for the
study of neurodegenerative diseases by the research community [262, 362]. Moreover, the
extension of these methods for in vivo patient classification approaches such as biomarker
detection in CSF or blood and novel agents targeting specific molecular characteristics of
tau for PET imaging will allow the stratification of patients in clinical trials and provide a
quantitative means to assess efficacy of drugs in clinical trials. Finally the underlying distinct
pathobiology may be unraveled, thus ultimately opening new roads for disease-modifying
or even preventative therapeutics.

Stratification or diagnosis using MS-based quantitative proteomics employs specific patterns
of proteins or peptides in body fluids or other tissues to uniquely define a disease state.
MS is currently the most quantitative and specific tool for the measurement of proteins
and thus offers enhanced diagnostic accuracy. In addition MS-based proteomics can ac-
commodate biological heterogeneity in disease expression, with successful applications to
cancer diagnostics [1, 2, 348, 410], alcoholism [172], schizophrenia [266], and several other
diseases [7, 241, 242, 315, 341]. In the current study, the mapping of the PTM landscape
on tau is pioneered for the classification of tauopathies. Given the prevalent disease-specific
modifications of tau [223, 376], the variety of tau structures, as well as distinct isoform
distributions found in sporadic tauopathies [339, 390, 392, 477], it is hypothesized that
each condition may present with a distinct profile of modifications on tau. A targeted
quantitative MS-based assay [288] was employed to precisely and accurately measure this
tau signature and the associated PTMs. Supervised machine learning approaches were then
used to evaluate the data and determine if specific features could accurately classify the

disease categories.

3.3 Experimental procedures

Selection of tauopathy patients and controls

Human post-mortem brain specimens from patients with AD, PSP, PiD and CBD, and
non-demented controls were obtained from 5 different brain banks through the NIH Neuro-
BioBank (U.S. Department of Health and Human Services, National Institutes of Health):
1) the University of Maryland Brain & Tissue Bank at the University of Maryland School of
Medicine, Baltimore, MD; 2) the Harvard Brain Tissue Resource Center, McLean Hospital,
Harvard Medical School, Belmont, MA; 3) the Neurodegenerative Disease Brain Bank
(NDBB), Memory and Aging Center, University of California, San Francisco (UCSF), CA;
4) the University of Miami (UM) Brain Endowment Bank, Miller School of Medicine, Miami,
MD; 5) the Human Brain and Spinal Fluid Resource Center (HBSFRC), VA West Los
Angeles Healthcare Center, Los Angeles, CA. Pathological and clinical information, if

available, was de-identified. Human brain tissue samples from the Brodmann Area (BA)
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39 (angular gyrus) were obtained for this study. This tissue was selected as it would
likely avoid overlapping AD-type pathology in PSP, PiD and CBD, while presenting strong
AD-pathology in AD cases (personal communication, WW Seeley, UCSF). In all cases, brain
blocks of 1-4 g were dissected from frozen brain slabs and shipped to Boston Children’s
Hospital on dry ice. Demographic details of patients and control individuals are given in
Table 3.1.

Table 3.1: Patient demographics in entire cohort of 129 cases. Percentages refer
to the proportion of cases from each brain bank in the entire cohort. *no PMI value was
available for 5 cases (1 PSP, 3 CBD, 1 PiD).

AD PSP CcBD PiD control Total

Total number of patients 28 29 22 21 29 129
Age at death (years)

Mean (SD) 77.7(10.1)  75.3(7.9) 71.2(7.2) 68.5(9.6) 75.0(12.8) 74.0(10.2)

Range 41-90 58-93 58-88 51-92 45-97 41-97
PMI (hours)*

Mean (SD) 13.4 (5.5) 13.4 (4.9) 11.5 (6.6) 14.8 (6.2) 16.5 (5.0) 14.1 (5.7)

Range 4.9-23.0 6.17-23.8 2.0-24 4.0-25.5 7.8-30.3 2.0-30.3
Sex

(male:female) 11:17 21:8 10:12 16:5 19:10 77:52
Brain Bank

UCSF 5 5 9 7 3 29 (22.5%)

UCLA 14 15 0 5 17 51 (39.5%)

McLean 9 9 5 7 9 39 (30.2%)

MIAMI 0 0 1 2 0 3 (2.3%)

UMB 0 0 7 0 0 7 (5.4%)

Extraction of sarkosyl insoluble tau from brain tissue

While still frozen, 0.25-0.35 g sections of cortical brain specimens were homogenized in 5
volumes lysis buffer (25 mM Tris-HCI buffer, pH 7.4, containing 150 mM NaCl, 10 mM
ethylene diamine tetraacetic acid (EDTA), 10 mM EGTA, 1 mM DTT, 10 mM nicotinamide,
2 uM trichostatin A, phosphatase inhibitor cocktail (Sigma), and protease inhibitor cocktail
(Roche)), using Precellys® tissue homogenizer. Crude brain homogenates were clarified by
centrifugation at 11,000 x g for 30 min at 4 °C. To obtain insoluble tau fractions, part of
the crude tau fraction was treated with sarkosyl (1% final concentration) for 60 min at 4 °C
and ultracentrifuged at 100,000 x g for 2 h at 4 °C. The supernatant was transferred to a
fresh tube (sarkosyl soluble fraction). The sarkosyl insoluble pellet was carefully washed
twice with 10 pul ddHs, air-dried, and solubilized in 100 pl 50 mM Tris buffer containing 1%
SDS, 10 mM nicotinamide, 2 pM trichostatin A, and phosphatase and protease inhibitor
cocktail. The protein concentration in the extracts was determined by bicinchoninic acid
assay (BCA Protein Assay Kit, Thermo Scientific).
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Preparation of heavy tau standard

Full-length human 4R2N (GI:294862262) was subcloned into the previously generated pEU-
E01-TEV-N1-AQUA vector.50 After verification by DNA sequencing (Molecular Genetics
Core Facility, Children’s Hospital Boston), tau was in vitro transcribed and translated in a
cell-free wheat germ expression (WGE) system according to the manufacturer’s protocols
(Cell Free Sciences, Wheat Germ Expression H Kit-NA). Expression was carried out in the
presence of heavy isotope labeled lysine (13C6 15N2), arginine (13C6 15N4) and aspartate
(13C4 15N1). Heavy tau standard was purified using Ni-Sepharose beads (Ni-Sepharose
High Performance resin, GE Healthcare). Briefly, after a prewash in binding buffer (20 mM
phosphate buffer, pH 7.5, 500 mM NaCl, 10 mM imidazole) beads were incubated with
WGE (ratio 1:4) for 1 h rotating head-over-head at 4 °C for binding. After removal of the
unbound fraction, beads were washed once with 1x volume and 3 times with 10x volume
wash buffer (20 mM phosphate buffer, pH 7.5, 500 mM NaCl, 10 mM imidazole). Elution
of tau was carried out in three consecutive steps (binding buffer with 100/300/500 mM
imidazole, respectively). Success of enrichment was verified by SDS-PAGE and western

blot analysis (data not shown). Pooled elutes were stored at -20 °C.

FLEXITau sample preparation for MS

Sarkosyl insoluble fractions were processed using the FLEXITau workflow in order to
quantify absolute tau amounts and determine the level of tau modifications, as described in
[288]. FLEXITau is an MS-based strategy that is based on the addition of a full-length tau
protein standard containing the N-terminally tagged artificial tryptic FLEX-peptide to the
biological sample of interest. Light FLEX-peptide is added in predetermined concentration
to calculate absolute quantity of endogenous tau. The relative peptide abundance of light
and heavy tau peptides can be used to infer modification extent of tau for each peptide.
For FLEXITau experiments, heavy tau standard was first subjected to incubation with
lambda protein phosphatase (New England Biolabs) for 30 min at 30 °C at 300 rpm for
dephosphorylation. Dephosphorylated tau standard and sarkosyl protein fractions were
processed separately using filter-aided sample preparation (FASP) (FASP Protein Digestion
Kit, Expedeon). Briefly, samples were reduced with 50 mM DTT (20 min, 56 °C) and
alkylated with 1% acrylamide (30 min, RT). Samples were diluted with 8 M urea, loaded
onto the filter and washed twice with 8 M urea, 3 times with 50 mM ammonium bicarbonate
(ABC). Samples were digested with 12.5 ng/ul trypsin (sequencing grade modified trypsin,
Promega, Madison, WI) overnight at 37 °C. After digestion, peptides were eluted from the
membrane by two washes with 50 mM ABC and one wash with 0.5 M NaCl. Peptides were
acidified with formic acid to a final pH <3 and desalted using C18 extraction plates (Waters).
Peptide samples were evaporated on a vacuum centrifuge to dryness and reconstituted in
sample buffer (5% formic acid, 5% acetonitrile) containing indexed retention time (iRT)
peptides (Biognosys) [138] and 50 fmol/ul non-labeled FLEX-peptide (TENLYFQGDISR,
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synthesized by Sigma Life Science, quantified via amino acid analysis of Molecular Biology
Core Facilities, Dana Farber Cancer Institute, Boston). An initial test SRM analysis of
peptide samples was performed to assess approximate tau abundance in each individual
sample (see below). Heavy tau and endogenous samples were then mixed accordingly to

achieve approximately a 1:1 ratio of light-to-heavy (L/H) tau.

Optimization of the FLEXITau SRM assay for brain tissue samples

For LC-SRM analysis of peptide mixtures, the tau SRM assay as developed in [288] was
used as initial template (see also appendix Table A1). Optimization of the FLEXITau SRM
assay for the analysis of post-mortem brain tissue was guided by a spectral library generated
in-house through a LC-MS/MS analysis of sarkosyl fractions from brain protein extract
(all tauopathies) on a tandem mass. To this end, samples were analyzed on a quadrupole
Orbitrap tandem mass spectrometer (Q Exactive, Thermo Fisher Scientific) hyphenated
with a micro-autosampler AS2 and a nanoflow HPLC pump (both Eksigent). Peptides
were separated using an in-house packed C-18 analytical column (Magic C18 particles,
3um, 200 A, Michrom Bioresource) by a linear 120 min gradient from 95% buffer A (0.1%
(v/v) formic acid in HPLC-H20) and 5% buffer B (0.2% (v/v) formic acid in ACN) to 35%
buffer B. A full mass spectrum with resolution of 70,000 (relative to an m/z of 200) was
acquired in a mass range of 300-1500 m/z (AGC target 3 x 106, maximum injection time
20 ms). The 10 most intense ions were selected for fragmentation via higher-energy c-trap
dissociation (HCD, resolution 17,500, AGC target 2 x 105, maximum injection time 250 ms,
isolation window 1.6 m/z, normalized collision energy 27%). The dynamic exclusion time
was set to 20 s and unassigned /singly charged ions were not selected.

Q Exactive raw files were converted into mgf data format using ProteoWizard [244]. The
spectra were centroided and filtered using ms2preproc to select the 6 most intense peaks in
a 30 Th window [365]. Collected spectra were searched against a Homo Sapiens database
(downloaded from uniprot.org on 11/01/2011) with ProteinPilot™ Software 4.5 Beta
(Paragon Algorithm 4.5.0.0. 1575, Sciex). The following settings were applied: instrument
type 'Orbi MS (1-3ppm)’; *Urea denaturation’; 'rapid’ search mode. For files from heavy
tau, spectra were searched against a custom database containing wheat germ proteins and
the human 2N4R tau sequence tagged with the FLEX peptide, and the sample type set to
'SILAC (Lys+8, Arg+10, Asp+5)’.

Xml files were extracted from ProteinPilot and loaded into Skyline [286] (version 2.6,
MacCoss Lab Software, University of Washington) using cut off score of 0.5, to build a
spectral library. The FLEXITau peptide tree was populated with transitions according to
the spectral library. The transition lists were experimentally validated and optimized to
select the most suitable transitions for quantification experiments, as described in 2.3 (see
also [288]).
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LC-SRM measurements and data analysis

Prior to mixing of heavy and light, individual samples were separately analyzed with
the validated transition list and using a 30 min gradient (RT window 7 min). Absolute
concentration of tau in the samples was determined using the FLEX peptide as described
before [401]. Sarkosyl insoluble fractions were then mixed with heavy tau in a 1:1 ratio
according to relative intensities. For final measurements, 200-400 fmol tau was used per
injection.

Peptide mixtures were analyzed on a triple quadrupole mass spectrometer (5500 QTRAP,
Sciex) using a micro-autosampler AS3 and a nanoflow UPLC pump (both Eksigent/Sciex),
using the trap-elute chip system (cHiPLC nanoflex, Eksigent). Briefly, peptides were first
loaded onto the trap-chip (200 pm x 75 pm, ChromXP C18-CL 3 pm 120 A, Nano cHiPLC
Eksigent) and then separated using a 120 min gradient from 95% buffer A (0.1% (v/v)
formic acid in HPLC-H0) and 5% buffer B (0.2% (v/v) formic acid in ACN) to 35% buffer
B on the analytical column-chip (75 pm x 15 ¢cm, ChromXP C18-CL 3 um 120 A, Nano
cHiPLC Eksigent). The retention time window was set to 5 min and total scan time to
1.2 s, which ensured a dwell time over 20 ms per transition. To avoid sample carry over,
blanks were analyzed between every SRM run. To ensure no bias in acquisition, samples
were run in randomized order (three technical replicates per sample).

SRM data were analyzed and validated in Skyline (version 2.6, MacCoss Lab Software,
University of Washington, Seattle, WA) [286]. All peptide transitions were evaluated for
variability, similarity between y-ion ratios, elution times, and interfering signals by manual
analysis. Peak boundaries were manually inspected and reassigned as needed to ensure
correct peak detection and accurate integration. Peptides were considered "quantifiable" if
the peptide transitions had a signal-to-noise of >3 and at least three light and three heavy
high-quality SRM transitions were observed. Peptides were kept for further downstream
analysis if quantifiable in every patient sample. The final peptide list consisted of 17 tau
peptides. To compensate for differences in mixing ratio, samples were normalized by the
L/H ratio of the least modified peptides. To this end, in each sample, the L/H ratio of
peak intensities of each peptide was divided by the average of the three tau peptides with
highest ratio in that particular sample. Absolute abundance of tau was calculated using
the FLEX peptide L/H ratio as described before [401]. Amounts of insoluble tau in each
patient samples was calculated in the unit of fmol tau per mg brain wet weight (average of

technical replicates).

PTM analysis using shotgun LC-MS/MS

Insoluble fractions of AD patient samples were also analyzed on a quadrupole Orbitrap
tandem mass spectrometer (Q Exactive, Thermo Fisher Scientific) by a linear 120 min
gradient as described above. In addition, in two independent experiments, insoluble tau

fractions from three different patients were pooled and fractionated by off-gel fractionation
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into 24 fractions, and analyzed on the QQ Exactive using the same LC-setup as described
above (section 3.3). Q Exactive raw files were converted into processed in Protein Pilot as
described above (section 3.3) except for following search parameters: thorough’ search mode,
‘phosphorylation emphasis’, ’acetylation emphasis’, 'ID focus on biological modifications’.
All MS/MS spectra of identified post-translationally modified peptides were subjected
to manual verification (fractionation and final PTM data analysis was performed by Dr.

Melissa Rotunno).

Analytical procedure

A computational classifier for each patient group was developed based on supervised machine
learning. The input data consisted of normalized L/H peptide intensity ratios of each
peptide measured by SRM, i.e. each sample was represented by a vector of 17 peptides
(features). Absolute abundance was considered as an 18th feature, however results showed
the performance of the classifier did not improve (see Fig. 3.5). A supervised machine
learning model was constructed for each disease category using the following procedures
(the workflow is summarized in Fig. 3.1): First, a binary dataset was created consisting
of the case category of interest (e.g. AD) and the remaining reference category (e.g. a
combination of all non-AD samples). Then, a recursive feature elimination method based on
the Random Forest (RF) algorithm was used to select the feature set that provides optimal
separation of the case category and reference category in the training dataset. Finally, the
optimized RF classifier was evaluated using an independent testing dataset. This approach
was repeated for each case category, i.e. also PSP, PiD, CBD, and ctrl.

The performance of the classifiers was assessed by accuracy, defined as the total number
of correctly classified cases (True Positives, TP, and True Negatives, TN) relative to the
total number of cases in the testing set. Sensitivity (se) of the classifier was calculated as
the number of TP divided by the total number of cases with given condition, that is TP
and False Negatives (FN) (se = TP/(TP+FN)). Specificity (sp) was determined as the
proportion of TN to the number of cases without given condition, that is TN plus False
Positives (FP) (sp = TN/(TN+FP)). The performance (the positive diagnostic likelihood
ratio) of a classifier, expressed by its true positive rate (TPR, or sensitivity), and false
positive rate (FPR, or 1 - specificity), was plotted in a receiver operator curve (ROC) space.
The predictive power of each classifier was further assessed by calculating the area under
the ROC curve (AUC; AUC: 0.9-1.0 = excellent; 0.8-0.9 = good; 0.7-0.8 = fair; 0.6-0.7 =
poor; 0.5-0.6 = fail) [399].

The entire patient cohort of 129 cases was divided into a training and a test dataset
with a similar number of patients in each dataset (Table 3.2). For the training set, only
samples that showed typical pathological features were included in order to achieve a
reliable classifier. An additional requirement was that the training dataset contained

similar numbers of specimens for each category (68 cases total). For the test dataset an



3.3 Experimental procedures 75

PATIENT COHORT

129 patients
(ao]) (Psr) (eBD)(PiD] (ot ]

‘.\
S

|28|29|22|21‘ 29|

Brain specimen
sample processing

FLEXITau peptide profile
(17 features)

~

TRAINING TEST
68 patients 61 patients
REEER [alag]e] -+
Create binary Run samples through
dataset each classifier Classification

B into category

-
o - B
m
7 PSP N
I — [ps? ronesr |
Random sampling to (i3]

14 generate balanced dataset

= ©80] ronceo |
B i CBD| non-CBD
l Model 10x B f}li —
PiD
. S, B
®

Create Random Forest

classifier for each category e
> ] 3
/ / l \ \ 0|

AD PSP CBD PiD ctrl
classifier| | classifier| | classifier|| classifier| | classifier .
Assessment of classifier

PN NN NN s

Figure 3.1: Flow diagram showing the training and test phases involved in the
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was used to construct a computational classifier to discriminate each category using RF. The
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inclusive approach was taken, whereby all remaining tauopathy specimens received from the
brain banks were utilized without further exclusion criteria, resulting in a heterogeneous
set of samples (61 cases total): These included cases that had been diagnosed over 15
years ago when criteria for diagnoses were less advanced (5 cases). For other samples, the
pathology reports described co-occurring pathologies, i.e. the patient brain showed the
pathologies of two different tauopathies (5 cases). Finally there were patient brains with
less confident diagnosis, i.e. that displayed less pronounced or atypical pathological features

(4 cases), or reported unavailability of sections routinely evaluated as part of the diagnosis
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Table 3.2: Patient demographics in training and testing set.

AD PSP CBD PiD control Total
Train Test Train Test Train Test Train Test Train Test Train Test
Total number of patients 14 14 15 14 12 10 12 9 15 14 68 61
Age (years)
Mean (SD) 79.1 76.4 73.3 77.5 70.3 72.3 67.8 69.4 70.5 79.9 724 75.7
(8.8) (11.4)| (6.7) (8.72)| (5.7) (8.9) | (9.5) (10.4) | (13.9) (9.7) | (10.0) (10.2)
Range 61-90 41-89 | 58-84 65-93 | 63-83 58-88 | 51-84 58-92 | 45-90 59-97 | 45-90 41-97
PMI (hours)
Mean (SD) 12.5 14.3 11.6 15.3 10.3 125 171 11.9 15.7 174 13.6 14.6
(5.1)  (5.9) 4.1) (5.2) | (6.2) (7.1) | (54) (6.1) | (6.0) (3.6) | (B.7) (5.7)
R 6.5- 4.9- 6.17- 7.0- 4.0- 2.0- 10.2- 4.0- 7.8- 10.5- | 4.0- 2.0-
ange 206 230 | 205 238 | 219 240 | 255 200 | 303 222 | 303 240
Sex
(male:female) | 7:7 4:10 11:4 10:4 5.7 5:5 9:3 7:2 8:7 3:21 | 40:28 37:24
Brain Bank
UCSF 5 0 5 0 9 0 7 0 3 0 29 0
UCLA 6 8 8 7 0 0 0 5 9 8 23 28
McLean 3 6 2 7 2 3 5 2 3 6 15 24
MIAMI 0 0 0 0 0 1 0 2 0 0 0 3
UMB 0 0 0 0 1 6 0 0 0 0 1 6

(1 case). Given this heterogeneity, it was hypothesized that the output of the developed
classifier for the test set would reflect the ambiguity of the sample set and perhaps allow
the reclassification of the same cases.

A supervised classifier was computed for each of the five patient categories under study, i.e.
for AD, CBD, PSP, PiD and ctrl. For the training of a classifier for a certain disease category
a binary approach was used whereby the case category (for example AD) is classified against
the remaining "mixed" reference category (consisting of all non-AD samples, e.g. CBD,
PSP, PiD and ctrl). Given that the number of samples of each category in the training
dataset is similar, the binary dataset is highly unbalanced. To remove the bias of training
an unbalanced dataset, the "mixed" reference category was downsampled to create a unique
balanced dataset with equal number of samples in both the case category and reference
category in all subsequent model training and testing (Fig. 3.1). The training process was
repeated 10 times, i.e. each time a different subset of the reference category was randomly
selected in order to obtain a stable classifier.

Five widely used supervised machine learning methods were initially evaluated: RF, [76],
Neural Networks (Nnet) [59], k-Nearest Neighbor (KNN) [15], Learning Vector Quantization
(LVQ) [252], Linear Discriminant Analysis (LDA) [147], and Support Vector Machines
(SVM) [102]. To determine performance, the average and standard deviation (SD) of
accuracy and area under the ROC curve of 10 models were calculated. While the supervised
classifiers performed comparably in the given data set, suggesting that the dataset does not

favor a particular method, slightly better results were obtained for RF and SVM classifiers
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(Fig. 3.4 and supplementary Table S1). Variance of below 5% for both accuracy and AUC
indicated that both RF and SVM performed robustly with different randomly selected
subsets of the dataset. The RF method holds the advantage over SVM that features
associated with the discrimination of the groups can be easily extracted and was thus
selected as method for the classification. Another reason for selecting the RF classifier is
that the method provides an unbiased estimate of the classification error named the "Out
Of Bag" (OOB) error. The development and computational implementation of the classifier

using supervised machine learning was performed by Dr. Shaojun Tang.

Other statistical methods

To test whether features differed across groups, the Kruskal-Wallis test was used, which
is a nonparametric multigroup comparison test, followed by Dunn’s multiple comparisons
test with adjusted p-value for comparison between two groups. All p-values were two-sided
and p<0.05 was considered significant (Fig. 3.2). FLEXITau peptide data was represented
as boxplots for each category, showing the median of all samples with boxes representing
25% and 75% percentiles, and whiskers 5% and 95% percentiles. For the analysis of 4R-tau
specific peptides, for each disease the average value of the three Exon 10 spanning peptides
was calculated and normalized by the average value of that particular peptide in ctrl. Data
is presented as average of the three peptides + /- relative error. Significance was analyzed
by ANOVA, followed by the post hoc pairwise Bonferroni test with adjusted p-value for
multiple comparisons. Analyses were carried out in Microsoft Excel (version 14.2.2), Prism
6.0 (GraphPad Software, La Jolla, CA) and the freely available software R (versions 3.2.1)
(http://www.r-project.org/) [215].

3.4 Results

3.4.1 Profiling of tau peptides identifies molecular signature of tauopathies

It is well established that pathological tau carries a large number of PTMs and that in
certain tauopathies, tau splice form homeostasis is perturbed [139, 292, 392, 477]. Thus
it was hypothesized that the pathological tau in each tauopathy presents with a unique
molecular composition (a signature), determined by its modification state and isoform
distribution [355], and that this signature can be used to distinguish between tauopathies.
However, identification and quantification of the different PTM states and splice forms of
tau is challenging even with the most advanced analytical methods due to the complexity
and molecular heterogeneity of tau. To circumvent this challenge, an alternative strategy
was employed, FLEXITau, an MS-based assay that measures the abundance of the portion
of tau peptides which are left unmodified, relative to heavy tau peptides from an isotope
labeled tau standard that is added to the sample. Using this method, one can accurately

infer the extent of modification on each endogenous tau peptide [288] (see section 3.3 for


http://www.r-project.org/

78 3 Quantitative Profiling of Tau PTM Signatures of Tauopathies

details).

To assess the PTM and splice landscape of tau in the various tauopathies, the FLEXITau
assay was used to profile the peptide landscape of tau from a total of 129 post-mortem
cortical brain specimens from 5 different brain banks including the following 5 diagnostic
groups: 28 AD, 29 PSP, 22 CBD, 21 PiD, and 29 non-demented controls (Table 3.1).
Insoluble tau was isolated by classical sarkosyl fractionation from each specimen and
processed using the FLEXITau workflow, which requires the addition of an isotope-labeled
heavy tau standard, followed by SRM analysis of the L /H peptide ratio. A total of 17 tau
peptides, which were quantified robustly in each patient sample across the entire cohort,
were selected for further analysis (see section 3.3 for details).

First the molecular characteristics of each disease was investigated (Fig. 3.2). The FLEXITau
data obtained by targeted SRM allows for the quantification of peptide modification extent.
Clear quantitative differences in the modification extent could be observed for all categories
(Fig. 3.2A). Tau from AD patients presented a distinct quantitative molecular signature
that was unique compared to all other categories. Amongst all diseases it displayed the
highest modification stoichiometry, particularly in the acidic region, the proline-rich region
and the C-terminal tail. When the significance of peptide modification extent from one
disease to other tauopathies was calculated, 75% of all AD peptide modification extent
were found to be significant from the other categories (p < 0.05) (Fig. 3.2B, first panel).
The two categories with the least difference from each other were PSP and ctrl samples,
with only two peptides whose modification extent was significantly different from each
other (Fig. 3.2B, second panel). It is important to note that these results also showed
that every single peptide has a different modification extent in two or more categories.
Analysis of the exon-10 spanning peptides revealed that both for CBD and PSP, these
peptides are significantly enriched in the insoluble tau, whereas for PiD, they are reduced
(Fig. 3.2C). This corroborates notion that CBD and PSP are so-called 4R tauopathies,
where exon 10-containing 4R-tau is preferentially incorporated into tangles, whereas PiD is
a 3R tauopathy, in which mostly 3R-tau accumulates.

The FLEXITau workflow also enables the absolute quantification of total tau present in the
analyzed samples independent of its modification state [288]. Absolute quantification of
tau in the insoluble tau samples showed that in AD, CBD, and PiD, the amount of tau was
significantly higher than in ctrl (Fig. 3.2D). PSP showed insignificantly higher tau levels
than control, but significantly lower levels than AD and CBD. AD contained the highest
amount of tau, with the majority of AD samples containing 5-10 times higher tau levels

than the samples of the other categories.

3.4.2 Mapping of PTMs in human insoluble brain-derived tau

Next possible PTMs associated with these samples were determined by creating a cumulative

PTM map. Using shotgun MS, 17 AD patients were analyzed, three of which were extensively
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Figure 3.2: Quantitative FLEXITau analysis reveals differences in modification
extents, isoform distribution and absolute amount of tau in tauopathies. Sarkosyl
insoluble tau from each category was subjected to the FLEXITau workflow involving the
addition of heavy isotope labeled tau to each sample and SRM analysis of light and heavy
peptides. A. Normalized light-to-heavy ratio of signal intensities for the 17 targeted peptides
was calculated for each sample. Shown is the median peptide modification extent for each
category, represented in a heatmap. B. For each category, the peptide modification extent
is compared to another category and the significance determined (Kruskal-Wallis followed
by pairwise Dunn’s multiple comparisons test). C. Mean values of 4R-tau specific peptides,
relative to ctrl values +/- relative error (significance determined by ANOVA followed by post
hoc pairwise Bonferroni). D. Absolute amounts of tau were determined using the FLEX pep-
tide as described in [288]. Tau levels were calculated as fmol tau per mg cortical brain wet
weight. Shown is average of the technical replicates for each sample (significance determined
by Kruskal-Wallis followed by pairwise Dunn’s multiple comparisons test).

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns = non-significant
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fractionated prior to analysis. The reason for choosing AD samples for the cumulative
map is twofold: 1) tau abundance in sarkosyl insoluble samples was much higher than
in any of the other diseases, facilitating the identification of PTMs, and 2) according
to current knowledge, so far all PTMs discovered in non-AD tauopathies have been also
identified in AD. In this analysis, a total of 74 PTMs were identified with high confidence
(Fig. 3.3). The PTM map included 31 phosphorylations, 10 ubiquitinations, 11 acetylations,

Ubiguitination (10 sites) I | ” l | I
Acetylation (11 sites) I I I | l l I

Glycosylation (6 sites) | | | | l |
\ I - [ RT RN R3 | RA \
acidic proline-rich MT binding c-tail

Figure 3.3: PTM map of AD insoluble tau. Cumulative PTM map derived by MS
shotgun analysis from the sarkosyl insoluble fraction of 17 AD patient samples, 3 of which
were extensively fractionated to increase sequence coverage. Bars represent sites occupied by
respective modifications. The sequence shown is 2N4R, with the exons prone to alternative
splicing marked in blue (exon 2, N1), red (exon 3, N2), and purple (exon 10, R2). Image
courtesy of Dr. Melissa Rotunno.

16 methylations and 6 glycosylation sites. Apart from phosphorylation that has its highest
frequency in the proline-rich region and the C-terminal tail, the other modifications cluster
in the microtubule-binding region. From the 74 mapped PTMs, 46 have not yet been
described before in human brain-derived tau. These include 11 novel acetylation and 6

novel ubiquitination sites.

3.4.3 Development of a computational classifier for tauopathies

Overall these analyses described above show that there are clear differences in the quantita-
tive peptide landscape of tau that arises from different modification stoichiometries and
isoform distribution of tau in these diseases, resulting in a molecular signature for each
disease. The next goal was to test whether these quantitative peptide features could be
used to accurately classify the disease categories. To this end the FLEXITau data was
used to construct a binary classifier for each disease category using a supervised machine
learning strategy (see workflow in Fig. 3.1). The patient cohort was divided into an in-
dependent training and test set, consisting of similar numbers of patients in each patient
group (Table 3.2). The process of supervised machine learning consisted of two phases, the
first phase was the training of the classifiers using the training dataset and the second is
the testing of the classifiers on the independent test set.

First, the samples in the training set were used to construct a binary classifier for each
chosen category that enables optimal separation of the case category (e.g. AD) from the
remaining "mixed" reference category (e.g. all non-AD). In order to remove the bias of

training with an unbalanced dataset, during the training process the reference category
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was down-sampled to create a balanced dataset with an equal number of samples in both
the case and reference category (Fig. 3.1). Different supervised machine learning methods
were tested (RF, Nnet, KNN, LVQ, LDA, and SVM). The methods performed similarly
for the dataset, with RF and SVM performing slightly better (Fig. 3.5 and supplementary
Table S2, for details see section 3.3). The Random Forest (RF) method holds the advantage
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Figure 3.4: Comparison of diagnostic performance of unsupervised learning
methods. Performance of RF, Nnet, KNN, LVQ, LDA, and SVM in correctly predicting
each category from all others within the training set was assessed by accuracy (A.) and
AUC (B.) of the ROC curve. Shown is the mean +/- SD after tenfold training with different
subsets of the reference categories for each disease category, and the average performance
over all categories of each method (gray). C. Classifier performance plotted in ROC space
(representative curves shown). Raw values are supplied in supplementary Table S1.

over Support Vector Machine (SVM) method as features associated with the discrimination
of the groups can be easily extracted and thus RF was selected for the analysis presented
here. Another reason for selecting the RF classifier is that the method provides an unbiased
estimate of the classification error named the "Out Of Bag" (OOB) error.

To maximize the performance of the RF classifier, the best number of features used to
build the decision trees was determined. In RF classification, peptides are selected based
on importance as features that can split the data into stable groups by building each
bootstrap tree (using random sampling with replacement). If features are highly correlated,
only a subset is needed to achieve good performance. A small number of features may
improve the performance and avoid overfitting. The number of peptides features required to
develop a robust classifier was tested by evaluating the performance of each classifier. The

average accuracy and AUC of the ROC curve for each patient group was calculated after
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ten iterations of training and testing on random subsets of the training set (Fig. 3.5). The
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Figure 3.5: Determination of optimal number of features for the RF decision
trees. Accuracy (A.) and area under the ROC curve (B.) after tenfold training and test-
ing of RF classifier on randomly chosen test sets with a predetermined maximum number of
splitter variables. Shown are the mean (4/- SD) for each condition and the average of all
conditions for each classifier (gray). C. Classifier performance plotted in ROC space (repre-
sentative curves shown). Raw values are supplied in supplementary Table S2.

robustness of the RF classification based on tau peptides is emphasized by minimal changes
in performance upon altering the number of features (on average, less than 1% SD, see
supplementary Table S2). Overall, limiting the number of features to 6 peptides minimized
variance while maximizing performance for each patient group and thus was used for the
remaining data analysis.

We next investigated whether the abundance of insoluble tau in each sample represents
an important feature that would improve the diagnostic performance of the classifier. To
this end, the absolute tau levels present in each sample were included as additional feature
into the feature set. The RF classifier was then retrained and tested, either including or
excluding this 18th feature. On average, the inclusion of the abundance feature led to a
decrease in both accuracy and AUC (reduction by 0.5% and 6.3%) (Fig. 3.6). The decrease
in performance was highest for the PSP category (reduction of AUC by 22.2%) and PiD
(reduction of AUC by 9.8%). When included, the abundance feature was chosen as feature
by all classifiers with the exception of CBD (supplementary Table S3). As no improvement
in performance was observed, for the final model the abundance feature was not included
in the feature set.

This final optimized RF classifier was then trained using the entire training set of 68 patients



3.4 Resu

Its

83

A

Accuracy

100%

80%

60%

40%

20%

0%

C

1.0

06 0.8
L

True positive rate

[

I

(PSP)(CBD) (PiD] (ctrl ) (ave

Abundance excluded

T T T
04 0.6 0.8 1.0
False positive rate

Abundance

m excluded

O included

Octrl
BPID
ECBD
EPSP
BAD

B

100%

80%

60%

40%

20% -

0% -

D

06 08 1.0

True positive rate

0.2
L

0.0
L

0.4
!

AUC

- ctrl J|ave

Abundance included

T T T T
0.0 0.2 0.4 06 0.8 1.0
False positive rate

Abundance
B excluded

O included

Octrl
BPiD
BECBD
BPSP
BAD

Figure 3.6: Evaluation of absolute abundance of tau as diagnostic feature. Per-
formance of the RF classifier was evaluated upon inclusion of abundance of as additional
feature into the feature set and accuracy (A.) and AUC (B.) were determined. Performance
of each classifier in ROC space upon exclusion (C.) and inclusion (D.) of the abundance
feature. Raw values are supplied in supplementary Table S3.

samples. The best OOB error rate achieved for this training data set was 1.5% for AD,

while the average OOB error rate was 8.3% (Fig. 3.7A; out of bag error - an estimate of

the error rate for RF supervised learning). This trained classifier was then applied to the

independent test cohort of 61 patient samples (see Table 3.2). In contrast to the training set,

which contained validated cases with typical pathological features, the test set contained

patient specimens received from the brain banks without any exclusion criteria. As such, it

Table 3.3: Initial diagnostic performance of optimized classifier on independent
testing sets. Table showing diagnostic performance of Random Forest trained with on the
entire training set and applied to the entire independent test set, including asymptomatic
and atypical samples.

Performance (%) OOB  Accuracy Sensitivity Specificity =~ AUC
AD Train 1.5 86.9 78.6 89.4 84.0
PSP Train  16.6 70.5 50.0 76.6 63.3
CBD Train 9.6 934 80.0 96.1 88.0
PiD Train 5.2 86.9 55.6 92.3 73.9
ctrl Train 8.7 82.0 85.7 80.9 83.3
ave Train 8.3 83.9 70.0 87.0 78.5
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included samples with less confident diagnoses, diagnoses dating back more than a decade,
and brains displaying mixed dementia (see section 3.3 for details). These samples were
included at this stage of testing to determine if the classifier could detect heterogeneity at
the molecular level or perhaps determine a conclusive diagnosis. A summary of the initial

classification results is presented in Fig. 3.7 and Table 3.3.
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Figure 3.7: Performance of RF classifiers on the test set and identification of
misclassified samples. A classifier based on the random forest method was trained for
each disease group using the entire training set and its performance assessed on the entire
independent test set. A. OOB accuracy, accuracy and AUC. B. Specificity and sensitivity.
C. Performance in ROC space. D. Summary of all re-classified samples. Unexplained cases,
red; explained cases, green; ctrl cases that were assigned to PSP, orange.

3.4.4 Detection of co-pathologies and misdiagnoses

Overall, 16.1% of the samples (31 cases total) were assigned to a category other than that
of their primary diagnosis (FP) and/or were not assigned to the category of their primary
diagnosis (FN) (supplementary Table S4 and S5). 15 of these cases were not assigned to
the category of their primary diagnosis but to another one (FP and FN). In 13 cases, the
primary diagnosis was confirmed but the sample was also assigned to another category
(FP only) (i.e. samples were selected by two classifiers). 3 samples were not selected by
any of the classifiers (FN only). To determine if these FP and/or FN assignments had

underlying pathologies that were not explained by the primary diagnosis, the outcome
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from the classifiers was cross-referenced with pathology reports and clinical information,
if available and followed up with the neuropathologists at each brain bank. Remarkably,
for more than half of these specimens (17 cases) the classification by the model could be
explained by underlying pathological characteristics or other reasons (see supplementary
Table S4 and Fig. 3.7D, green). We categorized these samples into three groups, which are
summarized below. 1) Co-occurring pathology (5 cases): Several samples were assigned
as AD by the AD classifier although their primary diagnoses were PSP (1 case) or PiD (4
cases); for all 5 cases the pathology reports described evidence of overlapping AD pathology
(4 cases) or family history of AD (1 case). This result corroborates the accuracy of the
diagnosis by the AD classifier as notably for the other 101 non-AD cases no evidence
of AD was described in the pathology reports. Remarkably the 4 PiD cases were also
recognized by the PiD classifier, and the pathology reports also describe typical PiD features
(Fig. 3.8A and 3.8B). 2) Asymptomatic or atypical pathology (this group comprises several
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received as: classified as: received as: classified as: received as: classified as: received as: classified as:
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Figure 3.8: Schematic for the re-categorization of mis-assigned cases A. Comorbid-
ity: 3 PiD cases were classified as PiD and as AD by the RF classifiers. Pathology reports
show that all three cases had AD co-pathology that was insufficient according to CERAD
criteria (Cases 2, 3 and 4 in supplementary Table S4). B. Comorbidity: 1 PSP case that
was not recognized by the PSP classifier was instead classified as AD by the AD classifier.
Pathology report lists early AD as secondary diagnosis (Case 1 in supplementary Table S4).
C. Spared cortex: Several PSP cases provide evidence of cortical area being spared by tau
pathology (e.g. Case 12 in supplementary Table S4). D. Misdiagnosis: One case diagnosed
as PSP with unusual severe pathology was classified as CBD, which was confirmed after re-
evaluation by the pathologist using current immunohistochemistry techniques (Case 17 in
supplementary Table S4).

Green tickmark, diagnosis confirmed; red cross, diagnosis proven wrong; red bar, sample not
assigned to category.

types of samples, 11 cases total): For several samples whose primary diagnosis was not
recognized by the respective classifier (5 PSP cases and 1 PiD case) "cortical sparing" was
described in the reports or stated upon re-evaluation of the samples by the pathologist, i.e.
missing pathological hallmarks in the brain region received for this study, thus explaining
this result (Fig. 3.8C). For additional three cases that were reassigned by the classifiers
to another disease group, the final pathological diagnosis was stated to be not definite
or atypical (1 AD, 1 PSP, 1 PiD). One other PiD case that was assigned to ctrl instead
of PiD turned out to be a tau-negative FTD case, positive for TDP-43 (FTD-TDP-43).

Furthermore, a ctrl case that was not recognized as control by the ctrl classifier, reported
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a recent history of dementia, suggesting that the classifier picked up tau-related changes
in the brain of this individual. This shows the sensitivity of the classifier, as this was
the only ctrl case with evidence of dementia in the cohort. 3) Wrong diagnosis (1 case):
Finally, a PSP case that was classified as CBD by the CBD classifier was re-evaluated using
current immunohistochemistry techniques and this case was re-diagnosed as CBD by the
pathologist (personal communication with JC Hedreen, McLean) (Fig. 3.8D). Overall, these
results corroborate the specificity and sensitivity of the classifiers enabling the detection of
comorbid pathologies and the reclassification of misdiagnosed samples.

Of the remaining 45% of reclassified specimens (14 cases), half were ctrl cases that were
inaccurately classified as PSP by the PSP classifier, while being correctly being classified as
ctrl by the ctrl classifier (supplementary Table S5 and Fig. 3.7D, orange). These findings,
in combination with the relatively high OOB error rate for the PSP test set compared to
the other categories, led to the conclusion that the cause for these mis-assignments was the
performance of the PSP classifier. Possible causes for this low performance are elaborated

in section 3.5.

3.4.5 Performance of the computational classifier on the testing set

To accurately assess the performance of the classifiers, the trained classifier was re-applied
to the test set after 1) assigning two different categories to the cases where co-occurring
pathologies were described in the pathology reports (5 cases), 2) excluding the cases with
asymptomatic or atypical pathology (11 cases), and 3) assigning the correct diagnosis
for the misdiagnosed case (1 case) (supplementary Table S4). Diagnostic performance of
the AD classifier was highest, with an accuracy of 96.0% (88.9% sensitivity and 100.0%
specificity) (Fig. 3.9 and Table 3.4). Both the CBD and the ctrl classifier achieved an

Table 3.4: Final diagnostic performance of optimized classifier on independent
testing sets. Table showing diagnostic performance of RF trained with on the entire train-
ing set and applied to the independent test set after excluding the cases with asymptomatic
or atypical pathology (11 cases), assigning two different diseases to the cases where comor-
bidity was described (5 cases) and assigning the corrected diagnosis for misdiagnosed cases (1
case) (Fig. 3.7 and supplementary Table S4).

Performance (%) OOB Accuracy Sensitivity Specificity =~ AUC

AD 1.5 96.0 88.9 100.0 94.4
PSP 16.6 80.0 71.4 81.4 76.4
CBD 9.6 94.0 81.8 97.4 89.6
PiD 52 92.0 83.3 93.2 88.3

ctrl 8.7 94.0 92.3 94.6 93.5
ave 8.3 91.2 83.6 93.3 88.4

accuracy of 94.0%, with a sensitivity of 81.8% and 92.3%, and a specificity of 97.4% and
94.6%, respectively. PiD achieved an accuracy of 92.0% (sensitivity of 83.3% and specificity
of 93.4%). The performance of the PSP classifier remained the lowest with 80.0% accuracy
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(71.4% sensitivity and 81.4% specificity).

Finally, the selection of peptides that were used by the classifiers to distinguish the disease
categories was examined. As described above, for each binary classifier that was built, a
distinct subset of 6 peptides was selected out of the 17 tau peptides. Of the 17 peptides, 5
peptides were not used by any classifier (Fig. 3.9D). From the remaining 12 discriminating
peptides, 4 peptides were unique to one of the classifiers, suggesting that these peptides
carry important disease-specific information. Notably, 3 out of these 4 peptides were located
in the acidic n-terminal region of tau, including exon 2 and 3, which can be alternatively
spliced. The other 8 peptides were shared among the classifiers, indicating that these
peptides harbor characteristic information that discriminate several of the disease groups
from each other. The majority of these peptides is located in the repeat region of tau, a

region that harbors exon 10, the third exon prone to alternative splicing.

3.5 Discussion

We exploited a well-known common pathological hallmark of tauopathies, the abnormal
tau deposition, to identify and stratify this group of neurodegenerative diseases. Based on
reports of disease-specific modifications and reported differences in splice form homeostasis,
it was hypothesized that the molecular nature of tau may show disease specificity. The
analyses using post-mortem cortical brain tissue from patients included subjects with AD,
CBD, PSP, and PiD as well as non-demented control subjects. To identify this molecular
signature from these diseases, a targeted FLEXITau SRM strategy was used to profile
the peptide landscape of tau in a total of 129 post-mortem brain samples. These data
included identification and quantification of specific tau peptides that provided a unique
molecular readout of tau across the tauopathies in this study (Fig. 3.2). In addition, the
associated modifications were identified, producing the most comprehensive PTM map of
tau in diseased tissue. The FLEXITau data were then used to build and test a diagnostic
classifier for each disease group. A supervised RF machine learning method was trained on
a well-characterized group of patients and subsequently tested on a highly heterogeneous,
independent test set.

Cases identified by more than one classifier and those that did not match the primary
diagnosis in the pathology reports were evaluated by referencing pathology reports and
clinical data, if available, and by personal correspondence with neuropathologists at each
brain bank. This analysis showed that the majority of these mis-assigned samples fell
into three categories 1) mixed pathology - pathological features of two tauopathies were
noted, 2) samples with uncertain diagnosis or with spared pathology in the region of the
cortex analyzed - this was common for PSP, and 3) samples that were reclassified and
confirmed. To obtain an accurate assessment of the classifiers, cases presenting uncertain
or asymptomatic pathologies were excluded and cases with co-occurring pathologies were

assigned to two categories. The final classification achieved an accuracy of 96.0% for AD
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Figure 3.9: Performance of RF classifiers on the test set and identification of
best discriminating peptide features. A classifier based on the RF method was trained
for each category using the training set and its performance assessed on the independent test
set. Explained misclassified cases were removed (Fig. 3.7D and supplementary Table S4).
A. OOB accuracy, accuracy and AUC for each category and the average of all categories.
B. Specificity and sensitivity for each category and the average of all categories. C. Perfor-
mance of all classifiers in ROC space. D. Discriminating peptide features for each classifier
(bottom), and accumulative count (top), shown in a heat map representation. Peptides are
mapped to a schematic of 2N4R tau; alternatively spliced exons 2 (N1), 3 (N2) and 10 (R2)
are shown in blue, red, and purple.

and 94.0% for both CBD and ctrl, while PiD had an accuracy of 92.0% and PSP 80.0%
(Fig. 3.9 and Table 3.4).

These analyses show that AD patient tau possesses a distinct quantitative molecular
signature that resulted in 100% specificity of the AD classifier (Fig. 3.2 and Fig. 3.9B).
Interestingly the AD classifier also recognized 5 cases where the primary diagnoses were
either PiD (4 cases) or PSP (1 case). The pathology reports of these samples were investi-
gated to better understand these results. One of the PiD cases had a family history and
clinical evidence of AD, while the pathology of the three remaining PiD cases indicated
clear AD pathology (neuritic plaques, flame-like NF'Ts). The PSP case stated evidence of
"early" AD. None of the remaining 101 non-AD cases documented evidence of AD pathology
in addition to the primary underlying diagnosis. This indicates that the developed AD
clagsifier is highly sensitive to AD co-morbidity and may recognize AD in its early stages,
thus suggesting amending current diagnostic criteria. Importantly, all 4 PiD cases were

correctly identified as TP with the PiD classifier, indicating that the performance of the
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PiD classifier is not hampered by the co-existing AD. These results exemplify that the
combination of individual classifiers serves as a powerful tool to detect co-pathologies.
CBD is a disorder that is clinically heterogeneous presenting with various clinical syndromes.
Corticobasal syndrome (CBS), the classical clinical manifestation of CBD, is neither pre-
dictive nor specific for CBD pathology. Efforts are being made to improve CBD clinical
diagnosis clinically and recently new consensus criteria were established, however these were
reported as unspecific and not sensitive to early CBD [14, 24, 337]. In fact, CBS is more
likely to be caused by a pathology other than CBD, e.g. PSP, AD, PiD, or is unrelated
to tau when evaluated post-mortem [63, 273, 443]. At a neuropathological level, diagnosis
of CBD is complicated by the heterogeneity and variability of tau pathology, as well as
overlapping pathological features with other tauopathies [149, 432, 445]. In particular,
CBD and PSP have recently been suggested as being part of a clinicopathological disease
spectrum, as these disease groups show similar clinicopathological features, i.e. both present
with neuronal, oligodendroglial, and astrocytic lesions immunoreactive for 4R tau, which
may make a correct classification difficult [120, 233, 445, 464]. Considering these issues, it
is noteworthy that in this analysis the only 2 FP cases recognized by the CBD classifier in
the test set were 2 PSP cases, consistent with the suggested molecular overlap of these two
diseases. No other non-CBD patient (out of 51 total) was misclassified as CBD, resulting in
excellent specificity (97.4%). These results highlight the power of using the tau peptide
signature to accurately differentiate heterogeneous, overlapping disease phenotypes.

The classic form of PSP is Richardson’s syndrome, also known as Steele-Richardson-
Olszewski syndrome; however, similar to CBD, several clinical variants fall under pathologi-
cally defined PSP. Defining a classifier for this disease is challenging for multiple reasons:
First of all, studies of PSP have reported relative sparing of cerebral cortex in typical PSP
cases, both in terms of atrophy and tau pathology [431]. Furthermore, each variant of
PSP has variations in the type of tau lesion, the load of tau and the distribution of tau
pathology [72, 206, 351, 431, 440, 464]. For example, the "brain-stem predominant" atypical
PSP presents with significantly lower pathological tau burden in cortical regions, especially
temporal and parietal lobes [124, 229, 445, 460]. In contrast, the "cortical predominant"
atypical PSP (which often present with clinical presentations of CBS) displays greater
cortical tau pathology compared to typical PSP [431]. The variability in tau burden might
not only explain difficulties in developing a PSP classifier based on cortical tissue, but may
also explain why the addition of tau abundance into the feature set failed to improve the
performance of the classifier. Given these issues, it was surprising that the PSP classifier
achieved an accuracy as high as 80%. To confirm that the underlying performance was
affected by the tau load, the severity of tau pathology was investigated using the pathol-
ogy reports and follow-up silver staining and immunohistochemistry analyses of tissue in
the parietal cortex used in this study (personal communication with neuropathologists
JC Hedreen, McLean and WW Seeley, UCSF). The majority of misclassified PSP tissue

samples showed evidence of the cortex as being spared of tau pathology, suggesting that the
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tau analyzed in the assay was closer to normal tau than pathological tau. In conclusion,
the classifier was trained and applied on a heterogeneous set of samples including those
with "normal" tau in this region. Given this issue, it is plausible that the PSP classifier
also recognizes ctrl cases as PSP. A focused FLEXITau study of PSP variants would be
extremely informative and important to understanding the disease. This study would
investigate the different regions of the brain in different variants of PSP patient tissue in
statistically relevant numbers to map the regions of the brain with respect to tau pathology
and molecular signature.

Interestingly, of all classifiers, the ctrl classification clearly achieved the highest sensitivity
of 92.3%. This reflects the ability of the ctrl classifier to confidently predict true positive
ctrl cases. The excellent sensitivity of the ctrl classifier provides evidence that tau found in
ctrl patient tissue has unique molecular properties that distinguishes it from pathological
tau. The characterization of the distinct molecular entities (i.e. particular modifications)
responsible for the discrimination of controls from diseased cases may yield valuable insights
for developing tau-directed therapeutic strategies against tauopathies, such as immunother-
apy approaches [344, 479).

Several bioinformatics models were explored for the construction of a classifier to distinguish
each disease class. All tested algorithms obtained accuracies of 75 - 85% in separating the
diseases (Fig. 3.4 and supplementary Table S1). The RF tree model was selected not only
because it was superior in performance but also because it is intuitive to interpret. In RF,
the features used in the classifier are easily attainable, compared to classifiers built on neural
networks and support vector machines that require deconvolution steps for identification
of relevant features. In the present study, the best number of features to construct each
decision tree was 6 peptides (Fig. 3.5 and supplementary Table S2). It is important to note
that the majority of discriminatory peptides are shared amongst the classifiers, indicating
that the assay is able to measure a distinct quantitative pattern of each peptide, rather than
assessing binary states (on/off). This allows for three possible scenarios of the modification
landscape on each peptide in tauopathies 1) the same modification(s) is/are present in each
disease, but at different stoichiometries, 2) the same modifications are present with similar
stoichiometries, but additional unique modifications exist, and 3) different modifications
are present in each disease with specific stoichiometries.

In sum these results demonstrate that tauopathies with distinct histopathologies carry
different pathological tau species with unique molecular signatures that can be measured
by the FLEXITau assay. A particular combination of the peptide features can be used to
distinguish between these diseases. One can speculate that the developed classifiers recognize
a mix of PTMs and isoform distribution characteristic for each condition. Although it is
plausible that these differences emerge from modifications unique for each disease, it cannot
be excluded that they underlie common modifications present in all tauopathies that exhibit
distinct stoichiometry, strongly undermining the need for quantitative analyses of tau, as

exemplified here by the use of FLEXITau. Further studies are warranted to identify the
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tauopathy-specific PTMs that are responsible for the differentiation between the diseases.
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Table S1: Diagnostic performance of several supervised machine-learning meth-
ods. Table showing diagnostic performance of RF, Nnet, KNN, LVQ, LDA, and SVM in
correctly predicting each category from all others was assessed by accuracy (ac) and area
under the curve (AUC) of the ROC curve. Mean value and SD of ten models (trained with
different subsets of the reference category) are listed for each disease category.

Classifier RF Nnet KNN va LDA SVM average
Performance ac (%) ’E‘E/i‘): ac (%) ’?,E/Jo? ac (%) ’?;i(): ac (%) ’?(';/ff): ac (%) ’?ﬁi‘f ac (%) ’zﬁ/i(): ac (%) ’?ﬁjo‘):
mean | 89.2 930 | 862 905 | 851 902 | 852 903 | 804 818 | 917 945 | 863 90.1
s 43 28 | 62 41| 57 37| 49 32| 94 100|141 07| 39 44
mean | 762 773|720 730|743 759|734 735|663 671|778 782|733 742
PP e 28 48 | 120 73|29 67|58 75|77 94|39 51| 40 40
mean | 918 917 | 925 922|704 829|813 892|779 872|918 882 | 843 886
“8% o 43 37 | 17 52 | 149 86 | 140 81 | 69 40 | 13 58 | 92 34
_ mean | 793 508|794 597|728 624|775 637|673 536|780 57.3 | 757 594
" s 36 67| 39 95| 40 43 |58 75|74 10|39 64 | 47 36
mean | 865 862 | 87.8 875 | 815 87.5 | 805 843 | 836 767 | 846 837 | 841 843
“ s 51 31 | 64 68 | 44 24 |65 51|48 77|63 64| 28 40
mean | 846 816 | 835 806 | 768 79.8 | 79.6 802 | 751 733 | 847 80.4 | 807 793

average
SD 40 42 | 60 66 | 64 51|74 63|72 84|33 49| 42 30
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Table S2: Optimization of number of split features in RF classification. Table

showing diagnostic performance of RF trained with distinct number of split variables for
the decision trees. Mean and SD of ten models (trained with different undersampled subsets
of the reference category) are shown for each disease category.

Number of splitter

variables 3 4 5 6 7 8 9 average
Performance ac (%) ”(‘ﬁ/ff); ac (%) ’?ﬁ/ff); ac (%) ’?ﬁ/ff); ac (%) ’?ﬁ/ic); ac (%) ’?ﬁ/ic); ac (%) ’?ﬁ/ic); ac (%) ’?ﬁ/ic); ac (%) ’2‘(5/1)0
mean | 933 944|918 943|928 953|921 947 | 916 943 | 918 945 | 918 945 | 922 946

" e 26 42|28 28|31 20|30 16|31 17|31 16|32 17| 06 04
mean 781 76.1 789 773|784 770|792 777|785 777|778 769|782 772|784 771

PSP e 42 42 |39 33|27 23|44 48|27 23|43 41|30 20|05 06
mean | 791 86.0 | 861 866 | 86.6 907 | 87.6 91.1 | 883 903 | 87.5 909 | 87.9 631|862 89.3

%0 w0 168 182 | 119 185|119 68 | 63 69 | 65 75|61 69| 67 100| 32 23

_ mean |790 631|796 640|787 612|789 602|781 59.4|77.8 589|782 592|786 61.1
P s 66 100| 45 89 | 33 63| 27 39| 28 53|35 54|38 63|06 21
mean | 89.0 87.2 | 89.6 881 | 893 880 | 893 879|894 881|898 884|894 878|894 87.9

“ s 62 29 | 47 20|39 21|41 20|39 21|40 20|46 28|02 04
mean | 837 814|852 821|852 825|854 823|852 820|849 819|851 763|849 820

™ s 73 79 |56 71|50 39|41 39|38 38|42 40| 43 46| 06 04




94 3 Quantitative Profiling of Tau PTM Signatures of Tauopathies

Table S3: Evaluation of absolute abundance of tau as diagnostic feature. Table
showing diagnostic performance when absolute abundance of tau in each sample is included,
or excluded as 18th feature. The six split features chosen by the RF classifier in each cate-
gory are shown in the order of descending importance.

Performance Chosen features (descending importance)
Abundance ac AUC
feature: (%) (%) L 2 8 4 5 6
excluded 933 956 17 14 8 3 10 9
AD
included 92.1 94.9 14 18 17 13 8 10
excluded 83.1 84.0 15 12 8 13 1" 3
PSP
included 79.8 654 18 15 12 13 7 11
excluded 93.3  89.1 5 13 12
CBD
included 955 86.9 12 5 11 9 13 7
excluded 83.1 72.6 13 12 9 17 14 5
PiD
included 809 654 13 17 18 9 12 14
excluded 91.0 89.2 17 14 13 8 10 2
ctrl
included 93.3 90.7 17 14 10 13 18 7
excluded 94.4 86.1
ave
included 935 80.6
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Table S4: FN and/or FP assignments in the test set that were explained by un-
derlying pathological characteristics. For the final testing, samples with confirmed
co-occurring pathologies were re-assigned to both categories. Misdiagnosed samples were
re-assigned to the correct category. Samples with asymptomatic or atypical pathologies were
excluded from the final testing. TDP-43, TAR DNA-binding protein 43; ICH, immunohisto-

chemistry

Coe Cale T e rp TN DSOS Gopmaion  Hypohesiod degoss s
1 PSP Harvard yes yes AD early AD as S;Z(ép]gzg pathological co-occurring pathology PSP+AD re-asg;gn to
2 PiD UCLA no vyes AD AD pathological changes co-occurring pathology AD+PiD re-as:iﬁn to
3 PiD UCLA no yes AD AD pathological changes co-occurring pathology AD+PiD re-abszi?]n to
4 PiD UCLA no yes AD AD pathological changes co-occurring pathology AD+PiD re-asziﬁn to
5 PiD Miami no yes AD cause of death er?igtsctjyge AD and family co-occurring pathology PiD+AD re-at?ziﬁn to
6 AD UCLA vyes yes PSP "probable" Algétr:(i)rllci)rgjl to mild NFT uncertgiigg%aotgizlogical PSP exclude
7 PSP UCLA no yes ctrl atypical uncertain gprﬁ:i‘;"’gica' PSP exclude
8 PiD UCLA yes yes PSP, ctrl no Picks boc:sﬁdc;rnigyﬂ;:rtge”gpathological uncertziiggpna;:glogical non-tau FTD exclude
9 ctrl UCLA yes no - recent history of dementia contrcgemgnrt?;oned tauopathy exclude
10 PiD  Miami yes yes ctrl TDP-43 positive non-tau case FTD-TDP (TDP-43) exclude
1" PSP UCLA yes vyes ctrl no pathology in parietal cortex spared cortex PSP exclude
12 PSP Harvard yes yes PiD, ctrl no NFTs in BA39 spared cortex PSP exclude
13 PSP Harvard yes no - no NFTs in BA39 spared cortex PSP exclude
14 PSP Harvard yes yes ctrl no NFTs in BA39 spared cortex PSP exclude
15 PSP UCLA no yes ctrl spared cortex spared cortex PSP exclude
16 PiD Harvard yes yes PSP rare to sparse Piﬁ]l;sicl;?g;es, family history spared cortex PiD exclude
17 PSP Harvard yes yes CBD unusually severe. Reevaluation by IHC wrong diagnosis CBD re-assign to

CBD
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Table S5: Misclassified samples in final testing (FN and/or
misclassification is given.

FP). Probable cause of

Cise %it;_ Brainbank EN FP Cal:;i(;y: Details from pati:?;?r%);trizzorts and clinical Explanation H)g?;)g;;ssiizsed
1 ctrl Harvard yes yes PSP - unexplained ctrl
2 ctrl Harvard no yes PSP - ctrl TP in ctrl classifier ctrl
3 ctrl Harvard no yes PSP - ctrl TP in ctrl classifier ctrl
4 ctrl UCLA no yes PSP - ctrl TP in ctrl classifier ctrl
5 ctrl UCLA no yes PSP - ctrl TP in ctrl classifier ctrl
6 ctrl UCLA no yes PSP - ctrl TP in ctrl classifier ctrl
7 ctrl UCLA no yes PSP - ctrl TP in ctrl classifier ctrl
8 PSP UCLA yes yes CBD - potential misdiagnosis PSP
9 CBD Maryland yes yes PSP, ctrl - potential misdiagnosis CBD
10 AD UCLA yes yes ctrl "definite AD" unexplained AD
11 AD UCLA yes vyes PiD "definite AD" unexplained AD
12 PiD Harvard yes no no FP many Picks bodies unexplained PiD
13 CBD Maryland yes yes PiD - unexplained CBD
14 ctrl Harvard no yes PiD - unexplained ctrl



4 Discussion

Tau is a protein abundant in neuronal axons where it localizes to and stabilizes microtubules
(MTs). It has received increased attention in the last years due to its link to a group of
neurodegenerative diseases called tauopathies, with the most prevalent being Alzheimer’s
Disease (AD). A common hallmark in the pathogenesis of these conditions is the aggregation
of excessively phosphorylated and otherwise modified tau protein into filamentous and/or
fibrillar structures inside neuronal and glial cells in the brain.

The diversity and number of tau post-translational modifications (PTMs) is large; more
than a dozen different types of modifications have been described. Over 70 sites have
been identified for phosphorylation alone, and more than half of these are implicated in
disease (see also section 1.3.4). Although the advance in current technologies, in particular
mass-spectrometry (MS)-based strategies, enabled the mapping of many tau PTMs, it is
not known which sites are relevant to disease, as information pertaining to function cannot
be inferred by these qualitative analyses. Furthermore, not all PTMs are detectable using
current workflows.

To overcome these limitations a quantitative method was developed that can accurately
quantify the tau PTM landscape and even point to modifications that are not detected
using common workflows. As proof of principle, this method was used to measure the
stoichiometry of highly phosphorylated tau expressed in a cellular model system, as well as
of insoluble tau from AD patient brain (Chapter 2). Its power was then further illustrated
by application to the study of tau PTMs in several other tauopathies, where specific PTM
features were utilized to develop a diagnostic tool to differentiate these diseases (Chapter 3).

Below the results and implications of these two studies are discussed.

4.1 Development of FLEXITau and proof of principle

The goal of the first study was to design a method that enables a quantitative, unbiased
modification analysis of tau. Based on the MS-based FLEXIQuant strategy [401], the
FLEXITau assay was designed which, rather than aiming for identification of specific
PTMs, measures unmodified peptide species of the endogenous sample relative to a heavy
peptide from an isotope-labeled tau standard. The key advantage herein is that a limitless
number of modification sites can be studied, without requiring prior information about the
number and types of modification present. To maximize reproducibility and sensitivity, the

selected reaction monitoring (SRM) acquisition method was implemented, resulting in a
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highly sensitive, robust assay that can measure tau peptides down to attomolar quantities
(section 2.4.2, Fig. 2.3).

Quantitative PTM profiling of "hyperphosphorylated" tau

As a proof of principle experiment, the FLEXITau assay was employed to analyze human
tau expressed in Sf9 insect cells, a cellular expression system that generates tau in a distinct
and highly phosphorylated state [419]. Incubation of Sf9 cells with phosphatase inhibitors
prior to cell harvesting results in an even higher state of phosphorylation. These tau species
are herein termed P-tau and PP-tau, respectively. Using the FLEXITau approach, the
precise phosphorylation state of Sf9 P-tau and PP-tau was assessed. In combination with
traditional data-dependent acquisition (DDA) analyses, over 20 phosphorylation sites were
mapped and the corresponding stoichiometries calculated (section 2.4.6, Fig. 2.7). For tau
peptides that harbor multiple phosphorylations, as is the case for the densely phosphorylated
proline-rich region, a consecutive approach was taken to extract site occupancies for each
site. Altogether, this data showed that most of the phosphorylation sites present with low
stoichiometries. Furthermore, the completeness of this data enabled the measurement of
average moles of phosphates per moles of tau by calculating the polynomial probability
distribution of how many sites are phosphorylated at a given time. These results showed
that on average, each molecule of P-tau carries 7 phosphates, whereas PP-tau carries 8
(section 2.4.7, Fig. 2.8).

Overall, the Sf9 P-tau and PP-tau species showed little difference in extent of phospho-
rylation, as well as number of sites per molecule. This is in contrast to previous studies,
which reported that P-tau and PP-tau carry an average of 12 and 20 phosphates, respec-
tively, using MALDI-TOF MS [419]. The discrepancy to the results presented here may
be explained by the limited accuracy of low-resolution MALDI-TOF analyses, and by the
lack of a labeled standard for the different phospho-protein species [342]. The FLEXITau
assay, in contrast, provides accurate quantification due to the use of an internal standard
for each peptide. On the other hand, it has to be kept in mind that the FLEXITau assay
covers 75% of the amino acid sequence of tau - hence the FLEXITau calculation may
underestimate the total number of phosphates present on tau, as one cannot exclude the
possibility of additional phosphorylated residues in the undetected sequence. Additionally,
a multimodal distribution of tau with differing numbers of tau modifications may exist.
To characterize this, information for site-specific dependencies (e.g. phosphorylation on
site X only occurs when site Y is phosphorylated) should be included in the probability
analysis. Combinatorial PTM patterns can be deduced using complementary top-down MS
[191, 403].
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Using FLEXITau to measure the PTM landscape of human AD-tau

The FLEXITau assay was then used to study the extent of modification on insoluble tau
derived from post-mortem AD brain tissue (AD-tau). Many PTMs have been described for
tau aggregates from AD brain, and the existing literature was compiled to map PTMs to
the quantitative FLEXITau data. This enabled a comparison of the AD-tau PTM landscape
to that of Sf9-tau in a qualitative and quantitative manner (section 2.4.8, Fig. 2.9). These
results show that FLEXITau is well suited not only for the analysis of purified tau from
in vitro systems, but also for the analysis of complex biological samples, and the precise
comparison of two tau species. As such it represents a powerful tool to investigate tau
PTMs in a wide range of biological settings. Notably, the sensitivity of the assay, paired
with the targeted (i.e. non-stochastic) measurement of tau peptides, allows for the analysis
of samples in which tau is less abundant, avoiding the need of enrichment. Importantly, in
order to maintain maximum sequence coverage, it is recommended to inject more than 2
femtomol of tau per MS run (section 2.4.2, Fig. 2.3).

Phosphorylated tau from Sf9-cells has been described as being "AD-like" due to 1) the
generally high number of phosphorylation sites that were identified and 2) a pattern of
phosphorylation similar to AD-tau, visualized by so-called AD-diagnostic antibodies, such as
AT8, AT100, AT180, 12E8 and PHF1 (see also section 1.3.4, 1.6) [54, 419]. As such, it has
been used as a model system for pathological tau, for instance to investigate the relationship
of tau hyperphosphorylation and aggregation [419, 489]. These studies concluded that
even high states of phosphorylation do not lead to aggregation. The FLEXITau analysis
confirmed that Sf9-tau is highly phosphorylated at specific sites, in particular the proline-rich
region, including sites recognized by the commonly used AD-diagnostic antibodies listed
above (Fig. 2.7). However, the FLEXITau data showed that the overall modification extent
of Sf9-tau is considerably lower than that of AD-tau aggregates, especially in the C-terminal
acidic region and the MT-binding domain. This may indicate that the phosphorylation
extent in Sf9 is not sufficient to mimic the state of AD-tau. Furthermore, in addition to the
23 phosphorylation sites mapped on Sf9-tau, more than 20 other phosphorylation sites have
been described for AD-tau, whose relevance in respect to aggregation is neglected when
using the Sf9 model system. Finally, the data showed that other types of PTMs, such as
acetylation, are located in regions that showed the biggest difference in modification extent
when comparing AD-tau to Sf9-tau, indicating that these may contribute to aggregation,
as supported by previous studies [98, 303]. Overall one can conclude that the Sf9 possibly
represents a model for particular phosphorylation sites in the proline-rich domain, however
it is limited as a general model system for pathological tau. These findings indicate that
restricting the PTM analysis of tau to few sites or to phosphorylation only can be misleading
as an incomplete picture is generated. Altogether this corroborates the usefulness and even
necessity of a global unbiased assay such as FLEXITau when assessing the PTM state of

tau from a model system as a proxy for disease.
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Conclusions and outlook

The application of the FLEXITau assay to the Sf9-tau and the AD-tau exemplifies several
key advantages of this method over existing strategies to analyze tau PTMs. First of all,
because FLEXITau provides a global, complete picture of the PTM landscape, one can use
the quantitative data as a signature to compare different species to each other in a very
precise manner. The major improvement of FLEXITau, in particular when complemented by
DDA analyses, is that tau modifications are identified both on a qualitative and quantitative
level, and additionally the number of occupied sites per molecule can be determined. Thus
FLEXITau delivers information on three levels: 1) how many and what sites are present
2) to what extent are they modified, and 3) what is the average number of modified
moieties. The results also highlight that a reliable detection of a particular phosphorylation
site by traditional DDA analyses poorly reflects its abundance, and that quantification is
indispensable. For example, phosphorylation on T175 was identified with high confidence,
while FLEXITau revealed the extent of modification being only 2-3%. Reversely, the
completeness of the quantitative data obtained can also point towards the presence of
modifications although none is identified with the complementary DDA shotgun analysis.
For example, this study revealed that the acidic N-terminal tail of Sf9 tau is modified to a
high extent (approximately 50%), but no modification was detected by the complementary
DDA shotgun analysis and also previous reports concluded that this region was unmodified
[419]. In fact, it is striking how little PTM data is available for this particular region,
despite the overall vast amount of information of both in vivo tau or in vitro modified tau
[192, 470] (see also http://cnr.iop.kcl.ac.uk/hangerlab/tautable, an up-to-date list of all tau
phosphorylation sites). With other words, this study suggests that to date the analysis of tau
PTMs has been biased towards sites that either can be targeted by site-specific antibodies or
that are detectable by discovery-based MS approaches. Because FLEXITau overcomes these
limitations, targeted follow-up experiments (such as peak-chasing methods or biochemical
enrichment strategies) can be performed to identify these unknown modifications.

The only requisite for the FLEXITau approach is the relatively straightforward expression
of the isotopically labeled tau protein. In this study, the longest tau isoform was chosen
as standard, as the assay was specifically conceived to accommodate the measurement of
2N4R expressed in Sf9 cells. However, FLEXITau is not limited to full-length tau and the
extension of the assay to other splice variants is feasible, allowing for precise quantification
of tau isoforms. In cases where a particular set of PTMs is of interest, the SRM assay
can conveniently be modified to incorporate the respective modified peptide species for
additional PTM information. Here special care should be paid to densely modified regions,
where all possible combinations of modifications must be taken into account to maintain
unbiased quantification of the site of interest. Moreover, one can imagine the design of
other variants to include alternate tau species (e.g. mouse tau), given that the respective

heavy standards are readily cloned and expressed, and provided that the additional SRM
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transitions are validated such that specificity and sensitivity of the assay are maintained.

Overall, this study highlights that FLEXITau is a versatile, useful tool to assess tau PTMs
in a reproducible manner. With the possibility of obtaining quantitative data for both
distribution and occupancy, the analysis of tau phosphorylation and other PTMs can be
performed with unprecedented precision and accuracy. With this, FLEXITau will not only
enhance mechanistic understanding of tau function but also open the door for development
of diagnostic tools and tau-modulating therapeutic strategies for tauopathies, as discussed

further below.

4.2 Using FLEXITau to identify tau PTM signatures for the diagnosis of

tauopathies

Usually, proteomics studies for the detection of diagnostic markers make no previous
assumptions about the identities of proteins and peptides constituting an informative
signature. In the case of neurodegenerative tauopathies, the well-known pathological
hallmark is abnormal tau deposition. Although common to all diseases, disease-specific
modifications and differences in isoform distribution are reported. Thus it was hypothesized
that in different diseases, insoluble tau presents with a distinct molecular signature. The
goal of the second study was to extract this signature using the FLEXITau assay and use it

to differentially diagnose several tauopathies.

Development of a computational classifier for tauopathies

To this end, post-mortem cortical brain tissue specimens from a total of 129 patients were an-
alyzed. These included AD, the most common tauopathy, as well as several other conditions
that fall into the spectrum of frontotemporal lobar degeneration (FTLD), including Pick’s
disease (PiD), corticobasal degeneration (CBD), and progressive supranuclear palsy (PSP),
as well as non-demented control (ctrl) subjects. For each patient, the peptide landscape of
insoluble tau was profiled using the developed assay. This quantitative data was then used
to build and test a computational classifying tool for each disease (i.e. 5 classifiers were
built). The classifiers were computed by the Random Forest machine learning method by
training on a well-characterized group of patients and subsequently tested on an independent
test set containing a heterogeneous group of samples.

Cases in the test set were designated as "mis-assigned" if they were assigned to a cate-
gory that did not match their primary diagnosis. This included cases that were classified
correctly, but additionally were assigned to a second category (e.g. a sample received
with the primary diagnosis of PSP was classified as AD and as PSP). To determine if
these mis-assignments had underlying pathologies that were not explained by the primary

diagnosis, for all mis-assigned cases the classification outcome was cross-referenced with
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pathology reports and clinical data, if available, and followed up by personal correspon-
dence with neuropathologists at the brain bank from which the specimens were obtained.
Interestingly, for the majority of cases, an explanation for the mis-assignment could be
found. These cases fell into 3 different categories: 1) patients were reported to display
co-occurring pathologies (e.g. in addition to PSP features, further pathological alterations
were observed in the brain that indicated AD), 2) the pathological diagnosis of the patient
was uncertain, atypical or asymptomatic in the region of the cortex analyzed, and 3) cases
that were re-diagnosed by the pathologist after re-evaluation using immunohistochemistry
techniques (this was the case for one sample only). The final performance of the classifiers
were evaluated after re-assigning these cases, i.e. in the case of co-occurring pathologies,
each diagnosis was included, and cases with uncertain or spared pathology were eliminated.
The final classification achieved accuracies of above 90% for AD, CBD, PiD and ctrl, and
80% for PSP.

Performance of the classifiers: Detection of co-pathologies, misdiagnoses, and cortical
sparing

Several conclusions could be drawn from this study. First of all, it was intriguing that
in the AD classifier, all false positive (FP) cases (i.e. samples that were classified as AD
although their primary diagnosis was another) were actually specimens with reported AD
pathologies (these were 4 PiD cases and one PSP case). With a single exception, none of the
remaining non-AD cases documented evidence of AD pathology in addition to the primary
diagnosis, indicating that the developed AD classifier is highly sensitive and specific to
AD co-morbidity. Importantly, all 4 PiD cases were correctly assigned to PiD by the PiD
classifier, indicating that the combination of individual classifiers is a powerful method to
detect co-pathologies.

Neuropathological diagnosis of CBD and PSP is usually hampered by overlapping features,
little correlation with clinical diagnosis, and a large heterogeneity and variability of tau
pathology, in particular in the parietal cortex region under study here [120, 233, 445, 464].
Considering these issues, it is impressive that the CBD classifier achieved a specificity
of 97.4%, highlighting the power of using the tau peptide signature for differentiation of
these heterogeneous disease phenotypes. The CBD classifier also revealed the misdiagnosed
case mentioned above, further corroborating the specificity of the classifier. This case was
received with a primary diagnosis of PSP, and was assigned to CBD and not to PSP by the
respective classifiers. Re-evaluation by immunohistochemistry analyses at the brain bank
then confirmed a CBD diagnosis. A possible reason for the initial misdiagnosis is that the
autopsy and evaluation of this case dated back to the year 2009, when diagnostic phospho-
tau antibodies where not yet commonly used for diagnostic purposes and pathological
evaluation was restricted to silver staining, particularly hampering the differential diagnosis
of CBD and PSP.
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In contrast to the CBD classifier, the PSP classifier performed significantly lower than all
other classifiers (accuracy of 80%). As discussed in more detail in Chapter 3, section 3.5,
the main reason for this low performance may be relatively low tau burden in the cortical
regions of typical PSP cases [431]. Thus the extracted PSP tau signature from these regions
would be similar to that of ctrl cases. Corroborating this, in the PSP classification, most FP
cases (non-PSP samples that were recognized as PSP) were from the ctrl group. Reversely,
in the ctrl classifier, most FP cases were from the PSP category. The tau burden of several of
these PSP cases was investigated using follow-up silver stainings and immunohistochemistry
and confirmed the absence of tau pathology in this particular cortical region. Severity of
tau pathology in cortical areas is also a major difference among PSP variants, complicating
further the extraction of a typical PSP signature [72, 206, 351, 431, 440, 463, 464]. Altogether
these findings suggest that while for the other tauopathies under study the chosen cortical
region is well-suited for diagnosis, for PSP the analysis of other brain regions should be

considered to improve diagnostic specificity and sensitivity.

The differential PTM signature of tauopathies

Phosphorylation is the best studied disease-related tau PTM. Most phosphorylation sites
cluster in domains surrounding the MT-binding region, i.e. in the proline-rich region and
the c-terminal tail (section 1.3.4, Fig. 1.6). Detection of specific phosphorylated epitopes
using antibodies is widely accepted as an indicator for tau-mediated neurodegeneration,
and as mentioned earlier, today some of these antibodies are used in diagnostic practices
for the evaluation of tauopathies, such as AT8 and AT100, both targeting phosphorylated
serines (S) and threonines (T) in the proline-rich region (pS202/pT205 and pT212/pS214).
Remarkably, in this study, the majority of the peptides selected as discriminating features
were not located in this region, but inside the MT-binding region of tau, including exon 10
(section 3.4.5, Fig. 3.9D). This indicates that the MT-binding region harbors molecular
characteristics that are unique to each tauopathy. In contrast to phosphorylation, most
of the in vivo acetylation and ubiquitination sites identified so far are located inside the
MT-binding region (Fig. 3.3) [108, 220, 303, 423]. Overall this suggests that acetylated
and ubiquitinated tau may serve as biomarker to distinguish different tauopathies, while
phosphorylation on characteristic sites is a common marker for tau pathology, but unspecific
for individual tauopathies. Supporting this, PiD as well as AGD, a less well-understood
tauopathy, have been shown to lack acetylation on specific sites in the first MT-binding repeat
compared to other tauopathies (acetylated lysine (acK) acK280 and acK274, respectively)
[97, 179, 223]. Furthermore, ubiquitination in glial lesions has also been reported to be
useful for distinguishing between various types of tauopathies [145].

Another PTM that has been recently linked to the early pathogenesis of AD and other
tauopathies is proteolytic cleavage, in particular at the C-terminus of tau, i.e. glutamate (E)
E391 and aspartate (D) D421 [154, 331]. Notably in this study, the two peptides covering
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these sites contribute to all classifiers (the former to CBD and PSP, the latter to ctrl,
PiD and AD). This implies that in addition to the above-mentioned PTMs, C-terminal
truncation could be used to biochemically classify tauopathies, as suggested by previous
studies [185]. Finally, recently it was reported that in sarkosyl insoluble tau, the MT-binding
region harbors distinct conformational modifications and protease-resistant fragments that
are different among tauopathies [416]. This further supports the findings of this study that
the MT-binding region is useful for differentiation of tauopathies.

Apart from PTMs, disturbance in tau isoform homeostasis has been suggested to be an
important mechanistic basis in tauopathies, in particular the alternative splicing of exon
10 in the MT-binding region. Exon 10 encodes for one of the four MT-binding repeats.
Alternative splicing of exon 10 therefore produces two isoforms: tau containing 3 MT-
binding repeats (3R-tau) or 4 MT-binding repeats (4R-tau). Under physiological conditions,
3R-tau and 4R-tau exist in a 1:1 ratio. In tau pathology of AD, this ratio is maintained,
as both isoforms are equally incorporated into tangles. In contrast, in CBD and PSP
brains predominantly 4R-tau is deposited inside neuronal and glial lesions, whereas in PiD,
preferentially 3R-tau isoforms accumulate [117, 390, 392] (see also section 1.4). Consistent
with this, for CBD and PSP samples, the three 4R-tau specific peptides that cover the
exon 10 sequence were significantly enriched compared to control (section 3.4.1, Fig. 3.2C).
In addition, these peptides were selected by the classifiers as discriminatory features in each

disease category under study (section 3.4.5, Fig. 3.9D).

Application of FLEXITau as a post-mortem diagnostic tool

Currently, diagnosis of tauopathies relies on time-consuming post-mortem investigation
of the autopsied brain by a neuropathologist, involving stepwise gross and histological
findings to confirm clinical diagnosis, if available. Diagnosis is based on the identification of
characteristic morphological changes, as well as distribution and types of specific lesions
using histological and immunohistochemical staining techniques, e.g. silver staining and,
more recently, antibody-based detection of phosphorylated tau and tau isoforms (reviewed in
[260], see also section 1.4.5). Overlapping features and heterogeneities hamper unequivocal
findings [233]. Another issue of the current post-mortem diagnosis is variability in protocols
and staining qualities as well as the manual evaluation of histopathological findings by
each pathologist that may cause inter-brain bank inconsistencies in diagnosis [11, 12, 262].
Today, MS is being widely used in clinical laboratories, in particular for the detection of
small molecules with diverse applications such as drug/toxicology, newborn screening and
endocrinology [177, 453]. However for protein analysis, apart from biomarker discovery and
validation, the use of MS has not yet been adopted in clinical practice [199, 278]. Impor-
tantly, the use of MS-based protein analysis is a natural progression from antibody-based
protein staining, as diagnosis relies on the analysis of cellular and morphological features

which are related to changes at the peptide or protein level.
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The use of the MS-based FLEXITau assay for the post-mortem diagnosis of tauopathies
circumvents many of the issues associated with traditional histopathological assessments.
The sensitivity of the technique allows for detection of attomolar amounts of tau, thus
requiring minimal amount of tissue. In particular, SRM does not rely on specific antibodies,
which suffer from varying sensitivity and specificity. The FLEXITau approach is relatively
simple to implement, requiring a recombinant protein and a state-of-the-art mass spectrom-
eter, and dozens of samples can be processed in parallel. The use of an internal standard
and the monitoring of multiple product ions for each peptide ensure excellent specificity.
Furthermore, the SRM quantification methodology is recognized for its robustness and
reproducibility within and across laboratories [99, 357]. Notably, the testing of a single
cortical brain specimen (in contrast to multiple sections) proves to be sufficient to achieve
excellent accuracy of diagnosis (with the exception of PSP). In summary, the use of the
FLEXITau assay coupled with the computational classifier provides a uniform diagnostic
framework and represents an attractive alternative to classification of tauopathies using
histopathological means, possibly yielding results much more rapidly and cost-efficiently
than current approaches.

An immediate application of such MS-based diagnostic tools is the re-evaluation of stored
post-mortem brain specimens in tissue banks. Systematic brain banking represents an
indispensable resource for the study of neurodegenerative diseases [262, 362, 427]. The
concept of brain repositories exists since the 1960s, therefore, stored specimens distributed
to the researcher upon tissue request can date back several decades, and thereby the
diagnosis. However, over the last decade, the understanding of tauopathies has changed and
many diagnostic neuropathological concepts have been updated [24, 121, 214, 299]. Thus
a re-classification of stored specimens is of paramount importance to ensure quality and
accuracy of documented cases consistent with current standards. While this endeavor is
difficult to conceive using traditional approaches, the multiplexing capabilities and simplicity
of the developed diagnostic classifier may enable inexpensive, systematic re-evaluation of

entire cohorts in different brain banks.

4.3 Future perspective

In this thesis the development of FLEXITau is presented, a novel quantitative tau PTM
assay. FLEXITau was first used to measure the PTM landscape from hyperphosphorylated
tau expressed in Sf9 cells, in comparison to tau from AD. Next the assay was successfully
applied to insoluble tau of tauopathy brain, where disease-specific diagnostic profiles were
determined. Due to its precision and versatility, in the future the FLEXITau assay could

be applied to a wide range of other biological and clinical settings.
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The use of FLEXITau for benchmarking tau model systems

For instance, FLEXITau could enable the evaluation of other tau model systems and the
assessment of their proximity to disease tau, similar to the Sf9 tau, for instance transgenic
mouse models carrying human mutant tau, such as the commonly used P301L and P301S
mice. Less characterized or novel tau model systems could be systematically prototyped,
allowing to define which model is most reflective of a particular disease. Similarly, aged
populations of induced pluripotent stem cells (iPSC)-derived neurons carrying mutations
could be compared to each other and wild-type (WT) neurons. As a matter of fact, as
part of a collaborative project which is not part of this thesis, I investigated the differences
between iPSC-derived WT neurons and neurons carrying the A152T variant, which is found
in a small population of PSP patients. The goal was to define the tau PTM signature of
these cells and to evaluate the effect of specific autophagy-targeting drugs on this signature

and total amounts of tau (manuscript in preparation).

Application of FLEXITau for in vivo diagnostics

Importantly, the findings in this study may be translated into in vivo diagnostic tools, i.e.
the diagnosis of the disease in the living patient. The main approach for in vivo diagnostics
is the identification of disease-indicative biochemical analytes (called biomarkers) that are
measured in peripheral fluids such as cerebrospinal fluid (CSF) or plasma (see also section
1.4.5). Quantification of tau in CSF is currently used as a highly sensitive biomarker
for AD diagnosis [20]. However, currently this analysis relies on immunoassays (ELISA),
which suffer from lack of specificity in regards to the molecular heterogeneity of tau
which is caused by the multiple isoforms and PTMs. Furthermore, in a large-cohort CSF
biomarker study it became apparent that perhaps as many as 30% of clinical FTLD patients,
including PSP syndrome and CBS, are also AD biomarker positive [383]. Efforts using
alternative, MS-based approaches have been hampered so far by the low concentration
of tau present in CSF. Two promising studies that were published during the writing of
this thesis presented a novel extraction workflow without the use of affinity reagents, that,
coupled with SRM analysis, enabled the detection of up to 19 tau peptides in endogenous
CSF [40, 78]. Additionally, relative differences in the abundance of specific peptides were
observed, suggesting that tau in CSF might present a signature, just as in tauopathy post-
mortem brains [40]. The incorporation of the FLEXITau strategy into this workflow might
enable the detection of disease-specific CSF signatures and thus lead to the development of
highly specific biomarkers for AD and other tauopathies. Increasing efforts are also being
made towards neuroimaging strategies that visualize distinct patterns in the brain using
different brain-scanning techniques (see also section 1.4.5). These methodologies either
measure tau pathology directly by using tau positron emission tomography (PET) ligands,
or indirectly by measuring tau-mediated neuronal injury by magnetic resonance imaging

(MRI). These methods are promising as they are non-invasive and could detect changes in
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its early symptomatic stage. However, the complexity and heterogeneity of tau pathology
and the limited knowledge of disease-specific molecular species have presented a major
challenge for the development of effective ligands [317, 441]. The tauopathy FLEXITau
data obtained in this study offers great potential for the design of novel PET imaging
ligands specific for the differentially modified protein regions. These in vivo biomarkers
and imaging reagents could then be used for staging of disease progress, and for measuring

benefits of treatments in clinical trials.

Development of novel therapeutic strategies

Of equal importance as diagnosis is the ability to treat individuals once a particular disease
is diagnosed. Tau-targeted therapeutic strategies have received increased attention since the
failure of many amyloid-(-targeted therapeutics in phase III clinical trials for AD [79] (see
also section 1.4.6). However, a critical confound for the development of effective therapeutics
is the unclarity surrounding tau toxicity. To date, it is not yet fully understood which of
the many morphological species of tau (e.g. oligomers, pretangles, or fibrillar or aggregate
forms) is the primary cause for tau pathogenesis and neuronal toxicity, ultimately leading
to brain atrophy and cognitive decline (see also section 1.3). It is also unclear whether there
is one main toxicity mechanism or whether there are multiple toxic species (which is quite
probable given the wide range of modifications that tau undergoes), and finally whether
the toxic species is the same in all tauopathies or whether each disease is characterized by
a different molecular process. Investigating the involvement of PTMs in the formation of
distinct morphological tau assemblies may lead to a better mechanistic understanding of
tau toxicity and how this process can be stopped or reverted. Moreover, with its ability to
measure small changes in the PTM landscape, FLEXITau could also facilitate the screening
of small molecule inhibitors of oligomer formation or fibrillization, and could even be used
to monitor the progress and effect of treatment.

Another promising therapeutic avenue is the removal of pathological tau using immunother-
apy. Treatment with antibodies targeting intracellular or extracellular tau species has been
shown to suppress tau pathology and improve phenotypes in several transgenic models of
tauopathy [30, 52, 65, 67, 90, 396]. Immunotherapy strategies rely on precisely identifying
the species, and/or epitope of this species, that is responsible for toxicity. A successful
application in human disease will rely on the resolution of this issue. The FLEXITau
assay represents a valuable tool for defining disease-indicative epitopes and guiding the
selection and development of therapeutic tau antibodies. Whether tau immunotherapy will

be effective in clinical trials has to be seen.
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4.4 Closing remarks

Today there are around 44 million people living with dementia worldwide, and with the
current trend of a rapidly aging population and no cure, this number is expected to triple
by 2050 [29]. A key problem in the care of AD and other forms of dementia is the high
impact on caregivers and the society. While the affected individuals usually are able to live
a relatively unperturbed life over many years, their family and friends become increasingly
involved over the course of the disease, facing pragmatic challenges and emotional stress
that often leads to depression and burnout. At later stages of the disease progression,
assisted living or nursing homes provide round-the-clock care and long-term medical service
for the affected individual. Thus, care for demented people is extremely resource and cost
demanding. In fact, in the US, AD is considered the most expensive disease - it costs more
than 200 billion dollars every year, and by 2050 this number is expected to exceed 1 trillion
dollars each year [29].

Clearly, dementia is one of the biggest medical, social and financial challenges of our
generation, and neither health care nor financial systems are prepared to face the magnitude
of the situation [133]. Despite these disturbing facts, there is a lack of consciousness
worldwide - e.g. the US government spends 10 times more money each year on cancer
research than on AD. This lack of awareness may be due to the slow, progressive onset of
disease. In addition, in the past, and still today in countries where information is lacking,
dementia is confused with senility-related mental decline, i.e. mistaken as part of normal
aging, implying that it cannot be cured. A new study found that these misconceptions
are particularly high in low-income to middle-income countries and among racial and
ethnic minority groups [86]. Altogether these findings point to the substantial need for
governments not only to invest more money into dementia research, but also to incorporate
more educational and advocacy programs on dementia into public health campaigns.
Clinical trials for AD have generally reached the conclusion that medication is more effective
in slowing the cognitive decline if administered early in the course of disease. Understanding
which elderly individuals are at highest risk for eventually developing dementia will thus be
essential to the ultimate goal of preventing it, apart from this being extremely advantageous
from an economic perspective. This requires studies in pre-symptomatic patients as the
appearance of pathology precedes the manifestation of clinical symptoms, potentially
more than 10 years [42, 169]. To this end it is imperative to find means able to measure
minimal changes in the molecular landscape early in the continuum from healthy cognition to
dementia, where the diagnostic line is still "blurry". Current advancements and sophistication
of technology, such as the FLEXITau assay presented in this work, represent a promising

step towards this goal.
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1 N-terminal inserts containing tau
2 N-terminal inserts containing tau
3 MT-binding repeats containing tau
4 MT-binding repeats containing tau
amyloid 8

amino acid

ammonium bicarbonate

accuracy

acetonitrile

Alzheimer’s disease

argyrophilic Grain disease
advanced glycation end products
amyotrophic lateral sclerosis
alkaline phosphatase

aspartic acid

area under the ROC curve
Brodmann Area

behavioral variant FTD

cysteine

carboxy-terminal

corticobasal degeneration

109



110

List of Abbreviations

CBS
CDK5
CE
CJD
CNS
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cyclin-dependent kinase-5
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data-independent acquisition
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electrospray ionization
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FTLD frontotemporal lobe dementia
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Appendix

Table A1l: Transition list of FLEXITau (see next page) Table with optimized tau

transitions for a typical tryptic digest (first table) and LysC digest (second table). RTs are
for a 30 min gradient. For details, see section 2.3.

RT, retention time; DP, declustering potential; CE, collision energy
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RT

DP

Q1 m/z Q3 m/z (min) Transition ID (volts)
451.583 573.298 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y10+2.extraheavy_D5K8R10 63.5
44457 566.785 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y10+2.light 63.5
451.583 641.352 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y11+2.extraheavy_D5K8R10 63.5
44457 630.833 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y11+2.light 63.5
451.583 318.19 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y2.extraheavy D5K8R10 63.5
44457 310.176 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y2.light 63.5
451.583 787.444 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y7.extraheavy_D5K8R10 63.5
44457 77943 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y7 light 63.5
451.583 462.755 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y8+2.extraheavy_D5K8R10 63.5
44457 458.748 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y8+2.light 63.5
501.766 507.799 11.1 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y10+2.extraheavy_D5K8R10 67.4
497.759 499.785 111 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y10+2.light 67.4
501.766 576.329 11.1 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y11+2.extraheavy_D5K8R10 67.4
497.759 568.315 11.1 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y11+2.light 67.4
501.766 786.932 11.1 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y15+2.extraheavy_D5K8R10 67.4
497.759 778918 111 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y15+2.light 67.4
501.766 562.652 11.1  hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y16+3.extraheavy D5K8R10 67.4
497.759 557.309 111 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y16+3.light 67.4
501.766 591.663 11.1 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y17+3.extraheavy_D5K8R10 67.4
497.759 586.32 111 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y17+3.light 67.4
501.766 878.482 11.1 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y9.extraheavy_D5K8R10 67.4
497.759 870.468 11.1 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y9.light 67.4
737.323 718.838 12 hTAU_4R2N.DQGGYTM[OxiHQDQEGDTDAGLK.+3y13+2.extraheavy_D5K8R10 84.2
727.971 707.316 12 hTAU_4R2N.DQGGYTM[Oxi]HQDQEGDTDAGLK.+3y13+2.light 84.2
737.323 617.355 12 hTAU_4R2N.DQGGYTM[Oxi[HQDQEGDTDAGLK.+3y6.extraheavy_D5K8R10 84.2
727971 604.33 12 hTAU_4R2N.DQGGYTM[Oxi]HQDQEGDTDAGLK.+3y6.light 84.2
737.323 794.414 12 hTAU_4R2N.DQGGYTM[Oxi]HQDQEGDTDAGLK.+3y8.extraheavy_D5K8R10 84.2
727971 776.378 12 hTAU_4R2N.DQGGYTM[Oxi[HQDQEGDTDAGLK.+3y8.light 84.2
737.323 923.456 12 hTAU_4R2N.DQGGYTM[Oxi]HQDQEGDTDAGLK.+3y9.extraheavy_D5K8R10 84.2
727.971 905.421 12 hTAU_4R2N.DQGGYTM[Oxi]HQDQEGDTDAGLK.+3y9.light 84.2
731.992 1171.552 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y11.extraheavy_D5K8R10 83.8
722.64 1148.507 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y11.light 83.8
731.992 973.436 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y18+2.extraheavy D5K8R10 83.8
722.64 961913 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y18+2.light 83.8
731.992 396.27 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y4.extraheavy_D5K8R10 83.8
722.64 388.255 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y4.light 83.8
731.992 794.414 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y8.extraheavy_D5K8R10 83.8
722.64 776.378 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y8.light 83.8
803.694 1033.473 15.2 hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y10.extraheavy D5K8R10 89.3
797.682 1020.448 15.2 hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y10.light 89.3
803.694 534.281 15.2 hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y5.extraheavy_D5K8R10 89.3
797.682 521.257 15.2 hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y5.light 89.3
803.694 750.356 15.2 hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y7.extraheavy_D5K8R10 89.3
797.682 737.331 15.2 hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y7.light 89.3



803.694
797.682
803.694
797.682
367.208
363.201
367.208
363.201
367.208
363.201
367.208
363.201
367.208
363.201
382.223
376.216
382.223
376.216
382.223
376.216
382.223
376.216
382.223
376.216
382.223
376.216
1094.89
1087.21
1094.89
1087.21
1094.89
1087.21
1094.89
1087.21
1094.89
1087.21
1094.89
1087.21
817.418
811.657
817.418
811.657
817.418
811.657
817.418
811.657

904.43
891.405
452.719
446.206
437.26
429.246
534.313
526.298
267.66
263.653
605.35
597.336
676.387
668.373
323.217
315.203
703.458
685.436
774.495
756.473
387.751
378.74
444773
435.761
480.291
471.28
1003.535
990.51
1116.619
1103.594
1217.667
1204.642
497.317
489.303
584.349
576.335
932.498
919.473
1003.535
990.51
1217.667
1204.642
584.349
576.335
932.498
919.473

hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y9.extraheavy_D5K8R10
hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y9.light
hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y9+2.extraheavy_D5K8R10
hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y9+2.light
hTAU_4R2N.GAAPPGQK.+2y4.extraheavy D5K8R10

hTAU_4R2N.GAAPPGQK.+2y4 light

hTAU_4R2N.GAAPPGQK.+2y5.extraheavy_D5K8R10

hTAU_4R2N.GAAPPGQK.+2y5.light
hTAU_4R2N.GAAPPGQK.+2y5+2.extraheavy_D5K8R10
hTAU_4R2N.GAAPPGQK.+2y5+2.light
hTAU_4R2N.GAAPPGQK.+2y6.extraheavy_D5K8R10

hTAU_4R2N.GAAPPGQK.+2y6.light

hTAU_4R2N.GAAPPGQK.+2y7.extraheavy_D5K8R10

hTAU_4R2N.GAAPPGQK.+2y7 light
hTAU_4R2N.GQANATRIPAK.+3y3.extraheavy_D5K8R10
hTAU_4R2N.GQANATRIPAK.+3y3.light
hTAU_4R2N.GQANATRIPAK.+3y6.extraheavy_D5K8R10
hTAU_4R2N.GQANATRIPAK.+3y6.light
hTAU_4R2N.GQANATRIPAK.+3y7.extraheavy_D5K8R10

hTAU_4R2N.GQANATRIPAK.+3y7 light

hTAU_4R2N.GQANATRIPAK.+3y7+2.extraheavy _D5K8R10
hTAU_4R2N.GQANATRIPAK.+3y7+2.light
hTAU_4R2N.GQANATRIPAK.+3y8+2.extraheavy_D5K8R10
hTAU_4R2N.GQANATRIPAK.+3y8+2.light
hTAU_4R2N.GQANATRIPAK.+3y9+2.extraheavy_D5K8R10
hTAU_4R2N.GQANATRIPAK.+3y9+2.light
hTAU_4R2N.HLSNVSSTGSIDM[Oxi]VDSPQLATLADEVSASLAK.+3y10.extraheavy_D5K8R10
hTAU_4R2N.HLSNVSSTGSIDM[Oxi]VDSPQLATLADEVSASLAK.+3y10.light
hTAU_4R2N.HLSNVSSTGSIDM[Oxi]VDSPQLATLADEVSASLAK.+3y11.extraheavy_D5K8R10
hTAU_4R2N.HLSNVSSTGSIDM[Oxi]VDSPQLATLADEVSASLAK.+3y11.light
hTAU_4R2N.HLSNVSSTGSIDM[Oxi]VDSPQLATLADEVSASLAK.+3y12.extraheavy_D5K8R10
hTAU_4R2N.HLSNVSSTGSIDM[Oxi]VDSPQLATLADEVSASLAK.+3y12.light
hTAU_4R2N.HLSNVSSTGSIDM[Oxi]VDSPQLATLADEVSASLAK.+3y5.extraheavy D5K8R10
hTAU_4R2N.HLSNVSSTGSIDM[Oxi]VDSPQLATLADEVSASLAK.+3y5.light
hTAU_4R2N.HLSNVSSTGSIDM[Oxi]VDSPQLATLADEVSASLAK.+3y6.extraheavy D5K8R10
hTAU_4R2N.HLSNVSSTGSIDM[Oxi]VDSPQLATLADEVSASLAK.+3y6.light
hTAU_4R2N.HLSNVSSTGSIDM[Oxi]VDSPQLATLADEVSASLAK.+3y9.extraheavy D5K8R10
hTAU_4R2N.HLSNVSSTGSIDM[Oxi]VDSPQLATLADEVSASLAK.+3y9.light
hTAU_4R2N.HLSNVSSTGSIDMVDSPQLATLADEVSASLAK.+4y10.extraheavy_D5K8R10
hTAU_4R2N.HLSNVSSTGSIDMVDSPQLATLADEVSASLAK.+4y10.light
hTAU_4R2N.HLSNVSSTGSIDMVDSPQLATLADEVSASLAK.+4y12.extraheavy_D5K8R10
hTAU_4R2N.HLSNVSSTGSIDMVDSPQLATLADEVSASLAK.+4y12.light
hTAU_4R2N.HLSNVSSTGSIDMVDSPQLATLADEVSASLAK.+4y6.extraheavy_D5K8R10
hTAU_4R2N.HLSNVSSTGSIDMVDSPQLATLADEVSASLAK.+4y6.light
hTAU_4R2N.HLSNVSSTGSIDMVDSPQLATLADEVSASLAK.+4y9.extraheavy_D5K8R10
hTAU_4R2N.HLSNVSSTGSIDMVDSPQLATLADEVSASLAK.+4y9.light

89.3
89.3
89.3
89.3
57.6
57.6
57.6
57.6
57.6
57.6
57.6
57.6
57.6
57.6
58.5
58.5
58.5
58.5
58.5
58.5
58.5
58.5
58.5
58.5
58.5
58.5
110.4
110.4
110.4
110.4
110.4
110.4
110.4
110.4
110.4
110.4
110.4
110.4
90.3
90.3
90.3
90.3
90.3
90.3
90.3
90.3



501.038
495.778
501.038
495.778
501.038
495.778
501.038
495.778
501.038
495.778
531.288
526.946
531.288
526.946
531.288
526.946
531.288
526.946
531.288
526.946
576.657
569.644
576.657
569.644
576.657
569.644
576.657
569.644
576.657
569.644
435.245
431.237
435.245
431.237
435.245
431.237
435.245
431.237
435.245
431.237
587.271
578.254
587.271
578.254
587.271
578.254

591.867
581.348
655.896
645.377
355.243
347.229
671.402
658.377
535.325
524.805
611.317
604.805
711.375
704.863
739.886
733.373
537.287
529.273
874.462
866.448
679.371
668.852
779.43

768.91

807.94

797.421
673.396
657.368
337.202
329.188
382.254
374.24

511.297
503.282
612.344
604.33

699.376
691.362
756.398
748.384
396.27

388.255
516.307
503.282
617.355
604.33

18.6
18.6
18.6
18.6
18.6
18.6
18.6
18.6
18.6
18.6
17.4
17.4
17.4
17.4
17.4
17.4
17.4
17.4
17.4
17.4
15.7
15.7
15.7
15.7
15.7
15.7
15.7
15.7
15.7
15.7
10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.8
10.8
10.8
10.8
10.8
10.8

hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y10+2.extraheavy_D5K8R10
hTAU_4R2N.HVPGGGSVQIVYKPVDLSK +4y10+2.light
hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y11+2.extraheavy_D5K8R10
hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y11+2.light
hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y3.extraheavy D5K8R10
hTAU_4R2N.HVPGGGSVQIVYKPVDLSK +4y3 light
hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y6.extraheavy D5K8R10
hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y6 light
hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y9+2.extraheavy D5K8R10
hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y9+2.light
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y12+2.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y12+2.light
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y14+2.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y14+2 light
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y15+2.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y15+2.light
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y6.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y6.light
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y9.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y9.light
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y13+2.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y13+2.light
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y15+2.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y15+2.light
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y16+2.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y16+2.light
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y7.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y7.light
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y7+2.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y7+2.light
hTAU_4R2N.IGSTENLK.+2y3.extraheavy_D5K8R10
hTAU_4R2N.IGSTENLK.+2y3.light
hTAU_4R2N.IGSTENLK.+2y4.extraheavy_D5K8R10
hTAU_4R2N.IGSTENLK.+2y4. light
hTAU_4R2N.IGSTENLK.+2y5.extraheavy_D5K8R10
hTAU_4R2N.IGSTENLK.+2y5 light
hTAU_4R2N.IGSTENLK.+2y6.extraheavy_D5K8R10
hTAU_4R2N.IGSTENLK.+2y6.light
hTAU_4R2N.IGSTENLK.+2y7.extraheavy_D5K8R10
hTAU_4R2N.IGSTENLK.+2y7.light
hTAU_4R2N.KDQGGYTM[Oxi]HQDQEGDTDAGLK.+4y4.extraheavy D5K8R10
hTAU_4R2N.KDQGGYTM[OXHQDQEGDTDAGLK. +4y4.light
hTAU_4R2N.KDQGGYTM[OXIHQDQEGDTDAGLK +4y5.extraheavy_D5K8R10
hTAU_4R2N.KDQGGYTM[OxiHQDQEGDTDAGLK.+4y5.light
hTAU_4R2N.KDQGGYTM[OxHQDQEGDTDAGLK +4y6.extraheavy D5K8R10
hTAU_4R2N.KDQGGYTM[OxiHQDQEGDTDAGLK.+4y6.light

67.3
67.3
67.3
67.3
67.3
67.3
67.3
67.3
67.3
67.3
69.5
69.5
69.5
69.5
69.5
69.5
69.5
69.5
69.5
69.5
72.6
72.6
72.6
72.6
72.6
72.6
72.6
72.6
72.6
72.6
62.6
62.6
62.6
62.6
62.6
62.6
62.6
62.6
62.6
62.6
73.3
73.3
73.3
73.3
73.3
73.3



587.271
578.254
583.273
574.255
583.273
574.255
583.273
574.255
583.273
574.255
384.897
377.884
384.897
377.884
384.897
377.884
384.897
377.884
508.787
502.275
508.787
502.275
508.787
502.275
508.787
502.275
508.787
502.275
669.873
663.36

669.873
663.36

669.873
663.36

669.873
663.36

661.875
655.363
661.875
655.363
661.875
655.363
742.68

733.332
742.68

733.332

794.414
776.378
396.27
388.255
516.307
503.282
617.355
604.33
794.414
776.378
370.218
362.203
469.286
461.272
583.329
575.315
670.361
662.347
370.218
362.203
583.329
575.315
670.361
662.347
783.445
775.431
903.482
890.458
1097.595
1084.571
485.301
472.277
729.389
716.365
996.548
983.523
1081.6
1068.576
713.394
700.37
909.516
896.491
1060.57
1037.537
797.376
783.354

10.8
10.8
12.2
12.2
12.2
12.2
12.2
12.2
12.2
12.2
13.3
13.3
13.3
13.3
13.3
13.3
13.3
13.3
15
15
15
15
15
15
15
15
15
15
18
18
18
18
18
18
18
18
211
21.
21.
21.
211
211
16.4
16.4
16.4
16.4

- A A

hTAU_4R2N.KDQGGYTM[OxHQDQEGDTDAGLK +4y8.extraheavy_D5K8R10
hTAU_4R2N.KDQGGYTM[OxiHQDQEGDTDAGLK.+4y8.light
hTAU_4R2N.KDQGGYTMHQDQEGDTDAGLK.+4y4.extraheavy_D5K8R10
hTAU_4R2N.KDQGGYTMHQDQEGDTDAGLK.+4y4 light
hTAU_4R2N.KDQGGYTMHQDQEGDTDAGLK.+4y5 extraheavy_D5K8R10
hTAU_4R2N.KDQGGYTMHQDQEGDTDAGLK +4y5 light
hTAU_4R2N.KDQGGYTMHQDQEGDTDAGLK.+4y6.extraheavy_D5K8R10
hTAU_4R2N.KDQGGYTMHQDQEGDTDAGLK.+4y6. light
hTAU_4R2N.KDQGGYTMHQDQEGDTDAGLK +4y8 extraheavy_D5K8R10
hTAU_4R2N.KDQGGYTMHQDQEGDTDAGLK.+4y8.light
hTAU_4R2N.KLDLSNVQSK.+3y3.extraheavy_D5K8R10
hTAU_4R2N.KLDLSNVQSK.+3y3.light
hTAU_4R2N.KLDLSNVQSK.+3y4.extraheavy_D5K8R10
hTAU_4R2N.KLDLSNVQSK.+3y4 light
hTAU_4R2N.KLDLSNVQSK.+3y5.extraheavy_D5K8R10
hTAU_4R2N.KLDLSNVQSK.+3y5.light
hTAU_4R2N.KLDLSNVQSK.+3y6.extraheavy_D5K8R10
hTAU_4R2N.KLDLSNVQSK.+3y6.light
hTAU_4R2N.LDLSNVQSK.+2y3.extraheavy_D5K8R10
hTAU_4R2N.LDLSNVQSK.+2y3.light
hTAU_4R2N.LDLSNVQSK.+2y5.extraheavy_D5K8R10
hTAU_4R2N.LDLSNVQSK.+2y5.light
hTAU_4R2N.LDLSNVQSK.+2y6.extraheavy_D5K8R10
hTAU_4R2N.LDLSNVQSK.+2y6.light
hTAU_4R2N.LDLSNVQSK.+2y7.extraheavy_D5K8R10
hTAU_4R2N.LDLSNVQSK.+2y7 light
hTAU_4R2N.LDLSNVQSK.+2y8.extraheavy_D5K8R10
hTAU_4R2N.LDLSNVQSK.+2y8.light
hTAU_4R2N.LQTAPVPM[OxilPDLK.+2y10.extraheavy_D5K8R10
hTAU_4R2N.LQTAPVPM[OXxi]PDLK.+2y10.light
hTAU_4R2N.LQTAPVPM[Oxi]PDLK.+2y4.extraheavy D5K8R10
hTAU_4R2N.LQTAPVPM[Oxi[PDLK.+2y4.light
hTAU_4R2N.LQTAPVPM[Oxi]PDLK.+2y6.extraheavy_D5K8R10
hTAU_4R2N.LQTAPVPM[OxiJPDLK.+2y6.light
hTAU_4R2N.LQTAPVPM[Oxi]PDLK.+2y9.extraheavy _D5K8R10
hTAU_4R2N.LQTAPVPM[Oxi[PDLK.+2y9.light
hTAU_4R2N.LQTAPVPMPDLK.+2y10.extraheavy_D5K8R10
hTAU_4R2N.LQTAPVPMPDLK.+2y10.light
hTAU_4R2N.LQTAPVPMPDLK.+2y6.extraheavy_D5K8R10
hTAU_4R2N.LQTAPVPMPDLK.+2y6.light
hTAU_4R2N.LQTAPVPMPDLK.+2y8.extraheavy_D5K8R10
hTAU_4R2N.LQTAPVPMPDLK.+2y8 light
hTAU_4R2N.QEFEVM[Ox[EDHAGTYGLGDRK.+3y10.extraheavy_D5K8R10
hTAU_4R2N.QEFEVM[Ox]EDHAGTYGLGDRK.+3y10.light
hTAU_4R2N.QEFEVM[OX]EDHAGTYGLGDRK. +3y14+2.extraheavy_D5K8R10
hTAU_4R2N.QEFEVM[OX[EDHAGTYGLGDRK.+3y14+2.light

73.3
73.3
73

73

73

73

73

73

73

73

58.7
58.7
58.7
58.7
58.7
58.7
58.7
58.7
67.7
67.7
67.7
67.7
67.7
67.7
67.7
67.7
67.7
67.7
79.5
79.5
79.5
79.5
79.5
79.5
79.5
79.5
78.9
78.9
78.9
78.9
78.9
78.9
84.6
84.6
84.6
84.6



742.68

733.332
742.68

733.332
742.68

733.332
553.263
546.252
553.263
546.252
553.263
546.252
553.263
546.252
444.254
433.735
444.254
433735
444.254
433735
444.254
433.735
444.254
433735
444.254
433735
423.741
416.734
423.741
416.734
423.741
416.734
423.741
416.734
987.001
977.984
987.001
977.984
987.001
977.984
987.001
977.984
987.001
977.984
382.534
378.193

321.236
303.214
668.401
645.368
989.533
966.5
789.378
775.357
526.588
517.24
559.611
550.263
611.379
588.346
302.195
294.181
422.233
409.208
535.317
522.292
671.426
650.387
336.217
325.697
400.738
390.219
745.432
727.41
373.22
364.208
842.485
824.462
421.746
412.735
995.545
982.52
1066.582
1053.557
1167.63
1154.605
892.962
883.944
309.201
301.187
417.259
409.245

16.4
16.4
16.4
16.4
16.4
16.4
18.2
18.2
18.2
18.2
18.2
18.2
18.2
18.2
12.5
12,5
12.5
12.5
12,5
12.5
12.5
12,5
12.5
12.5
12,5
12.5
14.5
14.5
14.5
14.5
14.5
14.5
14.5
14.5
19.7
19.7
19.7
19.7
19.7
19.7
19.7
19.7
19.7
19.7
11.9
11.9

hTAU_4R2N.QEFEVM[OX]EDHAGTYGLGDRK.+3y2.extraheavy_D5K8R10
hTAU_4R2N.QEFEVM[OX[EDHAGTYGLGDRK.+3y2.light
hTAU_4R2N.QEFEVM[OX]JEDHAGTYGLGDRK.+3y6.extraheavy D5K8R10
hTAU_4R2N.QEFEVM[OX]EDHAGTYGLGDRK +3y6.light
hTAU_4R2N.QEFEVM[Ox[EDHAGTYGLGDRK.+3y9.extraheavy D5K8R10
hTAU_4R2N.QEFEVM[OX[EDHAGTYGLGDRK.+3y9.light
hTAU_4R2N.QEFEVMEDHAGTYGLGDRK.+4y14+2.extraheavy_D5K8R10
hTAU_4R2N.QEFEVMEDHAGTYGLGDRK.+4y14+2 light
hTAU_4R2N.QEFEVMEDHAGTYGLGDRK.+4y14+3.extraheavy_D5K8R10
hTAU_4R2N.QEFEVMEDHAGTYGLGDRK.+4y14+3 light
hTAU_4R2N.QEFEVMEDHAGTYGLGDRK.+4y15+3.extraheavy_D5K8R10
hTAU_4R2N.QEFEVMEDHAGTYGLGDRK.+4y15+3.light
hTAU_4R2N.QEFEVMEDHAGTYGLGDRK.+4y5.extraheavy_D5K8R10
hTAU_4R2N.QEFEVMEDHAGTYGLGDRK.+4y5 light
hTAU_4R2N.SEKLDFK.+2y2.extraheavy_D5K8R10
hTAU_4R2N.SEKLDFK.+2y2.light
hTAU_4R2N.SEKLDFK.+2y3.extraheavy_D5K8R10
hTAU_4R2N.SEKLDFK.+2y3.light

hTAU_4R2N.SEKLDFK.+2y4 extraheavy_D5K8R10
hTAU_4R2N.SEKLDFK.+2y4 light
hTAU_4R2N.SEKLDFK.+2y5.extraheavy_D5K8R10
hTAU_4R2N.SEKLDFK.+2y5.light
hTAU_4R2N.SEKLDFK.+2y5+2.extraheavy_D5K8R10
hTAU_4R2N.SEKLDFK.+2y5+2.light
hTAU_4R2N.SEKLDFK.+2y6+2.extraheavy D5K8R10
hTAU_4R2N.SEKLDFK.+2y6+2.light
hTAU_4R2N.SRTPSLPTPPTREPK.+4y6.extraheavy D5K8R10
hTAU_4R2N.SRTPSLPTPPTREPK.+4y6.light
hTAU_4R2N.SRTPSLPTPPTREPK.+4y6+2.extraheavy D5K8R10
hTAU_4R2N.SRTPSLPTPPTREPK.+4y6+2.light
hTAU_4R2N.SRTPSLPTPPTREPK.+4y7.extraheavy D5K8R10
hTAU_4R2N.SRTPSLPTPPTREPK.+4y7 light
hTAU_4R2N.SRTPSLPTPPTREPK.+4y7+2.extraheavy_D5K8R10
hTAU_4R2N.SRTPSLPTPPTREPK.+4y7+2.light
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y10.extraheavy D5K8R10
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y10.light
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y11.extraheavy D5K8R10
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y11.light
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y12.extraheavy_D5K8R10
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y12.light
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y18+2.extraheavy_D5K8R10
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y18+2.light
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y3.extraheavy D5K8R10
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y3.light
hTAU_4R2N.TDHGAEIVYK.+3y3.extraheavy_D5K8R10
hTAU_4R2N.TDHGAEIVYK.+3y3.light

84.6
84.6
84.6
84.6
84.6
84.6
70.9
70.9
70.9
70.9
70.9
70.9
70.9
70.9
62.7
62.7
62.7
62.7
62.7
62.7
62.7
62.7
62.7
62.7
62.7
62.7
61.5
61.5
61.5
61.5
61.5
61.5
61.5
61.5
102.4
102.4
102.4
102.4
102.4
102.4
102.4
102.4
102.4
102.4
58.7
58.7



382.534
378.193
382.534
378.193
382.534
378.193
382.534
378.193
309.689
305.682
309.689
305.682
309.689
305.682
309.689
305.682
502.761
498.753
502.761
498.753
502.761
498.753
502.761
498.753
502.761
498.753
480.272
474.265
480.272
474.265
480.272
474.265
480.272
474.265
480.272
474.265
361.736
357.729
361.736
357.729
361.736
357.729
361.736
357.729
361.736
357.729

209.133
205.126
530.343
522.329
308.839
306.168
522.774
516.261
323.217
315.203
420.27

412.255
210.638
206.631
517.322
509.308
349.233
341.218
709.361
701.346
806.413
798.399
403.71

399.703
452.237
448.23

620.854
611.843
446.59

440.582
842.485
824.462
421.746
412.735
520.796
511.785
269.17

261.156
382.254
374.24

495.338
487.324
623.397
615.382
312.202
308.195

11.9
11.9
11.9
1.9
11.9
1.9
11.9
11.9

NN N NN NN NN N NN NN NN

15.6
15.6
15.6
15.6
15.6
15.6
15.6
15.6
15.6
15.6
11.9
11.9
11.9
11.9
11.9
1.9
11.9
1.9
11.9
11.9

hTAU_4R2N.TDHGAEIVYK.+3y3+2.extraheavy D5K8R10
hTAU_4R2N.TDHGAEIVYK.+3y3+2.light
hTAU_4R2N.TDHGAEIVYK.+3y4.extraheavy_D5K8R10
hTAU_4R2N.TDHGAEIVYK.+3y4.light
hTAU_4R2N.TDHGAEIVYK.+3y8+3.extraheavy_D5K8R10
hTAU_4R2N.TDHGAEIVYK.+3y8+3.light
hTAU_4R2N.TDHGAEIVYK.+3y9+2.extraheavy_D5K8R10
hTAU_4R2N.TDHGAEIVYK.+3y9+2.light
hTAU_4R2N.TPPAPK.+2y3.extraheavy_D5K8R10
hTAU_4R2N.TPPAPK.+2y3.light
hTAU_4R2N.TPPAPK.+2y4.extraheavy_D5K8R10
hTAU_4R2N.TPPAPK.+2y4 light
hTAU_4R2N.TPPAPK.+2y4+2.extraheavy_D5K8R10
hTAU_4R2N.TPPAPK.+2y4+2.light
hTAU_4R2N.TPPAPK.+2y5.extraheavy_D5K8R10
hTAU_4R2N.TPPAPK.+2y5.light
hTAU_4R2N.TPPSSGEPPK.+2y3.extraheavy_D5K8R10
hTAU_4R2N.TPPSSGEPPK.+2y3.light
hTAU_4R2N.TPPSSGEPPK.+2y7.extraheavy_D5K8R10
hTAU_4R2N.TPPSSGEPPK.+2y7 light
hTAU_4R2N.TPPSSGEPPK.+2y8.extraheavy D5K8R10
hTAU_4R2N.TPPSSGEPPK.+2y8.light
hTAU_4R2N.TPPSSGEPPK.+2y8+2.extraheavy_D5K8R10
hTAU_4R2N.TPPSSGEPPK.+2y8+2. light
hTAU_4R2N.TPPSSGEPPK.+2y9+2 extraheavy_D5K8R10
hTAU_4R2N.TPPSSGEPPK.+2y9+2.light

hTAU_4R2N.TPSLPTPPTREPK.+3y11+2.extraheavy D5K8R10

hTAU_4R2N.TPSLPTPPTREPK.+3y11+2.light

hTAU_4R2N.TPSLPTPPTREPK.+3y12+3.extraheavy_D5K8R10

hTAU_4R2N.TPSLPTPPTREPK.+3y12+3.light
hTAU_4R2N.TPSLPTPPTREPK.+3y7.extraheavy_D5K8R10
hTAU_4R2N.TPSLPTPPTREPK.+3y7 light

hTAU_4R2N.TPSLPTPPTREPK.+3y7+2.extraheavy_D5K8R10

hTAU_4R2N.TPSLPTPPTREPK.+3y7+2.light

hTAU_4R2N.TPSLPTPPTREPK.+3y9+2.extraheavy_D5K8R10

hTAU_4R2N.TPSLPTPPTREPK.+3y9+2.light
hTAU_4R2N.VQIINK.+2y2. extraheavy_D5K8R10
hTAU_4R2N.VQIINK.+2y2.light
hTAU_4R2N.VQIINK.+2y3.extraheavy D5K8R10
hTAU_4R2N.VQIINK.+2y3.light
hTAU_4R2N.VQIINK.+2y4.extraheavy D5K8R10
hTAU_4R2N.VQIINK.+2y4.light
hTAU_4R2N.VQIINK.+2y5.extraheavy_D5K8R10
hTAU_4R2N.VQIINK.+2y5.light
hTAU_4R2N.VQIINK.+2y5+2.extraheavy_D5K8R10
hTAU_4R2N.VQIINK.+2y5+2.light

58.7
58.7
58.7
58.7
58.7
58.7
58.7
58.7
53.4
53.4
53.4
53.4
53.4
53.4
53.4
53.4
67.5
67.5
67.5
67.5
67.5
67.5
67.5
67.5
67.5
67.5
65.7
65.7
65.7
65.7
65.7
65.7
65.7
65.7
65.7
65.7
57.2
57.2
57.2
57.2
57.2
57.2
57.2
57.2
57.2
57.2



644.823
644.823
644.823
726.836
726.836
726.836
776.93

776.93

776.93

699.338
699.338
699.338
636.869
636.869
636.869
487.257
487.257
487.257
622.854
622.854
622.854
669.838
669.838
669.838
683.854
683.854
683.854
683.828
683.828
683.828
547.298
547.298
547.298

1016.526
604.33
800.451
584.269
1066.484
533.746
1051.557
504.318
904.489
605.341
855.436
926.473
626.398
741.425
854.509
503.294
803.401
860.422
598.367
713.394
826.478
841.384
928.416
1041.5
855.4
956.447
1069.531
663.294
819.384
966.453
633.32
704.357
817.441

iRTpeptides. AGGSSEPVTGLADK.+2y10.light
iRTpeptides. AGGSSEPVTGLADK.+2y6.light
iRTpeptides. AGGSSEPVTGLADK.+2y8.light
iRTpeptides. DAVTPADFSEWSK.+2y10+2.light
iRTpeptides.DAVTPADFSEWSK.+2y9.light
iRTpeptides. DAVTPADFSEWSK.+2y9+2.light
iRTpeptides.FLLQFGAQGSPLFK.+2y10.light
iRTpeptides.FLLQFGAQGSPLFK.+2y4.light
iRTpeptides.FLLQFGAQGSPLFK.+2y9.light
iRTpeptides. GDLDAASYYAPVR.+2y5.light
iRTpeptides. GDLDAASYYAPVR.+2y7 light
iRTpeptides. GDLDAASYYAPVR.+2y8.light
iRTpeptides.GTFIIDPAAIVR.+2y6.light
iRTpeptides.GTFIIDPAAIVR.+2y7 light
iRTpeptides.GTFIIDPAAIVR.+2y8.light
iRTpeptides.LGGNETQVR.+2y4 light
iRTpeptides.LGGNETQVR.+2y7 light
iRTpeptides. LGGNETQVR.+2y8.light
iRTpeptides. TGFIIDPGGVIR.+2y6.light
iRTpeptides. TGFIIDPGGVIR.+2y7.light
iRTpeptides. TGFIIDPGGVIR.+2y8.light
iRTpeptides. TPVISGGPYYER.+2y7 light
iRTpeptides. TPVISGGPYYER.+2y8.light
iRTpeptides. TPVISGGPYYER.+2y9.light
iRTpeptides. TPVITGAPYYER.+2y7 light
iRTpeptides. TPVITGAPYYER.+2y8.light
iRTpeptides. TPVITGAPYYER.+2y9.light
iRTpeptides.VEATFGVDESANK.+2y6.light
iRTpeptides.VEATFGVDESANK.+2y8.light
iRTpeptides.VEATFGVDESANK.+2y9.light
iRTpeptides.YILAGVESNK.+2y6.light
iRTpeptides.YILAGVESNK.+2y7 light
iRTpeptides.YILAGVESNK.+2y8.light

78.1
781
781
84.1
84.1
84.1
87.8
87.8
87.8
82.1
82.1
82.1
77.5
77.5
77.5
66.6
66.6
66.6
76.5
76.5
76.5
79.9
79.9
79.9
81

81

81

81

81

81

7

7

71



RT

DP

CE

Q1 m/z Q3 m/z (min) Transition ID (volts) _(volts)
451.583 573.298 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y10+2.extraheavy_D5K8R10 63.5 21.8
444.57 566.785 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y10+2.light 63.5 21.8
451.583 641.352 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y11+2.extraheavy_D5K8R10 63.5 21.8
44457 630.833 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y11+2.light 63.5 21.8
451.583 318.19 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y2.extraheavy_D5K8R10 63.5 21.8
444.57 310.176 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y2.light 63.5 21.8
451.583 787.444 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y7.extraheavy_D5K8R10 63.5 21.8
444.57 779.43 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y7 light 63.5 21.8
451.583 462.755 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y8+2.extraheavy_D5K8R10 63.5 21.8
44457 458.748 10.6 hTAU_4R2N.AKTDHGAEIVYK.+3y8+2.light 63.5 21.8
501.766 507.799 111 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y10+2.extraheavy_D5K8R10 67.4 24.7
497.759 499.785 111 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y10+2.light 67.4 24.7
501.766 576.329 11.1  hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y11+2.extraheavy D5K8R10  67.4  24.7
497.759 568.315 111 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y11+2.light 67.4 24.7
501.766 786.932 111 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y15+2.extraheavy_D5K8R10 67.4 24.7
497.759 778.918 111 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y15+2.light 67.4 247
501.766 562.652 111 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y16+3.extraheavy_D5K8R10 67.4 24.7
497.759 557.309 111 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y16+3.light 67.4 24.7
501.766 591.663 111 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y17+3.extraheavy_D5K8R10 67.4 247
497.759 586.32 11.1 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y17+3.light 67.4 24.7
501.766 878.482 111 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y9.extraheavy D5K8R10 67.4 24.7
497.759 870.468 111 hTAU_4R2N.C[PPa]GSLGNIHHKPGGGQVEVK.+4y9.light 67.4 247
737.323 718.838 12 hTAU_4R2N.DQGGYTM[OxiHQDQEGDTDAGLK.+3y13+2.extraheavy_D5K8R10 84.2 37.2
727971 707.316 12 hTAU_4R2N.DQGGYTM[OxiJHQDQEGDTDAGLK.+3y13+2.light 84.2 37.2
737.323 617.355 12 hTAU_4R2N.DQGGYTM[OxiHQDQEGDTDAGLK.+3y6.extraheavy_D5K8R10 84.2 37.2
727.971 604.33 12 hTAU_4R2N.DQGGYTM[Oxi|[HQDQEGDTDAGLK.+3y86.light 84.2 37.2
737.323 794.414 12 hTAU_4R2N.DQGGYTM[OxiHQDQEGDTDAGLK.+3y8.extraheavy_D5K8R10 84.2 37.2
727971 776.378 12 hTAU_4R2N.DQGGYTM[Oxi]JHQDQEGDTDAGLK.+3y8.light 84.2 37.2
737.323 923.456 12 hTAU_4R2N.DQGGYTM[OxiHQDQEGDTDAGLK.+3y9.extraheavy_D5K8R10 84.2 37.2
727.971 905.421 12 hTAU_4R2N.DQGGYTM[Oxi]HQDQEGDTDAGLK.+3y9.light 84.2 37.2
731992 1171.552 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y11.extraheavy D5K8R10 83.8 36.9
722.64 1148.507 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y11.light 83.8 36.9
731.992 973.436 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y18+2.extraheavy_D5K8R10 83.8 36.9
722.64 961.913 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y18+2.light 83.8 36.9
731.992 396.27 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y4.extraheavy D5K8R10 83.8 36.9
722.64 388.255 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y4.light 83.8 36.9
731.992 794.414 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y8.extraheavy_D5K8R10 83.8 36.9
722.64 776.378 13 hTAU_4R2N.DQGGYTMHQDQEGDTDAGLK.+3y8.light 83.8 36.9
803.694 1033.473 15.2 hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y10.extraheavy D5K8R10 89.3 41
797.682 1020.448 15.2 hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y10.light 89.3 41
803.694 534.281 15.2 hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y5.extraheavy_D5K8R10 89.3 41
797.682 521.257 15.2 hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y5.light 89.3 41
803.694 750.356 15.2 hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y7.extraheavy_D5K8R10 89.3 41
797.682 737.331 15.2 hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y7.light 89.3 41



803.694
797.682
803.694
797.682
382.223
376.216
382.223
376.216
382.223
376.216
382.223
376.216
382.223
376.216
382.223
376.216
501.038
495.778
501.038
495.778
501.038
495.778
501.038
495.778
501.038
495.778
427.918
421.91

427.918
421.91

427.918
421.91

427.918
421.91

427.918
421.91

531.288
526.946
531.288
526.946
531.288
526.946
531.288
526.946
531.288
526.946

904.43

891.405
452.719
446.206
323.217
315.203
703.458
685.436
774.495
756.473
387.751
378.74

444.773
435.761
480.291
471.28

591.867
581.348
655.896
645.377
355.243
347.229
671.402
658.377
535.325
524.805
498.789
489.778
549.313
540.301
584.831
575.82

437.26

429.246
534.313
526.298
611.317
604.805
711.375
704.863
739.886
733.373
537.287
529.273
874.462
866.448

15.2
15.2
15.2
15.2
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18.6
18.6
18.6
18.6
18.6
18.6
18.6
18.6
18.6
18.6
1
11
1
11
11
1
11
1
11
11
17.4
17.4
17.4
17.4
17.4
17.4
17.4
17.4
17.4
17.4

hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y9.extraheavy_D5K8R10

hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y9.light

hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y9+2.extraheavy_ D5K8R10

hTAU_4R2N.ESPLQTPTEDGSEEPGSETSDAK.+3y9+2. light
hTAU_4R2N.GQANATRIPAK.+3y3.extraheavy_D5K8R10
hTAU_4R2N.GQANATRIPAK.+3y3.light
hTAU_4R2N.GQANATRIPAK.+3y6.extraheavy D5K8R10
hTAU_4R2N.GQANATRIPAK.+3y6.light
hTAU_4R2N.GQANATRIPAK.+3y7.extraheavy_D5K8R10
hTAU_4R2N.GQANATRIPAK.+3y7 light
hTAU_4R2N.GQANATRIPAK.+3y7+2.extraheavy D5K8R10
hTAU_4R2N.GQANATRIPAK.+3y7+2.light
hTAU_4R2N.GQANATRIPAK.+3y8+2.extraheavy D5K8R10
hTAU_4R2N.GQANATRIPAK.+3y8+2. light
hTAU_4R2N.GQANATRIPAK.+3y9+2.extraheavy_D5K8R10
hTAU_4R2N.GQANATRIPAK.+3y9+2.light

hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y10+2.extraheavy_D5K8R10

hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y10+2.light

hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y11+2.extraheavy D5K8R10

hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y11+2.light
hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y3.extraheavy_D5K8R10
hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y3.light
hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y6.extraheavy_D5K8R10
hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y6.light

hTAU_4R2N.HVPGGGSVQIVYKPVDLSK.+4y9+2.extraheavy_D5K8R10

hTAU_4R2N.HVPGGGSVQIVYKPVDLSK. +4y9+2 light
hTAU_4R2N.IATPRGAAPPGQK.+3y10+2.extraheavy_D5K8R10
hTAU_4R2N.IATPRGAAPPGQK.+3y10+2.light
hTAU_4R2N.IATPRGAAPPGQK.+3y11+2.extraheavy_D5K8R10
hTAU_4R2N.IATPRGAAPPGQK.+3y11+2.light
hTAU_4R2N.IATPRGAAPPGQK.+3y12+2.extraheavy D5K8R10
hTAU_4R2N.IATPRGAAPPGQK.+3y12+2.light
hTAU_4R2N.IATPRGAAPPGQK.+3y4.extraheavy_D5K8R10
hTAU_4R2N.IATPRGAAPPGQK +3y4 light
hTAU_4R2N.IATPRGAAPPGQK.+3y5.extraheavy_D5K8R10
hTAU_4R2N.IATPRGAAPPGQK.+3y5 light
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y12+2.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y12+2.light
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y14+2.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y14+2.light
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y15+2.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y15+2. light
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y6.extraheavy D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y6.light
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y9.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNK.+3y9.light

89.3
89.3
89.3
89.3
58.5
58.5
58.5
58.5
58.5
58.5
58.5
58.5
58.5
58.5
58.5
58.5
67.3
67.3
67.3
67.3
67.3
67.3
67.3
67.3
67.3
67.3
61.9
61.9
61.9
61.9
61.9
61.9
61.9
61.9
61.9
61.9
69.5
69.5
69.5
69.5
69.5
69.5
69.5
69.5
69.5
69.5

41

41

Ly

41

18.1
18.1
18.1
18.1
18.1
18.1
18.1
18.1
18.1
181
18.1
18.1
246
246
246
246
246
246
24.6
246
246
24.6
20.5
20.5
20.5
20.5
20.5
20.5
20.5
20.5
20.5
20.5
26.3
26.3
26.3
26.3
26.3
26.3
26.3
26.3
26.3
26.3



576.657
569.644
576.657
569.644
576.657
569.644
576.657
569.644
576.657
569.644
435.245
431.237
435.245
431.237
435.245
431.237
435.245
431.237
435.245
431.237
384.897
377.884
384.897
377.884
384.897
377.884
384.897
377.884
508.787
502.275
508.787
502.275
508.787
502.275
508.787
502.275
508.787
502.275
332.858
326.85

332.858
326.85

332.858
326.85

332.858
326.85

679.371
668.852
779.43

768.91

807.94

797.421
673.396
657.368
337.202
329.188
382.254
374.24

511.297
503.282
612.344
604.33

699.376
691.362
756.398
748.384
370.218
362.203
469.286
461.272
583.329
575.315
670.361
662.347
370.218
362.203
583.329
575.315
670.361
662.347
783.445
775.431
903.482
890.458
226.164
218.15

635.359
617.337
782.427
764.405
391.717
382.706

15.7
15.7
15.7
15.7
15.7
15.7
15.7
15.7
15.7
15.7
10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.5
13.3
13.3
13.3
13.3
13.3
13.3
13.3
13.3
15
15
15
15
15
15
15
15
15
15
11
1
11
1
1
11
1
1

hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y13+2.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y13+2.light
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y15+2.extraheavy D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y15+2.light
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y16+2.extraheavy D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y16+2.light
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y7.extraheavy_D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y7.light
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y7+2.extraheavy D5K8R10
hTAU_4R2N.IGSLDNITHVPGGGNKK.+3y7+2.light
hTAU_4R2N.IGSTENLK.+2y3.extraheavy_D5K8R10
hTAU_4R2N.IGSTENLK.+2y3.light
hTAU_4R2N.IGSTENLK.+2y4.extraheavy_D5K8R10
hTAU_4R2N.IGSTENLK.+2y4 light
hTAU_4R2N.IGSTENLK.+2y5.extraheavy_D5K8R10
hTAU_4R2N.IGSTENLK.+2y5.light
hTAU_4R2N.IGSTENLK.+2y6.extraheavy_D5K8R10
hTAU_4R2N.IGSTENLK.+2y6.light
hTAU_4R2N.IGSTENLK.+2y7.extraheavy D5K8R10
hTAU_4R2N.IGSTENLK.+2y7 light
hTAU_4R2N.KLDLSNVQSK.+3y3.extraheavy_D5K8R10
hTAU_4R2N.KLDLSNVQSK.+3y3.light
hTAU_4R2N.KLDLSNVQSK.+3y4.extraheavy_D5K8R10
hTAU_4R2N.KLDLSNVQSK.+3y4.light
hTAU_4R2N.KLDLSNVQSK.+3y5.extraheavy_D5K8R10
hTAU_4R2N.KLDLSNVQSK.+3y5.light
hTAU_4R2N.KLDLSNVQSK.+3y6.extraheavy_D5K8R10
hTAU_4R2N.KLDLSNVQSK.+3y6.light
hTAU_4R2N.LDLSNVQSK.+2y3.extraheavy_D5K8R10
hTAU_4R2N.LDLSNVQSK.+2y3.light
hTAU_4R2N.LDLSNVQSK.+2y5.extraheavy D5K8R10
hTAU_4R2N.LDLSNVQSK.+2y5.light
hTAU_4R2N.LDLSNVQSK.+2y6.extraheavy_D5K8R10
hTAU_4R2N.LDLSNVQSK.+2y6.light
hTAU_4R2N.LDLSNVQSK.+2y7.extraheavy D5K8R10
hTAU_4R2N.LDLSNVQSK.+2y7 light
hTAU_4R2N.LDLSNVQSK.+2y8.extraheavy D5K8R10
hTAU_4R2N.LDLSNVQSK.+2y8.light
hTAU_4R2N.LTFRENAK.+3y2.extraheavy_D5K8R10
hTAU_4R2N.LTFRENAK.+3y2.light
hTAU_4R2N.LTFRENAK.+3y5.extraheavy D5K8R10
hTAU_4R2N.LTFRENAK.+3y5.light
hTAU_4R2N.LTFRENAK.+3y6.extraheavy D5K8R10
hTAU_4R2N.LTFRENAK.+3y6.light
hTAU_4R2N.LTFRENAK.+3y6+2.extraheavy_D5K8R10
hTAU_4R2N.LTFRENAK.+3y6+2.light

72.6
72.6
72.6
72.6
72.6
72.6
72.6
72.6
72.6
72.6
62.6
62.6
62.6
62.6
62.6
62.6
62.6
62.6
62.6
62.6
58.7
58.7
58.7
58.7
58.7
58.7
58.7
58.7
67.7
67.7
67.7
67.7
67.7
67.7
67.7
67.7
67.7
67.7
54.9
54.9
54.9
54.9
54.9
54.9
54.9
54.9

28.6
28.6
28.6
28.6
28.6
28.6
28.6
28.6
28.6
28.6
24.4
24.4
24.4
24.4
24.4
24.4
24.4
24.4
24.4
24.4
18.1
18.1
18.1
18.1
18.1
18.1
18.1
18.1
26.9
26.9
26.9
26.9
26.9
26.9
26.9
26.9
26.9
26.9
15.4
15.4
15.4
15.4
15.4
15.4
15.4
15.4



332.858
326.85

697.31

690.634
697.31

690.634
697.31

690.634
697.31

690.634
74268

733.332
444.254
433735
444.254
433.735
444.254
433735
444.254
433735
444.254
433.735
444.254
433735
722.351
714.841
722.351
714.841
722.351
714.841
722.351
714.841
722.351
714.841
702.325
697.321
531.298
523.62

531.298
523.62

531.298
523.62

525.966
518.289
525.966
518.289

442.241
433.23
1061.52
1046.501
729.321
719.307
853.424
838.405
924.461
909.442
1060.57
1037.537
302.195
294.181
422.233
409.208
535.317
522.292
671.426
650.387
336.217
325.697
400.738
390.219
1227.62
1212.601
272.159
262.151
690.361
675.342
837.429
822.41
1113.577
1098.558
922.462
912.453
485.301
472.277
729.389
716.365
925.511
912.486
485.301
472.277
713.394
700.37

1

17.8
17.8
17.8
17.8
17.8
17.8
17.8
17.8
16.4
16.4
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12,5
12.5
12.5
19.5
19.5
19.5
19.5
19.5
19.5
19.5
19.5
19.5
19.5
11.4
1.4
16

16

16

16

16

16

19

19

19

19

hTAU_4R2N.LTFRENAK.+3y7+2.extraheavy D5K8R10
hTAU_4R2N.LTFRENAK.+3y7+2.light

hTAU_4R2N.QEFEVM[Oxi|EDHAGTYGLGDR.+3y10.extraheavy_D5K8R10

hTAU_4R2N.QEFEVM[OxiI[EDHAGTYGLGDR.+3y10.light

hTAU_4R2N.QEFEVM[Oxi|EDHAGTYGLGDR.+3y13+2.extraheavy_D5K8R10

hTAU_4R2N.QEFEVM[OXi[EDHAGTYGLGDR.+3y13+2.light

hTAU_4R2N.QEFEVM[Oxi[EDHAGTYGLGDR.+3y8.extraheavy _D5K8R10

hTAU_4R2N.QEFEVM[Oxi|EDHAGTYGLGDR.+3y8.light

hTAU_4R2N.QEFEVM[Oxi|EDHAGTYGLGDR.+3y9.extraheavy_D5K8R10

hTAU_4R2N.QEFEVM[Oxi|EDHAGTYGLGDR.+3y9.light

hTAU_4R2N.QEFEVM[Oxi|EDHAGTYGLGDRK.+3y10.extraheavy_D5K8R10

hTAU_4R2N.QEFEVM[OX]EDHAGTYGLGDRK.+3y10.light
hTAU_4R2N.SEKLDFK.+2y2.extraheavy_D5K8R10
hTAU_4R2N.SEKLDFK.+2y2.light
hTAU_4R2N.SEKLDFK.+2y3.extraheavy_D5K8R10
hTAU_4R2N.SEKLDFK.+2y3.light

hTAU_4R2N.SEKLDFK +2y4.extraheavy_D5K8R10
hTAU_4R2N.SEKLDFK.+2y4.light
hTAU_4R2N.SEKLDFK.+2y5.extraheavy_D5K8R10
hTAU_4R2N.SEKLDFK.+2y5. light
hTAU_4R2N.SEKLDFK.+2y5+2.extraheavy D5K8R10
hTAU_4R2N.SEKLDFK.+2y5+2.light
hTAU_4R2N.SEKLDFK.+2y6+2.extraheavy_D5K8R10
hTAU_4R2N.SEKLDFK.+2y6+2.light
hTAU_4R2N.SENLYFQGDISR.+2y10.extraheavy_D5K8R10
hTAU_4R2N.SENLYFQGDISR.+2y10.light
hTAU_4R2N.SENLYFQGDISR.+2y2.extraheavy _D5K8R10
hTAU_4R2N.SENLYFQGDISR +2y2 light
hTAU_4R2N.SENLYFQGDISR.+2y6.extraheavy_D5K8R10
hTAU_4R2N.SENLYFQGDISR.+2y6.light
hTAU_4R2N.SENLYFQGDISR.+2y7.extraheavy D5K8R10
hTAU_4R2N.SENLYFQGDISR.+2y7.light
hTAU_4R2N.SENLYFQGDISR.+2y9.extraheavy_D5K8R10
hTAU_4R2N.SENLYFQGDISR.+2y9.light
hTAU_4R2N.SGYSSPGSPGTPGSR.+2y10.extraheavy D5K8R10
hTAU_4R2N.SGYSSPGSPGTPGSR.+2y10.light
hTAU_4R2N.SRLQTAPVPM[Oxi]PDLK.+3y4.extraheavy D5K8R10
hTAU_4R2N.SRLQTAPVPM[Oxi]PDLK.+3y4.light
hTAU_4R2N.SRLQTAPVPM[Oxi]PDLK.+3y6.extraheavy_D5K8R10
hTAU_4R2N.SRLQTAPVPM[Oxi]PDLK.+3y6.light
hTAU_4R2N.SRLQTAPVPM[Oxi]PDLK.+3y8.extraheavy D5K8R10
hTAU_4R2N.SRLQTAPVPM[Oxi]PDLK.+3y8.light
hTAU_4R2N.SRLQTAPVPMPDLK.+3y4.extraheavy D5K8R10
hTAU_4R2N.SRLQTAPVPMPDLK.+3y4.light
hTAU_4R2N.SRLQTAPVPMPDLK.+3y6.extraheavy_D5K8R10
hTAU_4R2N.SRLQTAPVPMPDLK.+3y6.light

54.9
54.9
81.5
81.5
81.5
81.5
81.5
81.5
81.5
81.5
84.6
84.6
62.7
62.7
62.7
62.7
62.7
62.7
62.7
62.7
62.7
62.7
62.7
62.7
83.2
83.2
83.2
83.2
83.2
83.2
83.2
83.2
83.2
83.2
82

82

69.3
69.3
69.3
69.3
69.3
69.3
68.9
68.9
68.9
68.9

15.4
15.4
35.2
35.2
35.2
35.2
35.2
352
35.2
35.2
375
375
245
245
245
245
245
245
245
245
245
245
245
245
34.6
346
346
346
346
346
346
346
346
346
34

34

26.1
26.1
26.1
26.1
26.1
26.1
258
25.8
25.8
258



525.966
518.289
987.001
977.984
987.001
977.984
987.001
977.984
987.001
977.984
987.001
977.984
382.534
378.193
382.534
378.193
382.534
378.193
382.534
378.193
382.534
378.193
309.689
305.682
309.689
305.682
309.689
305.682
309.689
305.682
502.761
498.753
502.761
498.753
502.761
498.753
502.761
498.753
502.761
498.753
478.91

471.232
478.91

471.232
478.91

471.232

357.201
350.689
995.545
982.52
1066.582
1053.557
1167.63
1154.605
892.962
883.944
309.201
301.187
417.259
409.245
209.133
205.126
530.343
522.329
308.839
306.168
522.774
516.261
323.217
315.203
420.27
412.255
210.638
206.631
517.322
509.308
349.233
341.218
709.361
701.346
806.413
798.399
403.71
399.703
452.237
448.23
618.81
607.294
682.38
659.347
779.433
756.4

19

19

19.7
19.7
19.7
19.7
19.7
19.7
19.7
19.7
19.7
19.7
11.9
11.9
11.9
11.9
11.9
11.9
11.9
11.9
11.9
11.9

N NN N NN NN NN NN NN NN NN SN NN NN

hTAU_4R2N.SRLQTAPVPMPDLK. +3y6+2.extraheavy_D5K8R10
hTAU_4R2N.SRLQTAPVPMPDLK.+3y6+2.light
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y10.extraheavy_D5K8R10
hTAU_4R2N.STPTAEDVTAPLYDEGAPGK.+2y10.light
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y11.extraheavy D5K8R10
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y11.light
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y12.extraheavy_D5K8R10
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y12.light
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y18+2.extraheavy D5K8R10
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y18+2.light
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y3.extraheavy_D5K8R10
hTAU_4R2N.STPTAEDVTAPLVDEGAPGK.+2y3.light
hTAU_4R2N.TDHGAEIVYK.+3y3.extraheavy_D5K8R10

hTAU_4R2N. TDHGAEIVYK.+3y3.light
hTAU_4R2N.TDHGAEIVYK.+3y3+2.extraheavy_D5K8R10
hTAU_4R2N.TDHGAEIVYK.+3y3+2.light

hTAU_4R2N. TDHGAEIVYK.+3y4 extraheavy_D5K8R10
hTAU_4R2N.TDHGAEIVYK.+3y4.light
hTAU_4R2N.TDHGAEIVYK.+3y8+3.extraheavy D5K8R10
hTAU_4R2N. TDHGAEIVYK.+3y8+3.light
hTAU_4R2N.TDHGAEIVYK.+3y9+2.extraheavy D5K8R10
hTAU_4R2N.TDHGAEIVYK.+3y9+2.light

hTAU_4R2N.TPPAPK +2y3.extraheavy_D5K8R10
hTAU_4R2N.TPPAPK.+2y3.light

hTAU_4R2N.TPPAPK +2y4.extraheavy D5K8R10
hTAU_4R2N.TPPAPK +2y4.light
hTAU_4R2N.TPPAPK.+2y4+2.extraheavy D5K8R10
hTAU_4R2N.TPPAPK +2y4+2.light

hTAU_4R2N.TPPAPK +2y5.extraheavy_D5K8R10
hTAU_4R2N.TPPAPK +2y5 light
hTAU_4R2N.TPPSSGEPPK.+2y3.extraheavy_D5K8R10
hTAU_4R2N.TPPSSGEPPK.+2y3.light

hTAU_4R2N. TPPSSGEPPK.+2y7.exiraheavy_D5K8R10

hTAU_4R2N. TPPSSGEPPK.+2y7 light
hTAU_4R2N.TPPSSGEPPK.+2y8.extraheavy_D5K8R10

hTAU_4R2N. TPPSSGEPPK.+2y8.light
hTAU_4R2N.TPPSSGEPPK.+2y8+2.extraheavy_D5K8R10
hTAU_4R2N.TPPSSGEPPK.+2y8+2.light

hTAU_4R2N. TPPSSGEPPK.+2y9+2.extraheavy_D5K8R10
hTAU_4R2N.TPPSSGEPPK.+2y9+2.light
hTAU_4R2N.TPPSSGEPPKSGDR.+3y12+2.extraheavy_D5K8R10
hTAU_4R2N. TPPSSGEPPKSGDR.+3y12+2.light
hTAU_4R2N.TPPSSGEPPKSGDR.+3y6.extraheavy_D5K8R10
hTAU_4R2N.TPPSSGEPPKSGDR.+3y6.light
hTAU_4R2N.TPPSSGEPPKSGDR.+3y7.extraheavy_D5K8R10
hTAU_4R2N.TPPSSGEPPKSGDR.+3y7.light

68.9
68.9
102.4
102.4
102.4
102.4
102.4
102.4
102.4
102.4
102.4
102.4
58.7
58.7
58.7
58.7
58.7
58.7
58.7
58.7
58.7
58.7
53.4
53.4
53.4
53.4
53.4
53.4
53.4
53.4
67.5
67.5
67.5
67.5
67.5
67.5
67.5
67.5
67.5
67.5
65.5
65.5
65.5
65.5
65.5
65.5

25.8
25.8
44.1
44.1
44.1
44.1
44.1
44.1
44.1
44.1
44.1
44.1
18.2
18.2
18.2
18.2
18.2
18.2
18.2
18.2
18.2
18.2
19.9
19.9
19.9
19.9
19.9
19.9
19.9
19.9
26.8
26.8
26.8
26.8
26.8
26.8
26.8
26.8
26.8
26.8
23.2
23.2
23.2
23.2
23.2
23.2



328.882
322.875
328.882
322.875
328.882
322.875
328.882
322.875
328.882
322.875
361.736
357.729
361.736
357.729
361.736
357.729
361.736
357.729
361.736
357.729
598.773
596.268
591.264
598.773
596.268
591.264
598.773
596.268
591.264
598.773
596.268
591.264
598.773
596.268
591.264
598.773
596.268
591.264
644.823
644.823
644.823
726.836
726.836
726.836
776.93

776.93

349.233
341.218
616.39
598.367
715.458
697.436
407.767
398.756
443.285
434.274
269.17
261.156
382.254
374.24
495.338
487.324
623.397
615.382
312.202
308.195
351.201
351.201
341.193
449.178
449.178
439.17
727.285
722.274
712.266
814.317
809.306
799.298
913.385
908.375
898.367
1012.454
1007.443
997.435
1016.526
604.33
800.451
584.269
1066.484
533.746
1051.557
504.318

10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.5
11.9
11.9
11.9
11.9
11.9
11.9
11.9
11.9
11.9
11.9
1
11
11
1
11
1
1
11
1
11
11
1
11
1
11
11
1
1

hTAU_4R2N.VAVVRTPPK.+3y3.extraheavy D5K8R10
hTAU_4R2N.VAVVRTPPK.+3y3.light
hTAU_4R2N.VAVVRTPPK.+3y5.extraheavy_ D5K8R10
hTAU_4R2N.VAVVRTPPK.+3y5.light
hTAU_4R2N.VAVVRTPPK.+3y6.extraheavy_D5K8R10
hTAU_4R2N.VAVVRTPPK.+3y6.light
hTAU_4R2N.VAVVRTPPK.+3y7+2.extraheavy_D5K8R10
hTAU_4R2N.VAVVRTPPK.+3y7+2 light
hTAU_4R2N.VAVVRTPPK.+3y8+2.extraheavy D5K8R10
hTAU_4R2N.VAVVRTPPK.+3y8+2 light
hTAU_4R2N.VQIINK.+2y2.extraheavy_D5K8R10
hTAU_4R2N.VQIINK.+2y2 light
hTAU_4R2N.VQIINK.+2y3.extraheavy_D5K8R10
hTAU_4R2N.VQIINK.+2y3.light
hTAU_4R2N.VQIINK.+2y4.extraheavy_D5K8R10
hTAU_4R2N.VQIINK.+2y4.light
hTAU_4R2N.VQIINK.+2y5.extraheavy_D5K8R10
hTAU_4R2N.VQIINK.+2y5.light
hTAU_4R2N.VQIINK.+2y5+2.extraheavy_D5K8R10
hTAU_4R2N.VQIINK.+2y5+2 light
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y3 -98.extraheavy_D5K8R10
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y3 -98.heavy_R10
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y3 -98.light
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y3.extraheavy D5K8R10
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y3.heavy_R10
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y3.light
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y6.extraheavy D5K8R10
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y6.heavy_R10
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y6.light
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y7.extraheavy_D5K8R10
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y7.heavy_R10
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y7.light
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y8.extraheavy_D5K8R10
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y8.heavy_R10
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y8.light
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y9.extraheavy_D5K8R10
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y9.heavy_R10
hTAU_4R2N_phospho.SPVVSGDTS[Pho]PR.+2y9.light

iRTpeptides. AGGSSEPVTGLADK.+2y10.light

iRTpeptides. AGGSSEPVTGLADK.+2y6.light

iRTpeptides. AGGSSEPVTGLADK.+2y8.light

iRTpeptides. DAVTPADFSEWSK.+2y10+2.light

iRTpeptides. DAVTPADFSEWSK.+2y9.light

iRTpeptides. DAVTPADFSEWSK.+2y9+2.light
iRTpeptides.FLLQFGAQGSPLFK.+2y10.light
iRTpeptides.FLLQFGAQGSPLFK.+2y4.light

54.7
54.7
54.7
54.7
54.7
54.7
54.7
54.7
54.7
54.7
57.2
57.2
57.2
57.2
57.2
57.2
57.2
57.2
57.2
57.2
74.2
74.2
74.2
74.2
74.2
74.2
74.2
74.2
74.2
74.2
74.2
74.2
74.2
74.2
74.2
74.2
74.2
74.2
78.1
78.1
781
84.1
84.1
84.1
87.8
87.8

15.2
15.2
15.2
15.2
15.2
15.2
15.2
15.2
15.2
15.2
217
21.7
21.7
217
21.7
21.7
217
21.7
21.7
217
30.1
30.1
30.1
30.1
30.1
30.1
30.1
30.1
30.1
30.1
30.1
30.1
30.1
30.1
30.1
30.1
30.1
30.1
32.1
32.1
321
35

35

35

36.8
36.8



776.93

699.338
699.338
699.338
636.869
636.869
636.869
487.257
487.257
487.257
622.854
622.854
622.854
669.838
669.838
669.838
683.854
683.854
683.854
683.828
683.828
683.828
547.298
547.298
547.298

904.489
605.341
855.436
926.473
626.398
741.425
854.509
503.294
803.401
860.422
598.367
713.394
826.478
841.384
928.416
1041.5
855.4
956.447
1069.531
663.294
819.384
966.453
633.32
704.357
817.441

iRTpeptides.FLLQFGAQGSPLFK.+2y9.light
iRTpeptides. GDLDAASYYAPVR.+2y5.light
iRTpeptides. GDLDAASYYAPVR.+2y7 light
iRTpeptides. GDLDAASYYAPVR.+2y8.light
iRTpeptides.GTFIIDPAAIVR.+2y6.light
iRTpeptides.GTFIIDPAAIVR.+2y7 light
iRTpeptides.GTFIIDPAAIVR.+2y8.light
iRTpeptides.LGGNETQVR.+2y4.light
iRTpeptides.LGGNETQVR.+2y7 light
iRTpeptides. LGGNETQVR.+2y8.light
iRTpeptides. TGFIIDPGGVIR.+2y6.light
iRTpeptides. TGFIIDPGGVIR.+2y7 light
iRTpeptides. TGFIIDPGGVIR.+2y8.light
iRTpeptides. TPVISGGPYYER.+2y7 light
iRTpeptides. TPVISGGPYYER.+2y8.light
iRTpeptides. TPVISGGPYYER.+2y9.light
iRTpeptides. TPVITGAPYYER.+2y7 light
iRTpeptides. TPVITGAPYYER.+2y8.light
iRTpeptides. TPVITGAPYYER.+2y9.light
iRTpeptides.VEATFGVDESANK.+2y6.light
iRTpeptides.VEATFGVDESANK.+2y8.light
iRTpeptides.VEATFGVDESANK.+2y9.light
iRTpeptides.YILAGVESNK.+2y6.light
iRTpeptides.YILAGVESNK.+2y7 light
iRTpeptides.YILAGVESNK.+2y8.light

87.8
82.1
82.1
82.1
77.5
77.5
77.5
66.6
66.6
66.6
76.5
76.5
76.5
79.9
79.9
79.9
81
81
81
81
81
81
71
71
71

36.8
34

34

34

318
318
318
26.4
26.4
26.4
313
313
313
33

33

33

335
335
335
335
335
335
28.6
286
28.6
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