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Abstract

Abnormal folding and aggregation of the microtubule-associated protein, Tau, is
a hallmark of several neurodegenerative disorders, including Alzheimer’s disease
(AD). Although normal Tau is an intrinsically disordered protein, it does exhibit
tertiary structure whereby the N and C-termini are often in close proximity to each
other and to the contiguous microtubule binding repeat domains that extend C-
terminally from the middle of the protein. Unfolding of this paperclip-like
conformation might precede formation of toxic Tau oligomers and filaments, like
those found in AD brain. While there are many ways to monitor Tau aggregation,
methods to monitor changes in Tau folding are not well established. Using full
length human 2N4R Tau doubly labeled with the Forster resonance energy
transfer (FRET) compatible fluorescent proteins, Venus and Teal, on the N- and
C-termini, respectively (Venus-Tau-Teal), intensity and lifetime FRET
measurements were able to distinguish folded from unfolded Tau in living cells
independently of Tau-Tau intermolecular interactions. When expression was
restricted to low levels in which Tau-Tau aggregation was minimized, Venus-Tau-
Teal was sensitive to microtubule binding, phosphorylation and pathogenic
oligomers. Of particular interest is our finding that amyloid-f3 oligomers (ABOs)
trigger Venus-Tau-Teal unfolding in cultured mouse neurons. We thus provide
direct experimental evidence that ABOs convert normally folded Tau into a
conformation thought to predominate in toxic Tau aggregates. This finding
provides further evidence for a mechanistic connection between AB and Tau at

seminal stages of AD pathogenesis.
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Abbreviations

AA - arachidonic acid

AB — Amyloid-beta

ABOs - Amyloid-beta oligomers

AD — Alzheimer’s Disease

APP — Amyloid precursor protein

B4M - benzophenone-4-maleimide

CCR — Cell Cycle Re-entry

CFP - cyan fluorescent protein

CNS — Central nervous system

DMEM - Dulbeco's Modified Eagle's Medium
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E% - Efficiency of energy transfer
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FRET - Forster resonance energy transfer
FLIM — fluorescence lifetime imaging microscopy
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FTDP-17 - Frontotemporal dementia and parkinsonism linked to chromosome 17
HFIP - 1,1,1,3,3,3-hexafluoro-2-propanol
MAP — Microtubule-associated protein

MCI — Mild Cognitive Impairment

MT — Microtubule

MTBR — Microtubule binding repeat



mTFP — monomeric teal fluorescent protein
NMDA - N-methyl-D-aspartate

OA — Okadaic Acid

PrP — prion protein

ROI — Region of Interest

SplitFP - split fluorescent protein

TauT — Tau-teal

TauV — Tau-venus

TCEP - Tris(2-carboxyethyl)phosphine
Ttau — Teal-tau

TtauV — Teal-tau-venus

Tm - Lifetime

Vtau — Venus-tau

VtauT — Venus-tau-teal

WT — Wild-type

YFP - yellow fluorescent protein
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Chapter 1: Introduction
Alzheimer’s Disease: Historical Context of Dementia

The gradual loss of cognitive ability has long been associated with aging,
but ancient writings reflected a lack of scientific understanding about distinctions
between normal aging and pathology. Early attempts to explain loss of cognition
gained some specificity with Plato and Aristotle in the fourth century BC. Plato
describes the “bitter and bilious” humors which, when trapped inside the body,
wreak havoc. Everything from forgetfulness and stupidity to rashness or
cowardice were attributed to the balance of these humors. Aristotle blamed the
maladies of old age on the cold black bile of the body [1]. In fact, old age itself is
often discussed as an illness, during writings of this time period, but one that is
inevitable.

One of the first to indicate that the cognitive decline of old age need not be
inevitable came from the Roman philosopher, Cicero, who claimed that mental
failure was in fact, the result of a weakness of will. Cicero considered it the moral
duty of humanity to fight senility, and the means of doing so is by the exercise of
physical and mental activity [2] ,a concept which has validity even today. With the
writings around 100 BCE of Posidonius, a Greek philosopher, there began to
develop an understanding and a terminology to differentiate normal mental
decline from the loss associated with pathology or madness. This difference was
expressed as the concepts of morosis and delirium. Delirium was a condition of

the old, an expected loss of mental faculty over time. Morosis, on the other hand,



also appears in the young and is specifically associated with illness or madness
[1]. The seeds of this differentiation were planted, but would not germinate until
much later. In the 16™ century attempts were made to categorize different types
of mental iliness, distinguishing conditions such as fever-induced delirium,
madness and lethargy, from memory loss or the loss of reason. Finally, in the
1600’s Thomas Willis wrote that morosis is “not improperly reckoned among the
diseases of the head or brain” and suggested many potential reasons for this
degeneration. [2] It was not until the 1860’s that, thanks to a growing acceptance
of the autopsy, the loss of brain mass accompanying aging and insanity was
noted. In 1864, a physician named Samuel Wilks definitively described the

cerebral atrophy that we now know is due to neuron loss. [3].

Historical context of Alzheimer’s Disease

The first identification of a histopathology which would come to
characterize Alzheimer’s disease, the accumulation of plaques in an epileptic
patient, was actually discovered by Blocq and Marinesco in 1892 and then by
Redlich in two cases of senile dementia. In 1903 an improved silver staining
method was developed by Bielschowsky which made neurons visible. This stain
was used by Alois Alzheimer a few years later on the case that would identify the
form of dementia which would carry his name [2]. In 1906, Alois Alzheimer gave
the first description of the behavior and pathology of a patient, Auguste Deter,

who died of an unknown form of dementia. Her behavior was described as
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“delusional, forgetful, disoriented, anxious, suspicious, unruly and disruptive” and
had declined rapidly over the past year [4]. After her death, Alzheimer used the
newly improved method of silver staining to visualize and describe foci within the
cortex and fibers inside otherwise normal appearing cells. These structures
would become known as the pathological hallmarks of the disease, extracelluar
plaques of AB (amyloid-beta) peptides and intraneuronal neurofibrillary tangles of

the microtubule associated protein, tau.

Alzheimer’s disease (AD) is now known to be the most common form of
dementia [5], impacting nearly 6 million patients in the United States alone [6]
with the number projected to rise more than 2-fold by the middle of the century if
efforts to prevent or slow disease onset fail. It is the sixth leading cause of death
in the United States (and the fifth among the population above the age of 65. The
cost of care for these patients is estimated exceed 270 billion dollars in 2019 [6]

The neurodegenerative effects of AD contribute to progressively
worsening behavioral symptoms. Most patients with Alzheimer’s disease
experience a slow development of symptoms over several years. Loss of
neurons in the hippocampus, which plays a role in the consolidation of short-term
memory into long-term memory as well as spatial orientation, results in short-
term memory deficits and spatial disorientation that worsens as damage to the
brain becomes more severe. Among the behavioral hallmarks of AD are
confusion of time and date, wandering, and language impairment[7].

Due to its neurodegenerative nature, the severity and rate of degeneration

varies among patients but progress through several stages. The initial
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presymptomatic stage of the disease can last for decades and is a complicating
feature of the disease, and combined with a lack of prophylactic treatments,
makes early treatment impossible. When the first behaviorally identifiable
symptoms develop it is referred to as mild cognitive impairment (MCI.) Patients
in this category will begin to have difficulty with routine tasks and become
disoriented intermittently. Symptoms eventually develop into the more severe
‘dementia due to Alzheimer’s.” [8] Patients with severe AD are incapable of living
independently due to inability to complete the most basic of self-care tasks and
an increasing toll on their physical health, including the ability to eat, drink and
swallow.

Until recently, a definitive diagnosis of AD requires a post-mortem brain
autopsy. However, there are diagnostic criteria in place for determining whether a
living patient has possible or probable AD [9,10]. These involve a combination of
psychiatric tests, PET imaging for plaques, biomarker analysis of cerebrospinal
fluid, and various exclusionary tests to rule out non-AD dementias [6]. While
there are no current disease-modifying drugs for AD, there are two types of FDA
approved treatments which target synaptic transmission in an attempt to slow the
behavioral effects of the disease. Four approved drugs are cholinesterase
inhibitors which prevent the breakdown of the neurotransmitter acetylcholine in
the brain. This is meant to combat the low levels of acetylcholine in the brains of
AD patients [11-14]. The other is an NMDA receptor antagonist which targets

neuronal excitotoxicity by preventing excess calcium entry into neurons [15].
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AB and APP processing

AB is one of the two hallmark proteinaceous markers of AD, known for
forming the extracellular plaques that characterize the later stages of the
disease. AB comprises species of varying length from ~36 to ~43 amino acids
long, but all contain the same core structure [16]. This peptide is formed by the
cleavage of the amyloid precursor protein (APP) which can be cut by various
secretases in one of two pathways that result in the production of non-
amyloidogenic APP fragments either with or without AB. Three cleavage sites are
particularly important for APP processing and AR production. The a-secretase
site is cleaved by enzymes from the ADAM (a disintegrin and metalloprotease
domain) family; the B-secretase site is cut primarily by beta-site APP cleaving
enzyme BACE1, and the y-secretase site is cleaved by a y-secretase enzyme
complex including presenilin (PSEN) [16-19] When APP is processed via the
non-amyloidogenic pathway a sequential cut by a-secretase followed by y-
secretase results in three peptides; an N-terminal sAPPa, the APP intracellular
domain and p3. Because the a-secretase cleavage site at Lys686 is within the
potential AR sequence, this pathway prevents the production of AR entirely.
Alternatively, APP can be processed by the amyloidogenic pathway. When this
occurs, APP is cleaved by B-secretase and y-secretase sequentially and an A
peptide is formed. Variation in a-secretase: 3-secretase cleavage ratio would,
therefore, shift the population of downstream peptides formed by APP processing
to produce more or less AB peptide.

Familial mutations that effect this pathway are named for the locations of

families first known to possess them. The Flemish and Swedish mutations, for
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example, contain mutations near the a-secretase and 3-secretase cleavage sites
of APP respectively. Both favor cleavage by the AB producing -secretase
pathway, by respectively decreasing the affinity of a-secretase for its site or
increasing the affinity of B-secretase for its site [20]. The processing of APP can
also be shifted in the opposite direction. A673T, also known as the Icelandic
mutation, is adjacent to the B-secretase site in APP, and results in a 40%
reduction in processing of APP via amyloidogenic pathway. [21].

The study of Down’s syndrome patients with an extra copy of the APP
gene, provides additional evidence that APP processing is crucial to AD. These
patients have elevated levels of AR and AD-like pathology, but not when the
APP-containing portion of the third chromosome 21 is missing [22-24]. These
genetic factors demonstrate a link among APP processing, AR accumulation and
risk of disease development. In view of this evidence, a predominant theory of
AD development, the “amyloid cascade hypothesis,” proposes that it is the
accumulation of the AB peptide that instigates the other pathological effects [25-

27].

Risk Factors

AD is broadly divided into two categories. Early-onset AD is so named for
the development of symptoms prior to the age of 60 — 65 years and makes up an
estimated 1-6% of cases. Most cases of early onset AD come from families with
a known history of AD, with about 13% inherited from autosomal dominant

mutations with multiple generations effected [28]. Early-onset familial AD (FAD)
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has a very strong genetic component and is characterized by an aggressive
early-onset presentation of the disease in patients between 30-60 years of age,
with most patients not living beyond 50 [29,30] Mutations that cause FAD occur
in only 3 genes, the APP gene, PSEN1 and PSENZ2. These mutations are fully
penetrant and involve alterations in the processing of the trans-membrane
amyloid precursor protein (APP) leading either to overall increase in A levels or
an increase in aggregation-prone forms of AB [31,32].

The maijority of cases of AD are characterized as sporadic, though these
too can be either early or late onset. Late-onset Alzheimer’s disease is
characterized by the development of symptoms after the age of 65. These cases
have a more nebulous cause, with a broad spectrum of genetic risk factors and
environmental factors.

By far, the greatest risk factor for developing sporadic AD is age and 81%
of patients with AD are over 75 years old [33]. The close tie of AD with age also
means that despite the already staggering numbers, AD is prone to
underreporting, with some cognitive degeneration attributed inappropriately to
simple age-based decline. Other risk factors include a family history of AD. Even
among the sporadic cases of AD, having a relative with the disease doubles the
risk of developing the disease [28]. While there does not always seem to be a
single genetic component to this risk, it may be due to a combination of genetic
risk factors not thoroughly defined, or the shared environment of families or some
combination of the two. Genome-wide association studies have been done to try

to pinpoint some of the genes that may contribute at lower penetrance levels [34-
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36].

The strongest genetic component of AD, and one that is closely tied to
onset of AD earlier than age 65, is the APOE4 allele. The ApoE protein forms
lipoproteins, binding with cholesterols, fats and peptides for transport through the
blood stream, and its gene is present in humans as 3 common alleles: APOE?2,
APOE3 and APOEA4. A carrier of the APOEA4 allele is not guaranteed to develop
AD, but a single copy increases risk 3-5-fold and 2 copies increase the risk up to
10-fold or more [6,37-39]. There is evidence that the APOE4 allele contributes to
pathology via stimulating oligomerization of AR as well as inefficient clearance of
AB compared to E2 or E3 alleles [38,40-43] One allele of APOE actually appears
to have a protective effect. This protective allele, APOE2 has also been
implicated in a signaling cascade which can affect other pathological hallmarks of
AD including tau hyperphosphorylation [44] and phosphorylation of the NMDA
receptor, contributing to synapse function, learning and memory.

Numerous studies and corresponding meta-analyses have also shown
traumatic brain injury (TBI) to be a risk factor for sporadic AD, with increases in
AB levels and plaques a well-documented result of these injuries [45-49]. Other
risk factors include elements associated with cardiovascular health, leading to
the general idea that what is good for the heart is good for the brain. Smoking,
and second-hand smoke, obesity, diabetes, high cholesterol and hypertension

are all associated with modest increased risk of dementia later in life [50-53].
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The AB / tau connection

Until recently, the accumulated AR plaques themselves were thought to
cause damage in AD. However, there is a weak correlation between dementia
severity and plaque load in AD mouse models or humans [54,55]. In fact,
immunizing with full length AB1.42is able to reduce plaque burden without
preventing cognitive decline in humans [56,57]. These indications of the limited
toxicity of fibrils and plaques are sometimes utilized as evidence against the
amyloid cascade hypothesis, indicating that amyloid is not playing as significant
of a role in AD as might be indicated by the genetic evidence. But the relative
biological inactivity of fibrils and plaque deposits could also suggest that a
different species of AB is neurotoxic. More recent attempts to correlate Ap with
behavioral and cognitive deficits have focused on soluble A instead of plaque
counts. AB peptides in different oligomerization states can have vastly different
cellular effects. Monomeric AR has long been known not to have cytotoxic effects
but oligomers ca be more synaptotoxic or cytotoxic [58,59]. When examined in
this way, there does appear to be a good correlation of Ap oligomers (but not
plaques) with cognitive deficits [60,61]. AB oligomers in the absence of fibrils
have been shown to have toxic effects in cell based assays and AR immunization
of AD model mice can result in behavioral recovery without lowering plaque
burden, suggesting an effect on a soluble AB pool rather than plaque deposits
[66,62,63].

While amyloid accumulation in brain appears to be necessary for AD

development, it is not sufficient and many, if not most, toxic effects of AB
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oligomers depend on the presence of tau. This led to much disagreement in the
field about whether to consider AR or tau the primary disease causing protein in
AD [64]. In 2001, however, a pair of papers was published showing the link
between the two pathologically aggregated proteins in AD. These papers
demonstrated that in a mouse model overexpressing mutant tau, tau pathology
could be worsened by the injection of A [65] or by crossing with a mouse
overexpressing mutant APP [66]. Additionally the deficits in mice overexpressing
mutant human APP could be ameliorated by crossing mice into a tau null
background [67]. Since then there has developed an extensive literature
emphasizing how A signals through tau to cause synapse damage [68],
microtubule disassembly [69], NMDA excitotoxicity [70], trafficking deficits
[71,72], ectopic neuronal cell cycle re-entry [73], cytotoxicity [74] and the
mislocalization of tau into the somatodendritic compartment [72].

Given that several aspects of AB toxicity have been shown to be
dependent on tau, indicating a functional link between these factors, deciphering
the connection between these two hallmark proteins in the disease could be
instrumental for the development of improved diagnostic criteria and treatments

for AD.

Tau Structure and Function
Tau is a microtubule associated protein (MAP) which contains several
important structural domains that mediate its physiological roles, folding and

oligomerization. It has 0, 1 or 2 inserts of 29 amino acids each near its N-
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terminus, a proline-rich region with many potential phosphorylation sites located
near the end of the N-terminal half of the protein, and 3 or 4 imperfect, tandem
microtubule-binding repeat domains (MTBRs) of 31 or 32 amino acids each
located in the C-terminal half [75-77] Alternative splicing of exon 2, 3 and 10
create six splice variants of tau which differ by the number N terminal inserts and
microtubule binding repeats [78].

The most well characterized physiological role for tau is its role in
microtubule assembly and stabilization. Its discovery as a microtubule associated
protein was, in fact, due to that role. In 1975 it was discovered that not only does
tau co-purify with tubulin, upon separation from MAPs tubulin lost the ability to
polymerize. The re-addition of tau to purified tubulin rescued the ability of tubulin
to polymerize [79].

The function of the N terminal inserts is less well established though the
varying length has some effects on spacing between microtubules [80]
subcellular distribution and tendencies for aggregation [81]. The microtubule
binding repeat region mediates the interaction of tau with microtubules with 4R
isoforms having a higher affinity interaction than 3R isoforms and likewise
promoting microtubule assembly more efficiently [75]. The second and third
MTBRs are also responsible for Tau-Tau interactions in Tau aggregates [78].

Tau also has a role in the regulation of axonal transport. Axonal transport
is driven by microtubule motors which carry materials along a network of
microtubules. This network allows transport of cargo from the minus ends which

cluster near the soma, to positive ends at a synapse that may be upwards of a
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meter away [82]. Traffic moving towards the positive end (towards the synapse)
is driven by a family of proteins called kinesins while transport towards the soma
is driven by dyneins [82]. When overexpressed, tau inhibits the trafficking of
vesicles, mitochondria and ER [83]. This inhibition of kinesin driven transport
results in the buildup of cargo near the soma. The mechanism for this role of tau
was elucidated by an experiment showing that fluorescently tagged kinesin
motors when moving along a microtubule, have a tendency for pausing or
detatching when they come into contact with a tau ‘speedbump’ while dyneins
tend to reverse directions [84]. This, combined with a gradient of tau expression
along an axon provides a potential mechanism by which cargo can be delivered
to various places along an axon, rather than only be deliverable at the soma or
synapse [85].

Though tau’s primary expression is in the axon there is some localization
of tau within the dendrite or nucleus. Tau also appears to have a role in the
dendrite via targeting of the Fyn kinase to the dendrite which in turn regulates
NMDA activity [70]. The loss of tau disrupts Fyn targeting to the post synapse
and mitigates AB induced excitotoxity. There is some evidence that tau may have
a role in stabilizing DNA and RNA as under conditions of heat stress,
dephosphorylated tau accumulates in the nucleus and protects DNA from heat
shock damage, [86] but this role is not as well characterized as axonal tau.

There are two general categories of mutations of tau which can affect
these physiological roles. Missense mutations generally cluster near the MTBR.

Some of these mutations include G272V, N279K, AK280, P301L, V337M or
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R406W. These kinds of mutations usually have a decreased affinity for
microtubules and are more prone to aggregation than wild type tau [87-89].
Splicing mutations on the other hand are often located near intron 10 and shift
the 3R to 4R ratio, usually though not always increasing the amount of 4R

compared to 3R [87].

Post-translational modifications of tau

Tau can be modified in many ways including phosphorylation, acetylation,
methylation, glycation, isomerization, O-GIcNAcylation, nitration, sumoylation,
ubiquitination, and truncation. Some of these modifications are more well studied
than others, and none so much as the role of phosphorylation on tau both in
terms of function and pathology. There are over 80 potential phosphorylation
sites on the longest form of tau and over half of them have been observed in vivo
[87]. When brains of normal adults are compared to AD post autopsy, AD brain
carries approximately four times the number of phosphorylations [90]. Some of
these phosphorylation sites are inside or flanking the MTBR and modulate tau’s
binding to microtubules. S262, among others, has been shown to lower the
affinity of tau for microtubules [91]. Other pathological processes have different
subsets of necessary phosphorylation sites. For example, the A induced ectopic
cell cycle re-entry (CCR) characterized in our lab and others requires
phosphorylation of Tau at Tyr18, Ser409 and Ser416 [73].

Not only can phosphorylation directly affect the ability of tau to bind

microtubules, phosphorylated tau can sequester normal tau and other
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microtubule associated proteins preventing ‘normal tau’ from functioning, thus
disrupting microtubule assembly. Reversing this phosphorylation load of AD tau
using protein phosphatases rescues tau’s ability to support microtubule assembly
in vitro and diminishes tau pathology in vivo [92].

The phosphorylation of tau is regulated by a balance of many kinases and
phosphatases. Phosphorylation of the sites required for CCR is driven by Fyn,
CaMKIl and PKA [73]. Other kinases include glycogen synthase kinase 33
(GSK3pB), cyclin-dependent kinase 5 (CDKS5), mitogen-activated protein kinase
(MAPK) and JUN n-terminal kinase and microtubule affinity-regulating kinase
(MARK)[87].

Hyperphosphorylation can also be driven by the reduction in phosphatase
activity of which several have been implicated in tau dephosphorylation. PP2A
accounts for approximately 70% of overall phosphatase activity of tau [93] and in
AD brain has a reduced activity of between 20 and 40%. The remaining 30% of
tau dephosphorylation is regulated by a combination of phosphatases PP1,
PP2B, PP2C and PP5. Okadaic acid, a phosphatase inhibitor utilized
experimentally in this work, was selected for its effects on this system, targeting

primarily PP1 and PP2A [94] to increase phosphorylation of tau.

Prion-Like pathology
Recent work has shown that some aspects of AD pathogenesis have elements in
common with prion diseases. Prion diseases were first described in Creutzfeldt-

Jacob disease where it was determined that prion protein pathology spreads cell
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to cell without the need for a DNA or RNA based intermediate. [95,96]. Other
prion-based diseases, such as mad cow disease, scrapie and kuru do differ from
AD in that there is no evidence for AD being spread from person to person the
way true prion diseases spread. Even so, there is some evidence for prion-like
pathology. The hypothesis that AD may have prion-like characteristics comes
from the fact that AD pathology seems to spread along synaptically connected
pathways, with a temporally defined spread beginning in subcortical regions, the
transentorhinal cortex and entorhinal cortex (Braak stages | and Il.) Pathology
then spreads to the hippocampal formation and some parts of the neocortex
(Braak stages Il and V), followed by most of the neocortex (Braak stages V and
VI1.) [97,98]

Early in vivo work showed that tau expressing mice without tau pathology
could be induced to form intracellular inclusions by the injection of exogenous tau
inclusions. The pathology that develops spreads from the injection site to distant
brain regions [99]. Additional in vivo evidence for the cell-to-cell spread of tau
pathology comes from mouse lines expressing mutant tau in the entorhinal
cortex. These two mouse models develop pathology outside the entorhinal cortex
made up of endogenous mouse tau, indicating an in vivo cell to cell transmission
of misfolded tau. [100,101]

In vitro, a series of experiments used a combination of MTBR aggregates
and YFP labeled full length tau to show that MTBR aggregates could be taken up
by non-neuronal cells and induce the aggregation of endogenous full length tau.

Furthermore, the induced aggregates were themselves able to serve as a
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template to induce aggregation of tau monomer and transfer between co-cultured

non-neuronal cells [102].

Tau folding and conformation

Monomeric Tau is a natively unfolded protein. In vitro, it behaves
predominantly like a random coil and small-angle X-ray scattering and NMR do
not show a stable secondary structure [103]. It is highly hydrophillic and soluble
[104], heat stable and does not spontaneously form filaments [103,105,106]. To
aggregate in vitro, tau requires the presence of a strong anion like heparin or
arachadonic acid (AA) [107,108]. Despite its low tendency to aggregation, paired
helical filaments [109] and neurofibrillary tangles (NT) are hallmarks of many
neurodegenerative diseases, including AD. The abnormal tau aggregation into
the straight and paired helical filaments characteristic of tauopathies is driven by
a shift from random coil to a B-sheet structure of regions within the second and
third repeat domains [110]. This shift to B sheet structure can be seen by circular
dichroism spectroscopy, Fourier transform infrared spectroscopy and X-ray
diffraction and requires a set of two hexapeptides located in the second and the

third repeat of the tau MTBR [78,110,111].

There is evidence that Tau assembly into filaments depends on an
interaction between its terminal ends and the MTBR. While the interaction of the
C-terminus promotes solubility [112] the interaction of the N-terminus promotes
aggregation. This form of Tau is recognized by two conformation-dependent

antibodies, Alz50 and MC-1, which label Tau in early AD brain [113,114]. Both
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antibodies recognize similar, but distinct discontinuous epitopes formed by short
stretches of amino acids near the N terminal and a region in the MTBR.

In 2006, two papers utilized two separate experimental techniques
independently to approach the issue of tau conformation in solution, both coming
up with a similar folded configuration that would become known as the paperclip
or hairpin model. This model indicates that the N- and C- termini are close
together with the C-terminal held closer to the MTBR [115,116] In the first of
these papers, FRET pairs were created along the distance of 2N4R, 2N3R or
ON3R tau protein by the insertion of tryptophans (of which there are none
intrinsically.) This was paired with a labeled cysteine acceptor inserted by
mutation or from one of two intrinsic cysteine with input from other cysteines
muted by mutation to alanine. Exchanges and insertions were as conservative
as possible by mutating a hydrophobic amino acid into the necessary tryptophan

and a polar amino acid into cysteine [116].

While it is possible that these mutations could change the structure of tau
in vitro, the group did confirm via circular dichroism microscopy that the spectra
were largely unchanged by these mutations. Additionally, both unmutated and
mutated tau was able to stimulate tubulin assembly in vitro. Using these
constructs and calculated FRET distances they determined that while tau shows
great flexibility and mobility in vitro, there is some secondary structure. Their
calculations indicated a model in which the C-terminus is held within FRET
distance of the R2/R3 repeats and the N-terminus is held close to the C-terminus

but outside of FRET distance of the repeat domain. These calculated distances
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combined serve as the basis for the ‘hairpin’ model of tau folding.

The second group further sought to characterize this conformation and its
role in the transition between loosely structured monomer to tightly ordered
filament, by focusing on the effect of the N-terminus on tendency to aggregate
[115]. Using a truncated version of tau containing the N-terminal portion of the
alz-50 epitope, they demonstrated that expression of an excess of this fragment
inhibits the polymerization of full-length tau protein, in a manner that requires the
presence of certain portions of the C-terminus. Taken together with what is
known from conformation specific antibodies like alz-50, their work supports the
model of tau folding in which the N-terminus interacts with the C-terminus to
stabilize the protein in its soluble form. Additionally, this supports a model in
which the loss of C-terminus association with the MTBR (and subsequent
interaction of the N-terminus with that region as in conformation sensitive
epitopes) could be a key to the conversion of normal Tau into a toxic, misfolded

form.

Biomarkers and biosensor development

Current biomarkers largely depend on the identification of amyloid or tau
at later stages of pathology. Among these include a well-documented decrease
in cerebral spinal fluid (CSF) levels of AB1.42 as AR is sequestered into plaques,
which is not reliably mirrored in blood plasma. [117] Plaque burden can also be
visualized via the now widely accepted compound known as Pittsburgh

Compound-B [118] for PET imaging.
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Biomarkers for tau pathology have also been widely researched. PET
imaging for tau aggregation [119] as well as monitoring of total and
phosphorylated tau in CSF [120] are among the researcher’s arsenal for
determining the extent of tau pathology in the brain. Results from blood plasma
are more mixed, with phosphorylated tau not reliably measured and total tau
measurable but correlating weakly with large overlaps between normal aging and
pathological samples [121] but sensitivity has improved making plasma
biomarkers an improving possible diagnostic tool. [117,120]. The role of a
biosensor differs from that of a biomarker as it would allow the probing of a
sample or treatment for an effect on tau folding specifically, either in live cells in
the context of a laboratory tool, as it is used in this work, or as a potential

diagnostic tool.

Several approaches were considered for the development of this
biosensor and both splitFP and FRET constructs were developed. The splitFP
constructs were considered for their smaller tag, the possibility of a binary on/off
signal and ease of analysis but when tested did not prove usable for reasons that
will be discussed in chapter 5. The next stage was the development of a Forster
resonance energy transfer (FRET) biosensor which would serve as the same

kind of readout.

FRET serves as a quantitative measure of dynamic protein-protein
interactions. In order to develop an intramolecular biosensor, instead of labeling
two different proteins, a donor and an acceptor fluorophore are added to the N

and C-terminus to allow quantitation of the distance between the two. There are

27



many possible FRET pairs that can be used, among the most common are
versions of fluorescent protein (CFP) and yellow fluorescent protein (YFP). In
development of this biosensor mTFP (monomeric TFP) was used as a donor.
TFP is monomeric, quicker maturing, brighter, more pH stable and with a higher
quantum yield than CFP[122,123]. Likewise the YFP variant Venus was selected
for its optical characteristics, including a more rapid maturation time and
decreased sensitivity to environment compared to previously common acceptor

fluorophores [124].

FRET involves transfer of energy from the donor to the acceptor and when
a donor acceptor pair are within FRET compatible distance, the donor is
quenched and the acceptor is sensitized. This results in a dimmer donor signal
and brighter acceptor signal in FRETing situations. Intensity (confocal) FRET is a
form of FRET microscopy which quantifies this transfer of energy by measuring
the intensity of multiple channels of excitation and emission, using background
subtraction and single labels to calculate an efficiency of energy transfer (E%) for
a given pixel or ROI. Fluorescence lifetime imaging microscopy (FLIM) also
calculates an E% but does so by instead measuring the average time a molecule
stays in an excited state before emitting a photon and returning to ground state.
Each fluorophore has an intrinsic lifetime that is unique to itself, and changes if
energy is transferred to an acceptor [125]. FLIM lifetime is very sensitive to
microenvironment but insensitive to fluorophore concentration or excitation
intensity. Additionally, no background subtraction of contaminating signal is

required, as only the donor lifetime is being measured. It also provides more
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information in the calculated result, taking into account the percentage of donor
that is quenched and unquenched in a sample [126]. For this reason, FLIM was
used as a readout whenever intensity sensitivity was not required by the

experimental design.

Summary:
While a great deal is known about the pathology and spreading of tau in

AD, there is still much to be learned about the early events that precede the
spread of toxic pathology. Evidence in the literature is consistent with a folded
structure of tau that, when unfolded, may serve as a pathological preamble to
toxic oligomers and filaments. While there are many tools available to monitor
filaments and aggregates of tau, as well as some to monitor oligomeric tau, this
work fills a gap in building a tool to monitor a conformation change in tau that
previously could only be seen in fixed samples with a small number of
conformation dependent antibodies. The development of this biosensor is
accompanied by experimental evidence that emphasizes the need to distinguish
intermolecular from intramolecular signals, not only when analyzing this particular
biosensor, but biosensors in general, an issue that has been largely ignored in
the field of biosensors. Finally, this tool allowed the identification of a mechanistic
link between amyloid-3 oligomers (ABOs) and tau misfolding which strengthens
the connection between AB pathology and Tau pathology at early stages of AD

development.
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Chapter 2: Materials and Methods
Cell culture

Cell culture reagents were from Gibco/Invitrogen unless specified
otherwise. Primary cortical neurons were isolated from wild type (C57/BI6)
mouse embryos aged approximately 18 days as previously described [72,73],
except that phenol red-free Neurobasal medium was used exclusively. CV-1
African green monkey kidney cells (ATCC catalog # CCL-70) were maintained in
Dulbeco's Modified Eagle's Medium (DMEM) with 10% fetal bovine serum and 50
pMg/ml gentamycin, and were dissociated with TyrpLE Express (Thermo Fisher)
for subculturing. For live imaging, CV-1 cells and neurons were plated onto

14 mm #1 glass-bottom MatTek dishes.

Fluorescent fusion proteins

Expression vectors for singly and doubly labeled Tau are in the
background vector pCSC-SP-PW-NepX (pBOB-NEPX; from Inder Verma,
Addgene plasmid # 12340). Human 2N4R Tau coding sequence was inserted
between the Age1 and Hpal restriction sites by standard restriction digest
techniques. The gene for the fluorescent proteins, mTFP (Teal) [122] and Venus
[124]. were then inserted at the N-terminal Age1 site or the C-terminal Hpal site,
and confirmed for sequence accuracy and direction of insertion. The expected
spectral properties and sizes of all fluorescent fusion proteins were confirmed by
spectral imaging and western blots using mouse monoclonal Tau5 antibody

[127]. Constructs were then inserted into lentivirus with the packaging vectors
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pMD2.G (from Didier Trono, Addgene plasmid # 12259) and psPAX2 ( from
Didier Trono, Addgene plasmid # 12260) using the lentiviral protocol provided by
Thermo Fisher for Lipofectamine 3000 production of lentivirus (Thermo Fisher

L3000015.)

Western Blotting

Western blots for the supplemental figure were run using Bio-Rad 10% mini-
PROTEAN pre-cast gels in Tris/Glycine SDS running buffer. Boiled samples
were run alongside precision Plus Protein ladder (1610374). Staining for tau
utilized mouse monoclonal Tau5 antibody (1:4000) [127] and mouse monoclonal
anti-GFP NeuroMab clone N86/38 (1:1000) with secondary licor antibodies
IRDye 800CW Donkey anti-Mouse 1gG (926-32212) and IRDye 680RD Donkey
anti-Mouse 1gG (926-68072) at 1:10000. Phosphorylation stains were done with
tau p262 (Anaspec AS-54973) and P-threonine (Cell Signaling 9381). Tau
oligomer antibodies TOC-1, TOMA-1 (Millipore). Tau oligomer antibodies TTC-

35[128] and TTC-99 provided by Rakez Kayed.

Expression of fluorescent fusion proteins

Wild type neurons were transduced with lentivirus between day 8 and day
10 in vitro. CV-1 cells were infected at approximately 60% confluence to allow for
easier imaging of individual cells. Expression was monitored until the

fluorescence was visible on an EVOS FL microscope (ThermoFisher). Cells were
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ready for imaging approximately 2 days post transduction for CV-1 cells and 4

days for neurons.

Imaging

For CV-1 cells, standard DMEM was replaced with phenol red-free DMEM prior
to imaging. FRET imaging was done on the Zeiss 780 confocal/ NLO/FLIM
microscope. Excitation for intensity FRET experiments used an Argon-ion laser
(458 nm and 514 nm excitation; 455-500 nm and 526-579 emission). Confocal
FRET images were acquired with GaAsP (Gallium Arsenide Phosphide) detector
with approximately 40% quantum efficiency. 2-photon FLIM-FRET images were
acquired by exciting the donor molecules with 820 nm excitation (em 480/40 nm)
(Coherent Chameleon Vision-Il Ti:Sapphire laser) . Becker & Hickl (Germany)
Time correlated single photon counting (TCSPC) board (SPC-150) was used with
a high-sensitivity hybrid GaAsP detector (HPM-100-40, 300-650 nm). Images
were acquired with a 40X oil objective (1.30 NA). All live imaging was done on a
temperature-controlled stage at 37° C with humidified 5% CO, gas flow to

maintain pH and humidity.

Biological vs Technical replicates

Biological replicates are experiments repeated with different batches of
cells, treatment reagents and imaging day.

Technical replicates were done with different batches of treatment

reagents and sometimes different imaging day, but all use coverslips from a
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single isolation of neurons or passage of CV1’s. They untreated are generally
more or less similar to each other depending on whether they were imaged
during the same imaging session or on consecutive days.

There is obvious variation of the lifetime of the pre-treatment/control from
imaging session to imaging session so all conditions are compared to a relevant

control imaged in the same imaging session as they were.

Tau and AB oligomer preparation

Tau oligomers were prepared as described previously [72,129]. 2N4R Tau
was brought to 4 yM in 100 mM Tris, 0.1 mM EDTA, 150 yM Tris(2-carboxy-
ethyl)phosphine (TCEP; Life Technologies) and treated overnight with 50 uM
benzophenone-4-maleimide (B4M; Sigma-Aldrich) then treated with 5 mM
dithiothreitol (DTT; Roche) to inactivate B4M and dialyzed into 100 mM Tris, 0.1
mM EDTA and 5 mM DTT. A portion was removed and flash frozen for monomer
treatments, and the remaining protein was aggregated overnight in the presence
of 150 yM arachidonic acid (AA). The oligomers were treated for 5 minutes with
UV light at 254 nm (Spectroline model EF-180), then flash frozen in small
aliquots to be used immediately after thawing.

Amyloid-f3 oligomers (ABOs) were prepared from lyophilized synthetic
AB(1-42) (AnaSpec), dissolved in HFIP (1,1,1,3,3,3-hexafluoro-2-propanol
(Sigma- Aldrich Co.) to 1 mM and evaporated overnight at room temperature.
The dried powder was resuspended in DMSO to 5 mM and sonicated for 10

minutes in a water bath. The peptide was then diluted to 100 uM in Neurobasal
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media, and incubated for 48 hrs at 4° C with rocking. Prior to use, oligomers were
spun briefly to remove large oligomers and fibrils, bringing the concentration in

solution to approximately 50 uM.

Experimental Perturbation of Cells

Cells were imaged prior to any medium additions, and then nocodazole
(Abcam) or okadaic acid (OA; Abcam) was added to a final concentration of 1
MM while the cultures remained in place on the microscope stage. One hour later
the same fields of view were imaged again.

AB and Tau oligomer treatments were too long to be done on stage, so
parallel coverslips were imaged for treated and control cultures for these
conditions. For ABOs, neuron medium (Neurobasal + B27) was replaced with
B27-free Neurobasal, and 1 hour later freshly prepared ABOs (see above) were
added to the medium to a final concentration of approximately 1.5 uM total AB(1-
42). Cells were imaged 6 hours later. For Tau oligomers, freshly thawed aliquots
(see above) were diluted into medium to a final concentration of 250 nM total Tau

18 hours before imaging.

Thresholding for inframolecular FRET

Images were taken in parallel on the same system for intensity (confocal)
FRET and 2-photon lifetime FRET (FLIM). It was determined that intensities
below 750 — 1000 arbitrary units of acceptor intensity had minimal contamination

of intermolecular FRET (see Figure 2.) Using the parallel images we determined

35



that this intensity range corresponded to a photon count of lower than
approximately 500 on the 2-photon detector so cells were selected to be primarily
within this expression range. All images then had single pixel regions of interest
selected above background (varied slightly by experiment; usually 30-50
photons) and below a photon count of 500. Doing so excluded any cells or
regions of cells that had a biosensor concentration that might have yielded

significant intermolecular FRET.

FRET / FLIM analysis

FRET analysis was done largely in Imaged (https://imagej.nih.gov/ij/) via a

plugin written at the University of Virginia's Keck Center for Cellular imaging. This
plugin allows subtraction of background and removal of spectral bleedthrough.
After these corrections the result is a calculated E% (efficiency of energy
transfer) for each ROI [130,131].

FLIM images were first analyzed by Becker & Hickl SPCImage software

(https://www.becker-hickl.com/), Curve fitting procedures done as described

previously[125,132]. Briefly, an exponential decay curve was fitted such that the
Chi? was approximately 1 (with a two-component analysis of the donor,
incomplete exponential decay and a measured instrument response function).
These data were exported in a series of asc files. 2-photon images were used to
designate single pixel regions of interest within the previously determined
intensity range. A Fiji (https://fiji.sc/) macro written by Karsten Siller was then

used to measure pixel intensity values in the selected ROIs and generate Excel
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(Microsoft) based results files for each image, which included a calculated
lifetime value for each pixel/papROI. Some additional manual filtering of the
results to remove outliers was performed including any ROI’s with a Chi® below .5
or above 2 (indicating the ROI was not well fitted by the decay curve). Lifetimes
below 500 ps were also disregarded. These very low lifetimes were often seen
outside of cells in the background, associated with very large Chi? values and
were not in the reasonable range for the fluorophore (possibly due to any dying
cells or degraded biosensors). Lifetimes were plotted as a frequency distribution
histogram to determine the peak and distribution of the lifetime for each
image/condition.

For each figure (3-6) a single “experiment” constitutes 6-9 fields of view
per condition, with 1-2 cells per field of view. The number of ROI's analyzed per
field of view/ experiment varied significantly based on how many were
thresholded out (as background pixels, too bright, poor Chi?, but most fields of

view were in the range of 5-10 thousand analyzed ROI’s after thresholding.

Statistical Analysis
GraphPad Prism 7 software was used to analyze each data set by t test,
Kolmogorov-Smirnov test or one-way analysis of variance with a Tukey post-hoc

test as appropriate.
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Chapter 3: Characterization of a tau FRET
biosensor sensitive to tau intramolecular

folding
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Chapter 3: Characterization of a tau FRET biosensor sensitive to tau

intramolecular folding

To test whether Tau does, indeed, convert between folded and unfolded
states in living cells, we developed and characterized a full-length Tau biosensor

labeled at its N- and C-termini with FRET compatible fluorescent proteins.

Biosensor Development

Because Teal and Venus constitute an effective donor-acceptor pair for
Forster resonance energy transfer (FRET), the N- and C- termini of full length tau
were labeled with Venus and Teal fluorescent proteins respectively (Venus-Tau-
Teal). Venus-Tau-Teal allowed us to visualize normally folded (paperclip/hairpin)
and unfolded Tau in live cells that expressed the biosensor. Venus-Tau-Teal is
operationally analogous to a previously described FRET biosensor from another
group based on ON4R Tau labeled with CFP and YFP [133]. A key distinction
between the present study and its predecessor is that our approach ensured that
intramolecular FRET signals, an indicator of the conformation of individual Tau
molecules, was minimally contaminated by intermolecular FRET signals or
FRET-inhibiting effects due to Tau-Tau aggregation.

By expressing Venus-Tau-Teal in CV-1 African green monkey kidney
fibroblasts and primary mouse cortical neurons we obtained evidence that
microtubule-associated Tau has a folded, paperclip/hairpin-like conformation that

can be modulated by drugs affecting microtubule binding or Tau phosphorylation.
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Most importantly, we found that amyloid- oligomers (ABOs) cause Tau to unfold
and adopt a conformation associated with toxic Tau aggregates. These
observations provide direct evidence that ABOs control Tau conformation, and
thereby constitute yet another example of how AB and Tau work together to drive

AD pathogenesis [134].

To establish the optimal structure for a Tau folding biosensor, we
designed Venus-Tau-Teal, Teal-Tau-Venus and four singly tagged fusion
proteins: Venus-Tau, Teal-Tau, Tau-Venus and Tau-Teal (Fig. 1). The singly
tagged proteins were necessary for calculating spectral bleed-through for
intensity efficiency (E%) measurements [131] and the fluorescence lifetime of
unquenched donor (Teal) for fluorescence lifetime imaging (FLIM) [123]. When
expressed in CV-1 African green monkey kidney fibroblasts and imaged by
confocal microscopy, all singly (Fig. 2) and doubly (Fig. 3) labeled fusion proteins
localized to microtubules, indicating that coupling Teal, Venus or both to Tau

does not obviously impair Tau's microtubule-binding activity.

Intermolecular vs Intramolecular FRET

Teal-Tau-Venus and Venus-Tau-Teal are capable, in principle, of
producing intramolecular FRET. In addition, each protein is theoretically capable
of aggregating to form oligomers or filaments resulting in intermolecular FRET.
This potential signal from intermolecular FRET is generally overlooked in the field
of biosensors but the data in this paper highlights that because of favorable

orientations of Teal and Venus on adjacent fluorescent fusion proteins, or
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causing attenuation of intramolecular FRET due to unfolding coupled with a
parallel arrangement of individual fluorescent fusion proteins within aggregates.

To use a doubly tagged protein as a FRET biosensor for the folding state
of Tau, we therefore had to identify conditions in which measured FRET signals
are unaffected by fluorescent fusion protein aggregation. This was accomplished
by analyzing Teal-Tau-Venus and Venus-Teal-Tau at various expression levels
in CV-1 cells. More specifically, we sought to establish an expression range in
which FRET efficiency (E%) is independent of expression level and signal is
therefore is dominated by intramolecular FRET. Since an intermolecular FRET
signal would be dependent on the amount of biosensor expressed, a significant
effect of intensity on calculated E% would indicate the FRET signal is
predominantly intramolecular within that range.

Expression levels were determined by measuring the fluorescence
intensity of the acceptor fluorochrome, Venus, using the 514 nm argon laser line
to excite Venus without exciting Teal. For each pixel of a measured intensity, an
E% was calculated and the data was binned into expression levels as illustrated
in figure 3. At low levels of biosensor expression, (bins up to 750-1000 arbitrary
units of acceptor intensity), the increasing biosensor concentration did not have a
significant effect on E%. At concentration ranges higher than this level, Venus-
Tau-Teal yielded a concentration-dependent decrease in E%, indicating an
intermolecular component to the signal.

In contrast, for Teal-Tau-Venus we did not observe a low Venus intensity

range in which E% was independent of intensity. We therefore decided to use
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Venus-Tau-Teal for all further experiments. Moreover, to minimize potential
interference of intramolecular FRET caused by Venus-Tau-Teal aggregation, we
restricted our data collection for subsequent experiments to cells and regions of
interest (ROI's) in which the Venus intensity was less than this determined range

of intensity.

Venus-Tau-Teal is sensitive to microtubule loss and protein phosphatase
inhibition

To test whether Venus-Tau-Teal responds to cellular perturbations, we
studied its properties under conditions in which microtubules or overall protein
phosphorylation were manipulated. A 1 hour, 1 yM nocodazole treatment of CV-1
cells caused extensive microtubule depolymerization, a concomitant loss of
Venus-Tau-Teal association with microtubules and a shift towards longer Teal
fluorescence lifetime (Fig. 4A-D). This lifetime increase is indicative of decreased
FRET efficiency, implying that Tau is predominantly in the paperclip/hairpin
conformation when bound to microtubules and adopts a more open conformation
when dissociated from microtubules. Treatment of CV-1 cells with the
microtubule-stabilizing drug, taxol, which competes with tau for MT binding [135],
was more inconsistent in its effects on Teal lifetime and those effects were of a
smaller magnitude. (Discussed in chapter 4 supplement.)

Okadaic acid is a broad spectrum protein phosphatase inhibitor with a
preference for protein phosphatase 2A which has been shown to cause several

AD-like neuropathologies in vitro and in vivo [136]. Treatment of CV-1 cells for 1
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hour with 1 yM okadaic acid caused an approximately 6-fold increase of
phosphorylation at p262 (Sup. Fig 2) and a shortening of Teal fluorescence
lifetime (Fig. 4.) While this decrease in Teal lifetime might be due to phosphate
accumulation on tau, for which 85 phosphorylation sites have been identified
(http://cnr.iop.kcl.ac.uk/hangerlab/tautable), increased phosphorylation of other
proteins cannot be ignored as contributing factors.

Additionally, due to the established literature on phosphorylation-induced
oligomerization of tau [137], the possibility that these effects are due to an
intermolecular event such as oligomerization should not be ignored. While the
method of analysis described excludes most intermolecular signal under basal
conditions, oligomerization could cause intermolecular signal at lower
concentrations. To further elucidate the differing lifetime shifts of nocodazole and
okadaic acid, western blots of treated samples were probed for Alz50 reactivity
(Sup. Fig.4) and several tau oligomer antibodies (TOC1, TOMA-1, TTC-35, TTC-
99). Alz50 reactivity was increased in nocodazole treated cells compared to
untreated and okadaic acid treated cells. As the C -terminus may move out of the
way for the N-terminus to have access to the MTBR core in the Alz50 epitope
[113,115], (thus decreasing FRET/ increasing lifetime), this is consistent with the
lifetime data. The particular tau oligomer antibodies tested showed no increased
reactivity over the control in either condition. As these tau oligomer antibodies
are only reactive to particular oligomers, other untested tau oligomer antibodies
may yet be able to pick up an oligomerization event that they did not. Regardless

of what type of interaction is causing the decrease in lifetime, the response of
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Venus-Tau-Teal to okadaic acid further indicates the responsiveness of this Tau

folding biosensor to agents that affect cellular physiology.

Venus-Tau-Teal responds to pathological oligomers of Tau and A
Extracellular Tau oligomers have been found to cause aggregation of
intracellular Tau, accumulation of endogenous Tau in the somatodendritic
compartment, alteration of fast axonal transport and synaptotoxicity [72,102,138].
Extracellular ABOs cause an additional set of adverse neuronal responses, such
as impaired synaptic activity, ectopic neuronal cell cycle re-entry, which is a
prelude to massive neuron death in AD [139], inhibition of nutrient-induced
mitochondrial activity, and disruption of normal axon initial segment function
[63,73,140-145]. Because the new results presented here so far indicate that
Venus-Tau-Teal can serve as a biosensor for conversions between the compact,
paperclip/hairpin and unfolded conformations of Tau, we next tested if
extracellular oligomers of Tau or AR can alter Venus-Tau-Teal conformation.
After exposure of primary mouse cortical neurons to extracellular human
2N4R Tau oligomers for 18 hours, the Teal fluorescence lifetime of Venus-Tau-
Teal shortened (Fig. 5). This decrease in lifetime, like that seen in okadaic acid
treated cells, is consistent with prior evidence that extracellular aggregated Tau
causes intracellular tau to aggregate [72,102]. In contrast, when primary mouse
cortical neurons were exposed to ABOs for 6 hours, the Teal fluorescence
lifetime of Venus-Tau-Teal increased (Fig. 6). This result indicates that ABOs

induce Tau unfolding from the paperclip/hairpin conformation.
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Figure 1 - Rudenko, et al. A Venus-Tau-Teal

high FRET efficiency low FRET efficiency
short fluorescence lifetime long fluorescence lifetime

paperclip/hairpin conformation unfolded conformation

B Additional fluoresecent fusion proteins used
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Fig. 1. Fluorescent Tau fusion proteins. lllustrated here are the fluorescent
fusion proteins of human 2N4R Tau used in this study. A) Venus-Tau-Teal was
compared with B) Teal-Tau-Venus for discriminating intramolecular from
intermolecular FRET (see Fig. 3), and the singly labeled fluorescent fusion
proteins in B) were used as standards for FRET efficiency (E%) and FLIM
experiments. R1, R2, R3 and R4 signify the microtubule-binding repeat domains
of Tau.
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Figure 2 - Rudenko, et al.
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Fig. 2. Expression of singly labeled fluorescent Tau fusion proteins in CV-1
fibroblasts. All such fluorescent fusion proteins target to microtubules. These
proteins were used for subtracting spectral bleedthrough for FRET efficiency
(E%) measurements and for calculation of unquenched donor (Teal)
fluorescence lifetime for FLIM experiments.
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Figure 3 - Rudenko, et al.

p < 0.0001

ey
(=]
1

. ¥ pe=onom

-—

G004

3

-
-

ELE

204 104

E% (FRET efficiency)
B2
L=

E% (FRET afficiency)

=

Venus-Tau-Teal Accepior Intensity Venus-Tau-Teal Acceptor Intensity
(arbitrary units) (arbitrary units)

Fig. 3. Venus-Tau-Teal is superior to Teal-Tau-Venus for detecting
intramolecular FRET uncompromised by aggregation effects. Venus-Tau-Teal
and Teal-Tau-Venus both target to microtubules and show differing dependence
of FRET efficiency (E%) on fluorescent fusion protein concentration. Venus-Tau-
Teal, but not Teal-Tau-Venus, shows a broad range of E% independent of
increasing acceptor (Venus) intensity (up to 750 arbitrary intensity units). FRET
within that Venus intensity range was therefore judged to be predominantly
intramolecular, and Venus-Tau-Teal was used as the Tau conformation
biosensor for all subsequent experiments. To minimize FRET signal
contamination caused by Venus-Tau-Teal aggregation, we restricted subsequent
observations to the low end of the range in which E% is independent of Venus
intensity (correlated to a photon count of less than ~500 arbitrary intensity units).
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Bar graphs represent the merged data of 6 fields of view per experiment,
repeated in 4 biological replicates with their standard errors of the mean.
Statistical significance was determined by one-way ANOVA with Tukey’s post-
hoc test for multiple comparisons. Standard errors calculated by Prism column
statistics.
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Fig. 4. Modulation of fluorescence lifetime by perturbation of microtubules
and protein phosphorylation. CV-1 cells expressing Venus-Tau-Teal were
treated on stage for 1 hour with 1uM Nocodazole or Okadaic Acid (OA). Middle
panels show the results of a single experiment with distributions compared by the
Kolmogorov-Smirnov test. Right panels show a summary of the peak lifetime
results of 4 separate experiments.
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Fig. 5. Venus-Tau-Teal is sensitive to Tau oligomers. Primary cortical mouse
brain neurons were treated with human 2N4R Tau monomers or oligomers at a
total Tau concentration of 250 nM for 18 hours. Middle panels show the results of
a single experiment with distributions compared by the Kolmogorov-Smirnov test.
Right panels show a summary of the peak lifetime results of 4 separate

experiments.
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Figure 6
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Fig. 6. Venus-Tau-Teal is sensitive to ABOs. Primary cortical mouse brain
neurons were treated with vehicle or AB1-42 oligomers at a total AB1-42
concentration of approximately 1.5 yM for 6 hours. Middle panels show the
results of a single experiment with distributions compared by the Kolmogorov-
Smirnov test. Right panels show a summary of the peak lifetime results of 4
separate experiments.
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Chapter 4: Supplemental data and future

work
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Chapter 4: Supplemental data and future work

In addition to the results presented above in chapter 3, most of which is
accepted pending minor revision to JAD, some other treatments and results
showed promise for future work but were too small in magnitude or not yet
repeatable enough to warrant publication with the previously described
experiments. Among these are a series of experiments testing the effects of

taxol on fluorescence lifetime.

Taxol treatments

Like nocodazole, taxol was chosen as a potential treatment due to its
established effects on microtubules. Unlike nocodazole which breaks down
microtubules, taxol stabilizes microtubules by direct binding to polymerized
tubulin. [146,147] Despite its ability to stabilize microtubules, there is evidence
that taxol and tau compete for the same binding site on microtubules [135] and
taxol treatment causes dissociation of tau from microtubules in Xenopus embryo.
[148].

The effect of taxol on fluorescent lifetime was less consistent then other
treatments and, though statistically significant, the shift was of small magnitude
when a significant effect was seen (Sup. Fig. 3.) As with nocodazole and A
treatments, the direction of the shift is consistent with an increase in the distance

between donor and acceptor and therefore an opening of the biosensor.

Pathological oligomer timecourses.
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Additional experiments were done with various concentrations and time
points of tau oligomers. Using treatments of 250nM and 500nM a time course
was done between 1 and 18 hours. At 250nM tau oligomers showed no effect
on biosensor lifetime at the 1-hour timepoint but significantly shortened lifetime at
6 or 18 hours. At 500nM however a significant shortening of biosensor lifetime
was seen as early as 1hr and persisted through 18hrs. (Sup. Fig. 5) This
indicates the shift in lifetime due to tau oligomers may be far more rapid than
shown by figure 5 at higher treatment concentrations but due to time and cell
restraints, more replicates of this experiment would need to be done to confirm
this.

The most interesting time course experiment was for the A oligomer
treatments. While early time point data described above (6hrs) showed a
repeatable increase in lifetime of VtauT, (Figure 6) looking at longer time points
yielded an interesting result. When observed at 48hrs the effect of oligomers
appears to shift to a shortened lifetime like that seen with tau oligomer treatments
(Sup. Fig. 6). This later time point response was difficult to replicate, however.
Getting a consistent pool of oligomers is a known difficulty of working with ABO’s
and so it could be that variations in the oligomer species present could result in
the time course of this effect varying with each experiment. It does imply a
potential development of the misfolding effect at short time points into an
oligomerization effect at longer time points, but additional replicates and longer

time point experiments would be necessary to test this hypothesis.
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Supplementary Figure 1. Venus-Tau-Teal is not significantly proteolyzed in

cultured neurons. Primary mouse cortical neurons that expressed Venus-Tau-

Teal were analyzed by western blotting with antibodies to Tau (Tau5) and

GFP/Teal (N86).
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Supplementary Figure 2: Okadaic Acid treatment drives an increase in tau
phosphorylation at p262 of the VtauT biosensor VtauT expressing CV1 cells
untreated and treated with 1uM okadaic acid for 1 hour. Western blot (left) and

quantification normalized to tau5 (right) with pretreatment expression set to 1.
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Supplemental Figure 3: Modulation of fluorescence lifetime by perturbation
of microtubulbule binding. CV-1 cells expressing Venus-Tau-Teal were treated
on stage for 1 hour with 1uM taxol. Middle panel shows the results of a single
experiment with distributions compared by the Kolmogorov-Smirnov test. Right

panel shows a summary of the peak lifetime results of 4 separate experiments.
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Supplementary Figure 4. VtauT expressing CV1 cells untreated and treated

with 1TuM okadaic acid or nocodazole for 1 hour. Samples not boiled and probed
for Alz50 reactivity. Westerns (left) and quantification (right) bars indicate mean
and standard error of n=3 replicates. Quantification analyzed in prism7 by one-

way ANOVA and Tukey’s post test.
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Supplemental Figure 5: Tau oligomer time course. CV-1 cells expressing

Venus-Tau-Teal were treated with 250nM (top) or 500nM (bottom) of tau

oligomers. Shows the results of a single experiment with distributions compared
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by the Kolmogorov-Smirnov test. p<.0001 for all conditions except 250nM at 1 hr.
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Supplemental Figure 6. ABO oligomer response reverses direction at
longer time points (48hrs) Venus-Tau-Teal sensitivity to ABOs seems to shift
direction. Primary cortical mouse brain neurons were treated with vehicle or AB1-
42 oligomers at a total Shows panels show the results of a single experiment with

distributions compared by the Kolmogorov-Smirnov test p<.0001.
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Chapter 5: Prior versions of tau biosensor built
SplitFP background and construct design

As mentioned in the introduction, a previous version of this biosensor was
considered aand constructed utilizing a split fluorescent protein design. SplitFP
constructs utilize a flourecent protein that is split into two pieces, neither of which
are independently fluorescent, however when brought into close proximity
fluorescence can be restored indicating protein proximity with a fluorescent
signal[149,150]. If successful, a splitFP version of this biosensor would offer a
smaller tag load as well as a simplified on/off readout for tau conformation and a
simple intensity based analysis which could give it wider applicability as a
research tool.

The downside of this kind of biosensor comes from the mixed reports of
reversibility. On beginning this body of work it was not clear whether the
biosensor would be on or off under basal conditions and if on, whether that
switch would be ‘stuck’ on. There is a significant amount of literature indicating
irreversibility of splitFP biosensors [150] but several groups have reported
reversibility[151,152] under certain conditions.

To test whether a split tau construct would be on or off under basal
conditions and whether it demonstrated any reversibility if on, the pBiFC-
VN155(1152L) and pBiFC-VC155 constructs, developed by Chang-Deng Hu, was
used to construct an intramolecular splitFP tau biosensor and single labels (Sup.
Fig. 7.) Cells expressing the construct appeared to be on under basal conditions,

which is consistent with the hairpin folded structure of tau. Upon treatment with
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okadaic acid on stage there was some evidence of a rapid reversibility.
Treatment with okadaic acid generated a rapid approximately 40% decrease in
fluorescent intensity. (Sup. Fig. 8) This potential reversibility was an exciting
result but after many permutations of the experiment it was found that the
reversibility was unreliable and difficult to replicate. Based on my results, the
construct may indeed be reversible under certain conditions or concentrations of
expression, but as it was not repeatable or easily controllable, it was determined

that a FRET based assay would be preferable for it's known reversibility.

A A
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e N o

Supplemental Figure 7: Construct design of splitFP based intramolecular tau

biosensor.
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Supplemental Figure 8: WT neurons expressing VN-tau-VC treated with okadaic
acid aand then washed out at 30 minutes. Arrows indicate the timepoints of the
images below.
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Chapter 6: Discussion

Tau misfolding and aggregation underlie the pathogenesis of AD and non-
Alzheimer's tauopathies, such as progressive supranuclear palsy, Pick's disease,
Parkinson's disease, Huntington's disease and many others. Several methods
are well established for detecting aggregated tau, including binding of Congo
red,[153] and a variety of antibodies specific for oligomeric or fibrillar Tau
[154,155], and PET imaging that can detect neurofibrillary tangles in live
patients[156]. In contrast, methods to detect Tau conformational changes that
are thought to precede and promote Tau aggregation are far more limited. Two
monoclonal antibodies, Alz50 and MC-1, recognize similar discontinuous
epitopes that comprise regions of Tau near its N-terminal and within its
microtubule-binding repeat region[113,114]. The Alz50 and MC-1 epitopes are
infrequently detected in normal brain, and Alz50 and MC-1 immunoreactivity are
thought to represent a seminal step in the conversion of normal Tau to
pathogenic Tau. The utility of Alz50 and MC-1 is limited, however, to examination
of fixed cells and tissues.

Here we describe a new fluorescence-based biosensor, Venus-Tau-Teal,
that can detect Tau conformational changes in live cells. Venus-Tau-Teal can
discriminate the Tau paperclip/hairpin conformation, in which the N- and C-
termini are located in close proximity to each other and to the microtubule-
binding repeat region[115,116], from an unfolded conformation in which the Tau
N- and C-termini have dissociated. By expressing this biosensor in CV-1 cell

fibroblasts and primary mouse cortical neurons, we gathered evidence that the
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paperclip/hairpin conformation predominates on microtubule-associated Tau, and
is sensitive to a variety of experimental perturbations.

This study represents a refinement of prior work that described a similar
biosensor, ECFP-Tau-EYFP, based on human ON4R Tau[133]. Besides
incorporating a superior FRET donor-acceptor pair [122-124] and a different Tau
isoform into Venus-Tau-Teal, as compared to ECFP-ON4R Tau-EYFP, we also
defined, and exclusively relied on experimental conditions in which intramolecular
FRET was minimally contaminated by intermolecular FRET and other possible
complications caused by biosensor aggregation.

This was shown experimentally to be a critical improvement over analysis
that do not take into account the possibility of intermolecular FRET. Any FRET
based biosensor for folding has the capability to produce a signal from the folding
of the sensor, as well as by the clustering of the sensor. In fact, the range of
FRET efficiencies (E%) in untreated conditions can vary widely, averaging
between 40-50% to as low as 10-15% and those averages themselves hide
regions of interest with very high and very low calculated E%. (Fig. 3) As
demonstrated in figure 3, it is possible to calculate differences in E% with a
threefold difference by no perturbation other than analyzing pixels of an
untreated cell and binning by intensity. This variation in calculated E% could
easily bias an experimental result if the researcher is not carefully controlling
their expression levels of analyzed cells. Additionally, small changes to the
design of the construct, as with the switch of the teal and venus fluorophores of

this construct, have dramatic effects on how the biosensor responds both to
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folding and to aggregation (Fig. 3) This work directly addresses the potential
weaknesses of, not only previous tau biosensors but of many biosensors
developed to analyze various protein-protein interactions, and that alone is
among the more important results in this original work with implications spanning
the field of biosensors.

By combining this confirmation sensitive biosensor with a method of
analysis which can focus in on the intramolecular signal, this biosensor lends
additional evidence that, in its unperturbed state, tau adopts a folded
confirmation [115,116] and offers furthermore that it maintains that folded state
with bound to microtubules (Fig. 3.) When the microtubule network is broken
down by treatment with nocodazole, and when tau is in the presence of taxol
which causes it to dissociate from MTs, fluorescent lifetime shifts higher (Fig.4,
Sup. Fig. 3), a shift consistent with lower efficiency of energy transfer and with
an opening of the biosensor. This is consistent with the decrease in FRET
efficiency seen using the ON4R based biosensor, with the previously mentioned
caveat of not taking into account intermolecular FRET [133].

The change in direction of the shift in lifetime after okadaic acid treatment
is an interesting result. There are many phosphorylation sites in and around the
microtubule binding region that can be abnormally phosphorylated in AD [73,91]
and the build up of negative charges in that region could have resulted in an
unfolding pattern like we saw with nocodazole. Instead we saw a shift towards
lower lifetimes after treatment with okadaic acid (Fig. 3) This may be explained

by an oligomerization effect driven by hyperphosphorylation. Depending on the
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orientation and clustering patterns of oligomers formed, it would not be surprising
for tau to organize in a way that also clusters the donor and receptor
intermolecularly, resulting in increased efficiency of energy transfer and
decreased lifetime of the biosensor within these clusters/oligomers. There is
already evidence in the literature to support the pathway from
hyperphosphorylation to oligomerization [157,158]

Additionaly, the disparate reactivities of the biosensor to the conformation
sensitive Alz50 is intriguing. The increased reactivity of nocodazole treated
biosensor to the Alz50 antibody is consistent with a more open conformation
seen in the the lifetime data and suggests a different mechanism is indeed
driving the downward shift in lifetime upon okadaic acid treatment. As previously
discused, this could be explained by a phosphorylayion-sensitive oligomerization
event. The subset of oligomer sensitive antibodies described earlier have not yet
confirmed this hypothesis, but these antibodies each are sensitive to only one or
a subset of oligomers and are quite sensitive to sample preparation (with the
presence of SDS and boiling among the more obvious factors controling whether
an oligomer is observable via western blot. A more thorough screening including
additional antibodies and varying sample preparation would likely be needed to
follow up on this result.

While most of the data presented here focused on the characterization of
Venus-Tau-Teal (Figs 1-4), our goal from the start was to develop a Tau
conformation biosensor that can discriminate normally folded from pathologically

folded Tau. We therefore included in the study experiments that monitored
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Venus-Tau-Teal responses to pathogenic extracellular oligomers made from Tau
or A3, each of which disrupts multiple aspects of neuronal homeostasis [63,72-
74,138,140-145]. In agreement with the work of Di Primio and colleagues[133],
we found that extracellular Tau oligomers cause increased biosensor FRET (Fig.
5), presumably due to intraneuronal Tau aggregation [72,102] in a manner that
reinforces Teal-Venus proximity.

Extracellular ABOs caused the opposite response: lengthened Teal
fluorescence lifetime of Venus-Tau-Teal, indicative of Tau unfolding from the
paperclip/hairpin conformation (Fig 6). One mechanism by which this might occur
involves site-specific Tau phosphorylation by multiple protein kinases activated
by ABOs. We have shown that ABOs induce ectopic neuronal cell cycle re-entry,
which ironically leads to neuron death, by a mechanism that requires Tau
phosphorylation at Y18, S262, S409 and S416 by fyn, mTORC1 (probably
indirectly through S6 kinase), protein kinase A and CaMKIl, respectively [73,145].
It is therefore possible that phosphorylation at some or all of those sites provokes
the conformational change from compact and folded to unfolded.

Regardless of what the mechanism may be, the finding that ABOs cause
Tau unfolding emphasizes that biochemical effects of ABOs on Tau, such as
phosphorylation, are matched by changes in the physical structure of Tau. It
follows naturally that detection of molecular species that block or reduce ABO-
induced Tau unfolding might aid discovery of new diagnostic biomarkers and

disease-modifying drugs for AD.
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