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Abstract
Tau filaments are the pathological hallmark of >20 neurodegenerativeeisea

including Alzheimer’s disease, Pick’s disease, and progressive supramatisarn the
adult human brain, six isoforms of tau are expressed that differ by presencenmeatfs
the second of the four semiconserved repeats. As a consequence, half of thertas isof
have three repeats (3R tau), whereas the other half has four repeats (4R tau).

Site-directed spin labeling of recombinant tau in conjunction with electron
paramagnetic resonance spectroscopy was used to obtain structurad insogtatu
filaments. The studies showed that the filaments of 4R tau and 3R tau sharg a highl
ordered core structure in the third repeat with parallel, in-registargement of-
strands. This structure in 3R and 4R is conserved regardless of whether fhll-lengt
isoforms (htau40 and htau23) or truncated constructs (K18 and K19) are used. When
mixed, 3R tau and 4R tau coassembled into heterogeneous filaments. Hence, these
findings indicate that there are at least three compositionallnctisyipes of filaments:
homogeneous 3R tau, homogeneous 4R tau, and heterogeneous 3R/4R tau.

In vitro experiments show that the seeded filament growth, a prerequisite for tau
spreading in tissue culture and brain, is crucially dependent on the isoform comnposit

of individual seeds. Seeds of 3R tau and 3R/4R tau recruit both types of isoforms whereas

seeds of 4R tau can recruit 4R tau, but not 3R tau, establishing an asymmediic barri



Conformational templating of 4R tau onto 3R tau seeds eliminates this barrieg, ipe
to a new type of tau filament.

Conformational studies at the molecular level of tau filaments were done using
Double electron-electron resonance spectroscopy, which allows the detenmafia
distances between pairs of spin labels. These studies revealed strufferericks
between filaments of 3R tau and 4R tau. Furthermore, they indicated that 4R taudassume
the conformation of 3R tau when templated on 3R tau seeds. Our measurements have
also provided insights into the heterogeneity of tau filament structure.

Conformational differences due to variation in filament composition and seeding
properties of tau filaments have shown that they are structurally polymorphitire.na
This structural polymorphism of tau filaments has widespread implications in

understanding and treatment of neurodegenerative diseases.
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Chapter One: Introduction

1.1 Tau protein

Tau protein was first isolated in 1975 from porcine brain and given the name tau
(t) as it was found to induce tubule formation (Weingarten et al, 1975). Tau, a 55-62 kD
protein (Olmsted, 1986) is incorporated into growing microtubules as an integral
structural component and required for both initiation and elongation (Witman et al.,
1976) . Microtubules are a major component of the cytoskeletal system in eukaryotes
(Olmsted & Borisy, 1973) and studies have shown that in the absence of tau, purified
tubulin, a 6S dimer does not form microtubules (Olmsted & Borisy, 1973). Microtubules
are part of mitotic and meiotic component in cells and also major component of nerve
axons (Schmitt, 1968). Tau proteins apart from being an integral component of
microtubules in nerve axons, support the outgrowth of axons, modulate the transport of
vesicles and organelles along microtubules, serve as an anchor for enzymesilatal reg
the dynamics of microtubules (Cassimeris & Spittle, 2001; Drubin & Kirschner, 1986;
Garcia & Cleveland, 2001; Weingarten et al., 1975).

Tau protein, also referred to as microtubule associated protein (MAPTH has a
unusual character compared to most other proteins. It is heat resistacidanelaament
doesn’t result in it losing its function and also it has a low content of secondantyists

(Cleveland et al., 1977). These properties may be due to a high fraction of basic and



hydrophilic amino acid residues which resist the compact folding of most proteins. The
primary sequence of tau has a low hydrophobic content (mean hydrophobicity = 0.404)
and a net charge of +2 (Jeganathan et al., 2008). Biophysical studies haedrthagal

tau is a prototypical “natively unfolded” protein (Schweers et al., 1994) . In the human
proteome these type of proteins have been classified as “natively unfolded” or
“Intrinsically unstructured proteins” [IUPs] (Dunker et al., 2008).

In the adult human brain, six isoforms of microtubule associated protein tau
(MAPT) are expressed. The MAPT gene consists of 16 exons and alternafie mR
splicing gives rise to six tau isoforms (352-441 amino acids) (Goedert et al., 1988;
Goedert et al., 1989). The tau isoforms are classified based on the preseneacw abs
29- or 58 amino acid insert in the N terminus and inclusion or exclusion of a 31-amino
acid repeat segment in the C terminus. Among the six isoforms, three isdfave four
repeats (4R) and the other 3 isoforms have three repeatéH@&)e 1.1 A). In adult
brain, transcripts coding for 4R and 3R are expressed and in fetus only the smallest
isoform (htau 23) is expressed (Goedert et al., 1989; Goedert et al., 1989). The 3R and
the 4R regions are characterized by a Pro-Gly-Gly-Gly motif pteseeach repeat
(Goedert et al., 1988; Goedert et al., 1989). The amino acid sequence and the
corresponding DNA sequence of the full length tau isoform 4R htau40 are given in
Figure 1.2 The repeats carry out the major known biological function of tau: the binding
to and stabilization of microtubules (Butner & Kirschner, 1991; Goode & Feinstein,

1994). In disease conditions these tau monomers can aggregate to form filamesgs. T



filaments belong to the major class of amyloid fibrils which are seen in varisesses

(Figure 1.3)

A

244 275 306 337 369

il21211 htaud0 (441 aa)
1121211 htau34 (412 aa)
112]|3|4 htau24 (383 aa)
1 3|4 htau39 (410 aa)
1 3|4 htau37 (381 aa)
1 3|4 htau23 (352 aa)
B 244 372
11213]2] K18 (129 aa)
1 3[4 K19 (98 aa)

Figure 1.1: Bar diagrams of tau isoforms and constructs(A) Tau isoforms are

defined by the presence or absence of two inserts in the N-terminal hpd}taind the
inclusion or exclusion of the second microtubule binding repeat in the C-terminal half
(marked as 2). Isoform sizes range from 352 amino acids (aa) to 441 amino acids and ar
provided on the right. (B) The truncated constructs K18 and K19 contain the repeats (four
for K18 and three for K19) plus three additional residues at the C termini (Siddiqua &
Margittai, 2010).



1 - ATGECTGRGCCCCGCCAGGAGTTORARGTGAT GEAAGRTCACGCTGEGACGTACGEGTITG — &0
-M o E P R Q EF EVMET DU H ZZTGTTIYOG L
6l - GOGGRCAGGRALAGATCAGEEEEGCTACACCATGCACCARGACCAACAGGETGACACGEAC — 120
-6 DR K DQ GGG ¥ TMHOQTDQEGDT D
121 - GCTGGCCTGAARGRRATCTCCCCTGCAGRCCCCC ACTGAGE RCGGATCT GRAGGARCCGEEE — 180
-2 6 L K E 35 PLQTUPTETDTGSG S5 EEP G
181 - TCTGRARRCCTCTGATGCTRARGRGCACTCCARCAGCGEALGATCTGACAGCACCCTTAGTIG ~ 240
-5 ET S5 D & K S5 TUVPFTOLZWETDWVTZBARTPFPTL VWV
241 - GATGAGGGAGCTCCCGECARGCAGGCTGCCGCGCAGCCCCACACGEAGATOCCAGRRGGE ~ 300
-D0D EG A P G K QXL AZSRQFPHTETITFEPE G
301 - ACCRCAGCTGARGRAGCAGGCATTGGAGRCACCCCCAGCCTEEARGACGRAGCTGCTGET — 360
-T T A E E & & I GG DT P 3L EUDESZRZZLZG
38l - CACGTGACCCARGCTCGCATGETCAGTARRRGC AR ARG GEACTGERAAGCGATGACRRD — 420
-H VvV T Qa2 R MV 3 K5 KDOG TG 35 DD K
421 - ARRGCCRRGOGEGCTGATGETARRR CGRAGARTCGOCACAC CGCGEEEAGCAGOCCCTCCE — 480
-K 2 K& oD G KTEHKTI&LTUPERETGA AU SZPPF
431 - GECCAGRRGGGCCAGGCCARCGCOCACCAGGATT CCAGCRARRLCCCCGOCCGCTCCARRG — 540
- 0 K& Q &2 N aTWZBRTIUPAAREKTUZPUPATFEFPK
541 - ACACCACCCAGCTCTGGTGARCCTCCARRRTCAGGLGEATC GCAGCGECTACAGCAGOCCC ~ |00
-T P P 5 5 G EPFP P K5 G DUR 3G Y 5 3 P
801 - GECICCOCAGECRCTCCOGECAGCCECTCCOCGCACCCCGT COCTTCCARCCOCRCOCCROC — a4
-6 5 P66 T PGS R S5 ERKETUZPS5TLPTUZPUZPT
86l - CoGRAGCCCAAGRAGET GECAGTGGTCOGTACT CCACCCARGTCGCCGTCTTCCGCCARG — 720
-R E P K KV BABVYV ERETUPZPEK S P 3 5 4 K
721 - AGCCGCCTGCAGRCAGCOCCOGTRCCCATGOCAGRCCTGARGRATSTCARGTOCARGRATE ~ 730
-5 R L O TZZ PV P M P DILIEKUNTVWVEKZSI KI
781 - GECTCCACTGAGRACCT GRRAGCACCAGOCGEEAGGCGEEARGETGCAGATAATTRARTRARG — 340
-6 5 T EUHNTULEKH{Q P G 6 6 KV Q0 I I H K
941 - AAGCTGGATCTTAGCRARCGTCCAGT CCARGTGT GGCTCARAGGATARTATCRARACACGTC ~ 300
-K L DL 5 H W03 KCOGS 35 KUDD-NTIIZEKHTVW
901 - COGEGRAGGCGGCASTCT GCARATAGTCTACRRA CCACTTGACCTGAGCARGETGACCTCC ~ 9460
-P G G 6 5V QI WV Y KP VD ILJS5S EKWT 5
981 - RAGIGTGGCTCATTAGGCRRCATCCATCATRRRCCRAGEAGGTGEOCAGGTGERRGTRRREDL — 1020
-K C & 5 L G NI HHUEKUPGTG GG Q WV ETV K
1021 - TCTGAGRAGCTTGACTT CARGLACRGAGTCCAGTOGRALAGATTGLGTCCCTGRRACARTATC — 1030
-5 E KL DF KDZERWVOQ 3 KTIUGS?S 3 5ILUDWHNTI
1081 - ACCCRCGTCCCTGEOGEAGGAARTARR ARG TTGRRRCCCRCRARGCTGRCOCTICCOGOGAG — 1140
-T H VWP GG GGN K KTIETHIE EKTLTTFUERE
1141 - ARCGCCARAGCCARGRCAGRCCACGGEECGEAGATCGTGT ACARGTCOGCCAGTGETEICT — 1200
- o Ka KTUDHOGSRETIWVYEKS3S P WV V 3
1201 - GEGGACRCGT CTCCACGGCATCTCAGCAATGTCTOCTCCACCGRCAGCATCGRCATGETA — 12460
-6 DT 5 PR HL 3 NV 3 3535TOG6 3 I DMTWT
128l - GRACTCGCCCCAGCTCGCCACGCTAGCTGACGRGGTGICTGCCTCCCTGROCARGCRAGGET — 1320
-D 5 PO L ATTULOZTUDETW 33 A SL AEKDGJ QTG
1321 - TTG - 1323
- L

Figure 1.2 Human tau40. The complete sequence of full length tau (htau40). The
highlighted sequence (yellow) is the second repeat.



For a polypeptide, its stable amyloid fibril state competes with its monofo&ted state
(when a folded state exists), or with other nonaggregated states (Tycko, 2011). The
relatively stable and remarkably protease resistant amyloid fibpitesent the end point
of the protein misfolding process. Tau filaments belong to the class of amidlsl fi
whose formation is driven by hydrophobic interactions. The amyloid fibrils formed due
to these misfolding processes are implicated in many neurodegeneratigses{iSgare
1.3). Neurodegenerative diseases in which tau filaments are implicatedllectively

referred to as tauopathies (Lee, Goedert, & Trojanowski, 2001).
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Figure 1.3 Major classes of amyloid diseasesTau and other proteiribal are
implicated inmajor amyloiddiseases.
1.2 Tauopathies

The neurodegenerative diseases are characterizdidtimct brain lesionthat
have in common the formation of filamentous depositabnormal proteil. In
heterogeneous dementias and smovement disorders, it tharacterize:
neuropathologically by prominent intracellular aceuations of abnormal filamen

formed from the mimtubule associated protein (Table 1).



Table 1: Diseases in which tau inclusions have been descridtl Goedert &
Spillantini, 2011)

Alzheimer’s disease

Amyotrophic lateral sclerosis/parkinsonism-dementia complex
Argyrophilic grain disease

Chronic traumatic encephalopathy

Corticobasal degeneration

Diffuse neurofibrillary tangles with calcification

Down’s syndrome

Familial British dementia

Familial Danish dementia

Frontotemporal dementia and parkinsonism linked to chromosome 17
caused by MAPT mutations
Gerstmann-Straussler—Scheinker disease

Guadeloupean parkinsonism

Mytotonic dystrophy

Niemann—Pick disease, type C

Non-Guamanian motor neuron disease with neurofibrillary tangles
Pantothenate kinase-associated neurodegeneration

Pick's disease

Postencephalitic parkinsonism

Prion protein cerebral amyloid angiopathy

Progressive subcortical gliosis

Progressive supranuclear palsy

SLC9AG6-related mental retardation

Subacute sclerosing panencephalitis

Tangle-only dementia

White matter tauopathy with globular glial inclusions



Tau pathology is the hallmark of >20 neurodegenerative diseases, (Lee et al.,
2001). In frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP —
17) mutations in the tau gene have been linked to the disease (Goedert & Spillantini,
2011). The majority of tauopathies, however, develops sporadically.

Alzheimer’s disease (AD), a major dementia, is characterized by thenoes of
two different types of deposits in the brain, senile plaques and neurofibrillgiggan
(NFTs). The main component of senile plaques igtamyloid peptide whereas tau
protein is bundled into NFTs (Goedert & Spillantini, 2006; Grundke-Igbal et al., 1986).

NFTs which consist of paired helical filaments (PHFs) and straightdil¢erare
composed predominantly of abnormally hyperphosphorylated tau proteins (Goedert et al.,
1988). Hyperphosphorylation is believed to be an early event in the pathway that leads
from soluble to insoluble and filamentous tau protein (Braak et al., 1994). However it is
unclear whether phosphorylation is sufficient for assembly of tau monomers into
filaments.

The advancing age of a person, generally 65 years or older, is a risk fa&ar f
and other dementias, but the occurrence of neurodegenerative disease is not a rtormal par
of aging (alz.org). Neurodegenerative diseases have been shown not only to afflect pe
in their old age but also in their young age. Brain autopsies of players of fobtiakiey
and other games where the brain experiences increased incidences oficonthess
presence of NFTs of tau protein have been reported. This disease has beerddassifie

Chronic Traumatic Encephalopathy. Autopsies of players as young as 2hyears



shown the presence of NFTs in the brain (Los Angeles Times, 2011; McKee et al., 2009;
Omalu et al., 2011; Omalu et al., 2011; The New York Times, 2011).
1.3 Architecture of Tau Filaments

Straight filaments and PHFs (15-20 nm diameter) isolated from brain tiggae
a crossB structure in whicl-strands run perpendicular to the long fiber axis and are
spaced ~4.7 A apart (Berriman et al., 20@3y(re 1.4). This structural feature is a
common denominator of filaments belonging to the amyloid class (Sunde & Blake
1997), which are self-assembled aggregates made from proteins with divereeaaiti
sequence (Sunde & Blake, 1998). In an amyloid fibril, two to six protofilaments (2-5 nm
in diameter) twist around each other to form a supramolecular strgSengell et al.,
2000). AFM measurements have shown that the fibrils form unbranched structures with
diameters ranging up to ~25nm. The fibrils themselves can again fornblangkes.

The precursor proteins of these fibrils have no general sequence or 3- dinlensiona
(3D) structural homology in their native, soluble forms, but they all assemble into a
crossp-fiber structure, witt-strands perpendicular afiesheets parallel to the long fiber

axis.
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Figure 1.4: Schematic structure of amyloid fiber Arrangement of protein monomers
in B-pleated sheet structure in a protofilament either in parallel or antigt@raheet
structure. The protofilaments twist together to form supramoleculatstesacalled
fibrils.

When two or multiple sheets are present, they have a predominantly parallel in-
register arrangement pfstrands and usually antiparallel arrangemeffitstrands is
seen in peptides that form sin@lesheets depending on the amino acid sequence
(Margittai & Langen, 2008).

The antiparallep-strands are sometimes seen in aggregates formed by smaller
peptides, but the parallel in-register arrangemefitsifands irp-sheets is seen in most

of the amyloid fibrils. Tau filaments show parallel in-register arramgerofp-strands

(Margittai & Langen, 2004). Aggregates of other protein filamentsfofParavastu,
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Petkova, & Tycko, 2006), IAPP (Jayasinghe & Langen, 2G84ynuclein (Chen et.,
2007),B2-microglobulin (Ladner et al., 2010), HuPrP (Cobb et al., 2007) Rngl (Wickner
et al., 2008) also show parallel in-register arrangement.

Studies of3-amyloid fibrils have shown that fibrils with similar morphological
appearance can vary greatly in molecular design; and gross morphologyeand fi
structure need not be correlated (Petkova et al., 2005). Therefore, despitedtie sha
similarities described amongst tau filaments in the previous paragraph, théema
different at the molecular level.

1.4 Importance of study of structural polymorphism in tau filaments

Even though tau filaments have been implicated in neurodegenerative diseases,
their role has been controversial (Brunden et al., 2008). In particular,bekadebated
whether filaments might have an altogether protective function by preventinglirai
tau molecules from partitioning into toxic oligomers (Bretteville & PlaRé08).

It has been suggested that the cytotoxicity of fibrils could be due to the number of
misfolded forms including non-fibrillar oligomers (Chiti & Dobson, 2006). The
importance of mature amyloid fibrils as etiological agents in AD and othdpaimy
diseases, as opposed to nonfibrillar oligomers observed at earlier stagetsdef pe
incubation has been in dispute (Kayed et al., 2003; Lashuel et al., 2002). One principal
argument against a primary role for mature fibrils in AD has been thaabe€a robust
correlation between the severity of neurological impairment and the extenyloiic
deposition (Kirkitadze et al., 2002). Studies have shown that certain amyloid

morphologies may be more pathogenic than others in the affected organs of amyloid
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diseases, which would weaken the correlation between disease symptoms and total
amyloid deposition (Petkova et al., 2005). As a result, the structural study Isfdgins
importance.

There are various reasons why the study of structural polymorphism in tau
filaments is important. Studies in human, mouseiamnitro have revealed a direct link
between amyloid- and tau in causing toxicity in Alzheimer’s disease (Hardy & Selkoe,
2002; Ittner & Gotz, 2010). Tau protein is predominantly found in axons, and under some
physiological conditions, it has also been seen to localize in dendritesialiogier
amounts (Hirokawa, 1982). It mediates dendritic signaling and cfteyloid toxicity
in dendrites (Itther & Go6tz, 2010). In tissue culture studies, transfer of aawefiits to
neighboring cells has been seen (Frost et al., 2009). Recent findings haveesuigest
tau filaments could play an important role in the propagation of the misfoldedftate
from one cell to the next (Lee et al., 2010). In addition, injections of insoluble tau into
mouse brain resulted in the spread of misfolding through different brain regions
(Clavaguera et al., 2009). Also it has been recently shown that tau patimology
could spread through synapses of nerve cells (Liu et al., 2012).

The above mentioned properties of tau filaments are reminiscent of those
observed in prion proteins (Prusiner, 1998). In the prion field it has been shown that the
same prion protein due to different conformational states could result in different
transmissible states (Prusiner, 1998). Although the overall evidence fortypm®n-
mechanisms in tauopathies is scarce, it has lent a new urgency and rele\mattay t

understand the structure of tau filaments.
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There are currently 5.4 million cases of AD and related dementias in the U.S
population (Alzheimer's association, 2011). The annual healthcare cost of tigis agi
population is around $183 billion. It has been projected by 2050 that the number of
people with AD and other dementias would be 13.2 million and the health care cost
would be 1.1 trillion dollars. Therefore, neurodegenerative diseases are cahtdazea
major health issue (alz.org, 2011).

For the past two decades, drug development efforts for the major
neurodegenerative disease AD have been focused on targets definedrbyltie a
cascade hypothesis (Hardy & Higgins, 1992; Karran et al., 2011) with disappgointi
results. Tau-based strategies, in contrast have received littlecattentil recently,
despite the presence of extensive tau pathology. The discovery of mutationgheathi
tau gene that causes fronto-temporal dementia has demonstrated thafuaatidy, in
the absence of amyloid pathology, is sufficient to cause neuronal loss aral clinic
dementia (Medina, 2011). Investigation of the fundamentals of tau polymerization is
indispensable for identifying inhibitory conditions or compounds preventing formation of
PHFs which may allow the slowing down or even reverse the degeneration of neurons in
tauopathies (Andronesi et al., 2008). Considering all these, understanding theadtruct
polymorphism in tau filaments could be one of the starting points to come up wéh bett

drugs in the future.
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My investigations into the structural polymorphism of tau filaments are oeghniz
as follows:

Chapter 2 studies have tried to understand assembly of 3R and 4R tau isoforms in
filaments. Continuous wave electron paramagnetic resonance (CW EPR)spm®f in
combination with site directed spin labeling (SDSL) was used to study #émalagof
these isoforms.

Chapter 3 is related to the study of the recruitment of 3R and 4R tau isoforms into
filaments. For this purpose, an intrinsic fluorescence assay using thenenemnt
sensitive dye acrylodan was developed.

Chapter 4 is related to the study of the structure of tau filaments atitheere

level using Double electron-electron resonance spectroscopy (DEER).
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Chapter Two: Determination of Composition of Tau Filaments

2.1 Introduction

In the adult human brain, all six isoforntsdure 1.1A) are present and the ratio
of 3R and 4R tau isoforms is ~one to one (Lee et al., 2001). Antisera raised against
synthetic peptides corresponding to different human tau isoforms have demdrikfxite
multiple tau protein isoforms (both 3R and 4R) are incorporated into the neurofibrillary
tangles of AD (Goedert et al., 1989a; Goedert et al.,1992a; Greenberg et al.,1892). Th
relative proportions of the tau isoforms observed in AD PHFs are similar to Habsed
observed in normal adult human brain. Also different pathogenic mutations alter the
biochemical properties and stoichiometry of tau isoforms and this has been shown by
analysis of brains of FTDP-17 patients (Hong et al., 1998; Trojanowski & Lee, 1994). All
these studies led us to the question, whether the 3R and 4R isoforms segregate into
homogeneous filaments or coassemble to form heterogeneous filaments. To nddersta
this phenomenon, tau aggregation was stuidiettro.

2.1.1 Aggregation of tau filamentsn vitro.

The exact mechanism responsible for assembly of soluble tau protein into
insoluble filaments in brain cells is not yet knowihe monomeric tau proteins are

highly soluble and form a double hairpin loop, a paperclip like structure folded in the
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vicinity of the repeat region (Jeganathan et al., 2006), forming through transient
intramolecular contacts (Mukrasch et al., 2009). These interactions, togétihére
overall positive charge of the protein, greatly inhibit aggregation. As a conse@uence
negatively charged cofactor (heparin) is used to accelerate aggregation.

Heparin is a copolymer of alternating uronic acid and amino sugar residues, wit
sulfated esters in various positiqifsgure 2.1) The ionized carboxylate and sulfate
groups give it a high negative charge. Tigitro aggregation of non-phosphorylated tau
protein into flamentss based on the electrostatic interaction of negatively charged
heparin with the positively charged tau monomers (Calamai et al., 2006). The
characteristics of thege vitro assembled filaments closely resemble tau filaments from
AD brain(Goedert et al., 1996)Other polyanions, for example, RNA, DNA, and
arachidonic acid have also been shown to cause aggregation of tau into filaments
(Calamai et al., 2006; Frost et al., 2009; Goedert et al., 1996). Studies have shown that
heparin becomes integrated into the rigid core region of the PHF, probably ipgovi
charge compensation for the lysine-rich stretches that form upon the gtatkie
repeat regions (Sibille et al., 2006). Also these polysulfonated sugars haved®éen s
the plaques of many amyloid diseases (Strohmeyer et al., 2002). Binding of heparin t
AB, IAPP andu-synuclein is at a higher affinity than with their monomer states. These
observations indicate that recognition depends on the quaternary structure of the
aggregates and therefore heparin is seen in the rigid interiors of the anyitsd f

(Alexandrescu, 2005). This view is different from the observation made by some other
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researches that heparin is not associated with tau filaments, but is onlgdaequir

catalyze aggregation (Friedhoff et al., 1998; Jeganathan et al., 2008).

R=—Hor-OSO;H R= -CCH;or—0OSO;H

Figure 2.1 Partial heparin structure. (Sigmaaldrich.com)

When tau monomers self-aggregate into filaments, the microtubule binding repeat
(MTBR) region has shown to be protease resistant (Goedert et al., 1988; Novak et al.,
1993; Wischik et al., 1988), thus establishing itself to be part of the structured core. The
N- and C-terminal regions by contrast remain largely disordered, forrfunzzy coat
(Wischik, et al., 1988). Charge and conformational changes are of uttermost importance
near the second (R2) and third (R3) MTBR that are thought to be involved directly in the

nucleation of the aggregation (Friedhoff et al., 1998). Therefore to acceleratgatomr
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of tau monomers into filaments, N and C termini are removed which is exemplified b
the 4R and 3R constructs K18 and KFgure 1.1B) (Barghorn & Mandelkow, 2002).

2.1.2 Structure determination of tau filament.

Nuclear magnetic resonance spectroscopy and X-ray crystallggveipich

have been used to determine protein structures at high resolution are inadedlege to s
structures of proteins with low solubility and those that do not form crystals. Asalysi
tau filaments, which are aggregates, has been challenging due to thesidarged low
solubility. SDSL with CW EPR spectroscopy, which monitors structure dtatidoone
level, fills part of this gap and has been very useful in studying the structuriesregifts
(Hubbell et al., 1996; Huber et al., 2001; Margittai & Langen, 2004).

2.1.2.1 EPR spectroscopy.

EPR spectroscopy involves the study of energy differences due to the interacti
of an unpaired electron in the sample with a magnetic fieldT s effect is called the
Zeeman Effect. The electron acts like a bar magnet when it is placed in etimégid
because of its magnetic moment. Since energies are quantized, a gragleduelectron
has only two allowed energy states. It has a state of lower energy; veheroiment of
the electron, W, is aligned with the magnetic field and a higher enetgystan p is
aligned against the magnetic fi€ligure 2.2) The two states are designated by the
projection of the electron spinsnon the direction of the magnetic field. Because the
electron is a spin ¥ particle, the parallel state has-ii2 and the antiparallel state has
ms = +1/2. The difference between the energies of these two states is caused by t

interaction between the electron spin and the magnetic field.
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The energyAE = hv is required to cause a transition between two spin states
AE = hv = g usBo and HUs = eh/2me
Where g is the g-factor glis the Bohr magneton which is the natural unit of the

electron’s magnetic moment, h is the Planck’s constant, e is the elecirge emd mis

the mass of the electron and the change in spin stategis £1.

ms= +1/2

AE=hv=gpB

ms = '1/2

Magnetic Field (By)

Figure 2.2: Zeeman energy level splittingThe energies of the two spin states of an
unpaired electron diverge when the magnetic field is scanned. The magtefiorfie
which energy difference between the two electrons spin states is equébtdie
spectrometer, absorption of energy by the spins takes place which is sakst@ance.
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In Figure 2.2 it is shown that in the absence of a magnetic field the two spin
states are degenerate and energies of the spin states diverdy dind¢lae magnetic field
is increased. To obtain an EPR spectrum, the electromagnetic radiatjoenicy
(microwave) is held constant and the magnetic field scanned. When the enenggndéf
between the two spins states matches the energy of the applied radiation,@bsorpti
occurs(Figure 2.2).The field for resonance is not a unique “fingerprint” for
identification of a compound because spectra can be acquired at different anerow
frequencies (Eaton et al., 2009). However, the g value is independent of the magnetic
field.

2.1.2.2 Hyperfine interactions.

Additional information about the species that contains the unpaired electron can
be obtained from nuclear hyperfine interactions. The nuclei of the atoms in a maecul
complex often have magnetic moments, which produce a local magnetic field at the
electron. The interaction between the electron and the nuclei is calledotréiriey
interaction. It gives a wealth of information about the sample such as theyideotit
number of atoms in molecule or complex that have a magnetic moment; as tell as
electron spin density at those nuclei. When an electron spin interacts witha spi
nucleus such as hydrogen, the EPR absorption signal splits into two signals (Eaton et al
2009).

2.1.2.3 Spin label, EPR spectrum of Tau filaments.

For the study of protein structure and dynamics, SDSL in combination with EPR

has been systematically developed (Columbus & Hubbell, 2002; Hubbell et al., 1998;
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Hubbell et al., 1996; Hubbell et al., 2000a) and this has also proved to be an effective tool
in the investigation of tau filaments (Margittai & Langen, 2004; Margitthangen,

2006a) and other amyloid fibrils (Margittai & Langen, 2008). The spin label reports
faithfully on the conformation of the protein backbone regardless of the size of the
investigated species. Nitroxide scanning of a large set of spin labeled psatemeito
determine secondary structure (Hubbell et al., 1996). The introduction of thedwgtroxi

side chain is done by a common procedure in which cysteine — substitution mutagenesis
is followed by derivatization of the reactive cysteine with a sulfhyskeléctive nitroxide
reagent. The reactive native cysteines are first replacedustable non-reactive amino

acid. Introduction of this spin label side chain at single sites in the sguetults in a
remarkably small degree of structural perturbation (Hubbell et al., 1886durstudies
nitroxide label, [1-oxyl-2,2,5,5-tetramethaf — pyrroline-3-methyl]methanethio-

sulfonate (MTSL) was usdgrigure 2.3) (Berliner et al., 1982). MTSL attached to the
cysteine residue has a free electron on the nitroxide group that can beddetacte

magnetic field. The four neighboring methyl groups in the C2 and C5 positions of the
pyrroline ring dramatically stabilize the radical, making MTSL &b reporter over

extended periods.
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Figure 2.3: Spin labeling of cysteine by nitroxide labelDerivatization of the —SH
group of cysteine side chain with MTSL radical by disulfide linkage.

EPR spectrum.

For filament studies, CW EPR measurements at X-band (9.2 — 9.9 GHz) are done,
where the incident wavelength is kept constant while the magnetic fieled.sThe
absorption of electromagnetic radiation is influenced by the nuclear spin of tigenitr
in MTSL resulting in three line EPR spectra. When an electron spin interalcta spin
1 nucleus (I=1), such @&\, then the number of hyperfine lines is three (21+1=3) in the
absorption and its first derivative displays. The first derivatives are roarmonly
depicted than the absorption spectra because of improvement in signal to noise ratio
(Eaton et al., 2009). The parameters that are typically extracted fromRRN E
measurements include mobility, accessibility, distance and polarity.

Mobility.

In the EPR spectrum, the line shape provides valuable information on the mobility
of the label and the local structure (Mchaourab et al., 1996). Line shapesmeft®n,
motional anisotropy, environmental polarity, and hydrogen bonding. A line shape denotes

an array of interacting parameters and cannot be reduced to a simple descupiber
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reflecting local structure (Altenbach et al., 1990). When the nitroxide klbékiched to
an unfolded site in the protein, it results in a spectrum with three sharp and narrowly
spaced lines with large amplitu@iéigure 2.4 A). On the contrary, attachment to an
immobilized site results in broad lines, large separation of outer resonancesadind s
amplitude(Figure 2.4 B) When the label is attached to surface-exposed secondary
structures and tertiary contact sites, complex lineshapes are seerelidgaasease in
immobilized sites. The spectral features mentioned reflect the mobilite ddbel. These
features are quantified in terms of (1) spectral breadth (the inverse secoedtrrbif>
and (2) inverse central linewidtkHy*. These quantifications allow in categorizing
individual sites according to various backbone structures (Margittai et al., 2@0dittisi

& Langen, 2008; Mchaourab et al., 1996).
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Figure 2.4:EPR lineshapes(A) Three line spectra with amplitudes are observed when
the spin labels are attached to mobile regions. (B) Broad spectra withasmpéitudes
are seen when spin labels are attached to immobilized regions. The ceewalth is

given asAHo. For comparison, the spectrum in (B) is amplified 15-fold. Outer resonance
separations are given in gauss (G).
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Spin exchange.

The dipolar interactions in slow-motion regime (rigid lattice conditions¥ea
line broadening of the EPR spectrum because of the proximity of two spin labels (0.7-2
nm). Apart from dipolar interactions, spin exchange due to orbital overlap between
multiple paramagnetic centers is also seen (Altenbach et al., 2001; Molin1&84l). In
this type of spin-spin interaction, the spectral features depend on the numbeed cent
and the spatial arrangement between them. However, spin exchange is not usually
observed in SDSL, as multiple spin label contacts are required. But in amyldg] fibri
spin exchange plays an important role.

The appearance of spin exchange narrowed spectra is understood by observing the
line shapes for radicals. The EPR spectrum of a nitroxide label shows theérssa
with an intensity ratio of 1:1:1. Spin exchange results in collapse of the hypanése li
and narrowing of the spectra as a result of increase in exchange fre(tignoy 2.5)
The increased interactions between paramagnetic molecules ar¢ Isiggnsain label

concentrations and reduction of distances between them.
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Figure 2.5: Spin Exchange and structural interpretation.Recombinant tau with a
single cysteine at position 310 attached with paramagnetic label Mk fibril
formation in the presence of heparin and incubation for a period of 12 days, under
agitation, EPR measurements were taken. A single-line EPR specinbseived
because of spin exchange due to stacking of spin labels (yellow) in a paredigister
arrangement db strands. The scan width for the spectrum is 150 G.

Biradicals and higher-order radicals with small molecular weights turapldly
in solution and as a result averaging of dipolar interactions is seen (Hanspth3%96).
Crystals and amyloid fibrils do not tumble on EPR time scale and EPR spectrsein the
systems show spin exchange phenomenon. The spin exchange frequendyssando
it is also retained at lower temperatures (Margittai & Langen, 2004).

Correlation between exchange narrowing of EPR spectrum and tau filament

structure reported by SDSL.

The single-line EPR spectrum was first observed in tau filaments, awsigoat
arrangement db-strands in parallel and also in-register (Margittai & Langen, 2004). In
tau filaments, parallel in-register arrangemen-strands is seen when identical amino
acids are stacked on top of each other along the length of the fibéFiguise 2.5) CW
EPR studies have also shown that filamen{s-amyloid (Torok et al., 2002}, -

synuclein (Chen et al., 2007), IAPP (Jayasinghe & Langen, 28@4jcroglobulin
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(Ladner et al., 2010) and HuPrP (Cobb et al., 2007) also have parallel in-register
structure.

At the beginning of this project EPR investigations on the structure of tau
filaments had already been done for tAtr@peat (Margittai & Langen, 2006a) and until
amino acid 320 in theBrepeat (Margittai & Langen, 2004). In continuation, the
complete structural study of the repeat region in 3R and 4R tau was done usingrgDSL
CW EPR. After this, the same techniques were utilized to understand the coonpafsiti
tau filaments when mixtures 3R and 4R tau monomers form filaments. The findlings
this study have direct implications for the structures of filaments olzbarnD and
other tauopathies.

2.2 Methods

2.2.1 Site directed mutagenesis.

DNA fragments containing full length tau (htau40) and fetal tau (htau23) were
generated by PCR amplification with primers contaililogl andXhol restriction sites.
The templates used for these reactions were htau40 in pRK172 (provided by Dr. Goedert
at the Medical Research Council Laboratory, Cambridge, UK) and htau23 in piltiesc
(provided by Dr. Matt Farrer at the Mayo Clinic, Jacksonville, FL). The fratgneere
cloned intoNcol andXhol restriction sites of prokaryotic expression vector pET-28b and
site directed mutagenesis of htau40 (C291S, C322S) and htau23 (C322S) were performed
to remove the two native cysteines (Margittai & Langen, 2004). The replacefnent
cysteine residues with serine residues was shown not to cause angretfeet

morphology of tau filaments (Gamblin, et al. 2000). Subsequently the fragments of K18
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and K19 were generated in the second set of PCR amplification process from hthu40 a
htau23 respectively and cloned iMNool/Xholrestriction sites of pET-28b. Using the
QuikChange®Il Site-Directed Mutagenesis Kit method from Strategeiie
Technologies, site-directed mutagenesis was performed to introducecyistgi@es in
cysteine free htau40 and htau23. The mutant primers for the PCR reactiondeseel o
from IDT (Integrated DNA Technologies). For the PCR reaction setup, in tReti@

(0.2 ml, Fisherbrand), 5 pl of 10 X Reaction Buffer (provided in the strategene kit),
mutant plasmid 4 pl (5 ng/uL), dNTP (1 pPfuUltra High Fidelity DNA polymerase

(2.5 U/ ul), mutant primers forward and reverse (0.4 uM) were added and therreacti
volume was made up to 50 pl usingdd The MJ Mini™ Personal Thermal Cycler (BIO-
RAD) instrument was used to perform PCR reactions. The PCR temperaturetpesame
are provided infable 2 For the PCR cycling, initial denaturation was done at 95°C. For
the annealing of the mutant primer to the DNA template, temperatures wee fram
55-60°C and for the elongation 68°C temperature was used. After PCR amplification, it
was important that the parent strand be removed. Parent strand which is e tvglst
removed by digestion blYPN1enzyme (10 U/ ul) which specifically recognizes the
methylated sites. The PCR product was incubated witDii¢l enzyme (1pul) for 2 hrs

at 37°C for the digestion. For better transformation results, the salts in the PCR produc
were removed by using a purification kit from Genscript (Quickclean 5M PCR

Purification kit)(Appendix B).
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Table 2

Polymerase Chain Reaction parameters used for tau mutagenesis

Segment Number of cycles | Temperature(°C) Time

1 1 95 45 seconds

2 17 95 45 seconds
55-60 1 minute
68 12 minutes

Transformation

Transformation of the mutant plasmid was done in XL1 Blue Supercompetent cell
lines (Strategene kit). For the transformation 14-ml BD Falcon Polyprogpytaind
bottom tubes were used. To 20 ul of XL1 Blue competent cell lines (Strateger2e Kit
of the amplified DNA (PCR product) was added and incubated on ice for 30 minutes.
After 30 minutes, heat shock at 42°C was given to cells for 50 seconds. To the cells 800
pl of LB medium was added and incubated in a shaker for 45 minutes at 37°C. The cells

were plated onto kanamycin LB agar plates and incubated at 37°C for 24 hrs. The plates

were checked for colonies and stored at 4°C.

2.2.2 Plasmid purification,Ncol and Xhol digestion, DNA sequencing.
A single colony from the kanamycin agar plate was picked and added to 50 ml LB
medium, and 30 mM of kanamycin was added to it. The bacteria were allowed to grow

for 17 hrs, cells were pelleted and plasmid purification was done using Qiagen@Plasm

Midiprep Kit (Appendix B).
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A Cary-100 Bio UV-Vis spectrophotometer from Varian was used to measure the
DNA concentration of the purified plasmid. The formula used was Unknown(ug/ml) =
Azs0 X 50 pg/ml X dilution factor, where the concentration of pure double stranded DNA,
50 pg/ml shows an absorbance agoA& 1.0.

To check for the correct mutant tau gene size, digestionNeithandXhol
restriction enzymes was performed. For this, 15 pl reaction volume wasmusee FICR
tubes, 1500 ng of mutant DNA was mixed with 1.5 pl 10 X BSA, 1.5 pl 10 X NEBuffer
2, 0.5 pINcol (10,000U/ml) Xhol (20,000U/ml) [ reagents from NEW ENGLAND
Biolabs®nc.]. The samples were incubated at 37°C for 50 minutes. After the digest, the
samples were mixed with 4 pl sample buf@l@-RADNucleic Acid Sample Buffer 5X)
and agarose gel electrophoresis was carried out in the presence of 250 BE bXffer
mixed with 10 pl ofetBr. For the gel, 1% agarose was used. For the full length tau
fragmentsBIO-RADEZ Load™ 1 kb Molecular Ruler and for truncated versions, K18
and K19,BIO-RADEZ Load™ 100 bp Molecular Ruler was used to identify the
fragments. Agarose gels were viewed under UV light (BIORAD trans illugnnd@ased
on the correct size of the DNA fragments, mutant plasmids were given far DN
sequencing at University of Colorado Health Science (CU Cancer Center DNA
sequencing and Analysis service). Samples submitted to the sequencitgiadi2500
ng of plasmid DNA and 30 pmoles/ul primer concentration. For DNA sequencing,
primers T7 promoter (5-TAATACGACTCACTATAGGG-3’) and T7 terminatéi-(

GCTAGTTATTGCTCAGCGG-3) from IDT ReadyMade Primer were dise
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2.2.3 Expression and purification of tau proteins.

Expression of tau proteingas done irEscherichia coli (E.colistrain BL21
(DE3). An overnight start culture was prepared=ooli. To 50 ml of the LB broth, 30
mM kanamycin was added and a single colonk.obli (having the required tau mutant)
was picked and added to the broth. The overnight start culture was incubated at 37°C for
16-17 hrs. To 1.5 L of autoclaved LB broth, 75 uM of kanamycin and 15 ml of the start
culture was added and incubated at 37°C in a shaker until the bacterial growdd r@ach
optical density between 0.8-1. After this, 1.0 mM of IPTG was added to edchadflas
induce protein expression. Thecoli expression phase was for about 3.5 hrs. The
bacterial cells were spun down at 6000 x g for 20 minutes. The bacterial peltekems
up in resuspension buffer (20 mM Pipes, pH 6.5; 500 mM NaCl, 1 mM EDTA, 5@¢-mM
mercaptoethanol) and kept at -80°C for further processing. Tau protein is dytneate
stable (100°C, 5 minutes) (Weingarten et al., 1975). The heat stability and the high
isoelectric points of tau protein were utilized in the purification proces®dgittai &
Langen, 2004).The cells were ruptured by heating at 80°C for 20 minutes and then
sonicated for 60 sec using Fisher scientific sonifier (150 T series) atwahegs.

The samples were immediately centrifuged at 15,000 x g for 30 minutes. To the
supernatant, ammonium sulfate (55-60% m/V) was added to precipitate thagrotei
After 1 h of salting out, the precipitate was centrifuged at 15,000 x g for 10 minutes.
Resuspension of the precipitate was carried oub@ With 2 mM Dithiothreitol (DTT)
added to it. The solution was sonicated for 30 seconds, syringe filtered using Life

Sciences Acrodisc® Premium 25 mm Syringe filter with GxF/0.45 pum GHP meebra
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and further diluted with kO (2 mM DTT) before loading onto the column to bring down

the conductivity of the solution. The instrument used for purification of tau protsin wa
AKTA design GE Healthcare Fast protein liquid chromatography (FPLC). Taeins

were purified using cation exchange chromatography based on their isogerttsc

The buffers used for cation exchange chromatography were Buffer A and Bufdr

20 mM Pipes (pH6.5) in them. The low pH of the buffer helps to increase the positive
charge of the tau protein. Proteins were loaded onto the Mono S column (GE Healthcare)
and eluted by applying NaCl gradient (Barghorn & Mandelkow, 2002). The program

used for purifying proteins by ion exchange and gel filtration is givéppendix D.

Protein fractions were analyzed on SDS-PAGE with BIORAD® SDS-PAGE bavay r
marker as the standard. To 6 pl of the elution fraction 2 pl of the 4X sample buffer (SB
was added and loaded onto 15% SDS-PAGE gel for truncated tau and 12% SDS-PAGE
gel for full length tau. For the separation of the proteins a Mini PROTEAN Il
electrophoresis chamber (BIORAD) was used. The gel was stained usingsSmobhae

and destained using Destain soluti@ppendix A). The correct protein fractions were
pooled and then stored at -80°C after the addition of 5mM DTT. To further purify the tau
protein samples, gel filtration (Superdex 200 column) was carried out using Tas buff

(pH 7.0). Protein fractions were collected and precipitated overnight at 4°@limgan

equal volume of methanol with 5 mM DTT to the pooled fractions of full length tau. To
the truncated K18 and K19, three fold excess of acetone with 5 mM DTT was added. The

samples were pelleted and redistributed into equal aliquots. After ceniofugéthe
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protein aliquots at 15,000 x g for 10 minutes, protein pellets were stored at -80°C in
methanol (2 mM DTT) for full length tau and acetone (2 mM DTT) for K18 and K19.

2.2.4 Spin labeling and filament assembly of tau proteins.

The organic solvent was removed from the stored protein pellets (4-6 mg). The
pellets were solubilized in 200 pl GndHCI and reacted with an ~10 fold molar excess of
either paramagnetic label MTSL or nonparamagnetic [1-acetyl-2,2,S5abatttnylA° —
pyrroline-3-methyllmethanethio-sulfonate (Gross et al., 1999). Both #raichls were
purchased from Toronto Research Chemicals, Downsview, Canada. To attabelhe la
to the single cysteine, proteins were incubated for 1 h at 25°C in the dark. The proteins
were passed over PD-10 desalting columns (GE Healthcare) using elutionBBif¢o
remove all denaturant and unreacted labels. Protein concentration of htau40 and htau23
were measured in 6 M GndHCI by UV absorption at 27§ Appendix C) while K18
and K19 concentration measurements were done using BCA assay (Appz)dix
E).

To set up the proteins for filament formation, 20-30 uM of protein was mixed
with heparin (molecular mas%,000 Da, Celsus, Cincinnati, OH) at a protein to heparin
molar ratio of 4:1. The full length and the truncated versions were incubated at 25°C
under constant stirring for 12 and 3 days, respectively. For all mixing expesirfiaal
protein concentrations were 50-60 pM and the protein: heparin molar ratio of 4:1 was
maintained. After filament formation, they were pelleted by ultradagation at

100,000 x g for 30 minutes and finally washed with EB.
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2.2.5 Measurement of spin labeled filaments by EPR spectroscopy.

2.2.5.1 EPR measurement parameters.

Protein pellets were transferred into borosilicate capillaries (0.6smenr i
diameter X 0.84 mm outer diameter, VitroCom, Mountain Lakes, NJ). Measurements
were carried out in a Bruker EMX spectrometer fitted with an ER 4119HS tesohlae
experimental parameters for taking the spectra were sweep width 150 @icfowave
bridge parameters attenuator 12 dB, incident microwave power 12 milliwexttsused.

In the signal channel, the receiver gain was set at 5.02 Xr@lulation frequency at

100 kHz, modulation amplitude for filaments was set at 3 G and for monomers it was set
at 1.5 G. The modulation phase was set at 0 deg. The offset was 0%, time constant 81.92
msec, conversion time 20.48 msec, sweep time 41.49 sec, harmonic 1, resolution 2048
were set.

Data analysis was done using the software “A labview program for
multicomponent CW EPR spectra” by Christian Altenbach, University of&aid, Los
Angeles. Spectra were normalized to the same number of spins using double amegrati
A minor background originating from <0.5% soluble tau was subtracted from allsspectr

2.2.6 Negative stain electron microscopy.

To view the tau filaments using electron microsope, carbon coated copper with
250 mesh grids (EM grid) (Electron Microscopy Sciences) were used. Thei@&igre
placed for 40 seconds on 10 pl drops of tau filaments (3-4 uM). The EM grids were
removed and adsorbed onto the filter paper before placing them on 10 pl drops of 2%

uranyl acetate for 40 seconds. The grids were subsequently air-dried guefiléerfor 10
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minutes. All images were taken with Phillips/FEI Tecnai-12 electrarstnéssion
microscope operating at 80 keV equipped with a Gatan 2k x 2k CCD camera at
University of Colorado, School of Medicine, Cell and Developmental Biology
Department.

2.3 Results

2.3.1 Defining the stable ordered core in filaments of htau40.

Previous investigations on the conformation of tau flaments have revealed that
the third repeat of tau consists of a highly ordered core with parallel, ineregis
arrangement db — strands (Margittai & Langen, 2004). These studies had been done up
to residue 320, which is the first half of tH& @peat. To look at the residues beyond 320
and to understand the structure, the naturally occurring cysteine at position 322 was
labeled with paramagnetic nitroxide label MTSL. The cross-linking of thexidte label
through a thiol linkage to the protein resulted in a new side cha{fiBdre 2.6 A).

Before starting SDSL, the native cysteines were removed and repldbeskvimes to
maintain the selectivity of the approach (Todd et al., 1989).

When this labeled monomeric protein was measured, it produced an EPR
spectrum of three sharp lines (hyperfine splitting of EPR spectrum bexfanis®gen
atom) characteristic of intrinsically disordered regi@ffigure 2.6 B left pane). After
the induction of tau monomers to form filaments with heparin and 12 days of incubation
under agitation at room temperature (25°C), EPR measurement showed a single line
spectrum(Figure 2.6 B right panél. This spectrum is the signature feature for parallel,

in-register arrangement ffstrands (Margittai & Langen, 2008; Margittai & Langen,
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2004). The results showed that the ordered core region extends beyond the previously
published region (Margittai & Langen, 2004).The presence of filaments wasedfi

by negative stain electron microscdpygure 2.6 C)

{iiii :

— C“‘s,;—s:,/ l e -
/NH 322 : - X2
N [ ]

O Side Chain R1

Figure 2.6: Structural analysis of htau40 spin-labeled at position 32ZA) Labeling of
a cysteine in the protein with the paramagnetic label (1-oxy-2,2,5,5-tetrdsDethy
pyrrolineA3-methyl)-methanethiosulfonate results in the side chain R1. (B) Monomeric
tau, labeled at position 322, produces a spectrum with three sharp lines (left)
characteristic for random structure (left insert). Formation of st results in a
spectrum with a single line indicative of crystal-type order with peral-register
arrangement d-strands (right insert). (C) Negative stain electron microscopy reveals
twisted filaments with 15-20 A diameter. Bar = 100nm (Siddiqua & Margittai, 2010)
After seeing the parallel in-register structure at pmsitB22, starting from
position 321 to 358, single cysteine residues, introduced by siteadirettitagenesis
were spin labeled. The CW spectra of labeled monomeric proteinsedhbvee sharp
lines, which indicated a predominance of random strugtigrre 2.7). These findings
demonstrate that tau is an intrinsically disordered protein wiidgh good agreement
with previous studies (Cleveland et al., 1977; Schweers et al., 1994)thdtaddition of
heparin, filaments were allowed to form from tau monomers. When\W&BR spectra

of the filaments were measured, significant changes in thashiage of the spectra were

observed. Based on the observed EPR spectra, the tau flament cdivaiée into two
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distinct regiongFigure 2.8 A). The first region (residues 321-336), which extends to the
end of repeat 3, gives rise to single-line spectra which makesetgion a part of the
highly ordered core. The second region (residues 337-358) whictpast af the #
repeat produces spectra with single lines (e.g., 348), time® (e.g., 346), or mixtures of
both single and three lines (e.g., 357).

Such spectral heterogeneity was previously observed in"thefat of the full
length tau (htau40) where single amino acid substitutions had causedformational
switch between stacked and disordered conformations. Based on was, @oncluded
that the 2% repeat is less stable and an independent domain (Margittangeln, 2006a).

In line with the parallel, in-register arrangement [&trands in the "W repeat,
introduction of B-branched residues promoted folding whereas the introduction of
charged residues prevented folding.

The 4" repeat showed a similar trend. The substitution of a charged amino acid,
for example, Asp-348 with cysteine and cross linking with the spin label resulted in a
single-line spectrum (representing ordered structure), whereadsidostf
hydrophobic amino acid (Val-350) produced a three-line spectrum (representing
disordered structure). Replacement of the amino acids with cysteines {fhréyeat
region inadvertently resulted in a single line spectrum. The signal amplitréases
linearly with increasing amounts of mobile component (Margittai & Lange06a;

Margittai & Langen, 2006b). An amplitude pl&tigure 2.8 B)shows low mobility for
residues in the"3repeat and varied mobility for residues in tHeepeat. These data,

combined with previous observations (Margittai & Langen, 2004), reveal a stajblly, hi
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ordered core structure of th& Bpeat which is flanked by marginally stable regions that

can switch between conformationally distinct states.
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Figure 2.7: EPR spectra of htau40 monomersSingle cysteine mutants of htau40

(residues 321-358) were labeled with paramagnetic probe MTSL. All spectdaken

at 150 G and normalized to the same number of spins. All spectra show three sharp lines,
which indicate a random coil structure (Siddiqua & Margittai, 2010).
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Figure 2.8: EPR analysis of spin-labeled htau40 filament$§A) Residues 321-358 were
individually replaced by the side chain R1. All spectra were taken at 150 G and
normalized to the same number of spins. dbked linebetween théeft andmiddle
columnsmarks the boundary between repeats 3 and 4. (B) The amplitudes of all EPR
spectra are plotted against the respective residue numbers. All ampditadesmalized
to spectrum F346R1, which has the highest amplitude (Siddiqua & Margittai, 2010).
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2.3.2 Preservation of core structure in htau23 and smaller tau fragments.

Investigations thus far have focused solely on the largest isoform htau40 which
has four microtubule binding repeats. To understand whether the fetal tau htau23 (three
microtubule binding repeats) has similar ordered core structure, six diftgstaine
positions in the "8 repeat (positions 309, 310, 311, 317, 322 and 326) were spin labeled.
All monomeric proteins produced EPR spectra with three sharp(kiggse 2.9). This
observation is in good agreement with the current data which shows that soluble tau is
intrinsically disordered. The filament formation from monomeric tau wagedaout by
addition of heparin and then incubating the sample for 12 days. Filaments wereddarvest
by centrifugation and transferred into EPR capillaries for measuremdrtsfigetra of
the spin labels at the six investigated positions were all singl€Higere 2.1Q left
column), indicating parallel, in-register arrangement$-strands.

The smaller fragments of tau, K18 and K19 have been used in the past as valuable
models of tau aggregation (Barghorn & Mandelkow, 2002). To understand whether the
smaller fragments reveal similar structural arrangementatne set of single cysteine
mutants were created and spin-labeled. The spin-labeled proteins in their monomeri
form showed three sharp lines in their EPR spectrum and the filaments showgld a sin
line spectrun{Figure 2.10,middle & right column. These results are similar to full
length tau isoforms. This indicates that the parallel, in-register amargefp-strands
is an intrinsic feature of the repeat region and maybe a common theme inmadhtsaof

isoforms and constructs containing the staflecpeat.
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Figure 2.9: EPR spectra of htau23, K18 and K19 monomerS&ingle cysteine mutants

in the 3 repeat were labeled with paramagnetic probe MTSL. All spectra alaa at

150 G and normalized to the same number of spins. All spectra show three sharp lines
which indicate a random coil structure (Siddiqua & Margittai, 2010).

41



htau23 K18 K19

309 309/\/, 309
310 310 10

)
v

311 311 311
317 W\f 317
322 322 22

ﬁ
%

26 326 326

)

Figure 2.10: EPR spectra of filaments of htau23, K18, and K1%&Residues in the third
repeat of htau23, K18, and K19 were replaced by cysteine attached to thegpetaona
side chain R1. Spectra of all filaments were recorded at 150 G scan width andzsatmal
to the same number of spins (Siddiqua & Margittai, 2010).

2.3.3 3R and 4R tau combine to form heterogeneous filaments.

The above data shows that the filaments formed from 3R and 4R tau are
structurally similar. The question that arose from this was whetherdbesgucts could
assemble into mixed filaments. To answer this question, in the first step, agasin
label at position 310 of K18 was attached. A nonparamagnetic label (which produces no
EPR signal) at position 310 of K19 was attached which resulted in a R1’ side chain
(Gross et al., 1999). The two proteins were subsequently mixed at different atiokar r

and heparin was added for fibrillization. After 3 days of incubation at 25°C under

agitation condition, all filaments were pelleted at 100,000 x g and transferred Rto EP
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capillaries. At low spin concentration (10% R1), a three — line EPR spectrum was
observedFigure 2.11 A red tracgwith outer peak separation of 68 G. Such a spectrum
is typical for an immobilized site with little interaction between spinltafdargittai &
Langen, 2006a; Margittai & Langen, 2006b). At intermediate spin concentration (60%
R1), the spectrum broadened and the amplitude of the central peak de(ffeased

2.11 A green trace These changes are due to dipolar interactions between labels, which
are effective at distances between 0.8 and 2.5 nm (Hubbell et al., 2000b). At high spin
concentration (100% R1), a single-line spectrum with increased amplitude veageobs
(Figure 2.11 A black tracg This spectrum is due to spin exchange between labels in
close contact (Margittai & Langen, 2008). The observation of a three-linesspdfRum

at low spin concentration (10% R1) suggests that K18 had coassembled with K19.
Segregation into separate filaments can be excluded as this would have ra@ined t
contacts between individual spin labels resulting in a single-line spectrum. Tio @bta
more comprehensive picture of the coassembly between K18 and K19, a titratisn serie
was performed in which the concentration of K18R1 was successively increased from 5
to 100%. The EPR spectra of filaments were taken and amplitudes of the ceedral |
were plotted as a function of the mole percent of K1gRdure 2.11 B) The amplitude
changes are similar to those that had been previously observed in other spin dilution
experiments (Margittai & Langen, 2004; Margittai & Langen, 2008). Depending on the
type of spin interaction that dominates at a particular dilution, different amiarde
obtained: 1) large amplitudes for no interaction, 2) small amplitudes for dipolamapupl

and 3) slightly elevated amplitudes, and loss of hyperfine splitting, for spinrgecha
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(Figure 2.11 A) These changes occur gradually as the concentration of paramagnetic
label increases and the average distance between individual labelsele¢esaus
spacing between labels in the differently composed filan{€rdsire 2.11 B insets I-ll)
can explain these amplitude changes. An amplitude plot that is similar to thepastedie
here is obtained when instead of K18, K19 is attached to the paramagnet{Eiglme
2.12) This suggests that K18 and K19 have similar probabilities of integrating into the
filaments. To identify the core structure of heterogeneous filaments, equiratibs of
paramagnetically labeled K18 and K19 were mixed. A single-line EPR spesiam
observedFigure 2.11 C) suggesting a crystal-type order with parallel, in-register
arrangement d-strands. Electron micrographs confirmed the presence of twisted and
bundled filamentgFigure 2.11 D) As expected, no amorphous aggregates were
observed for sample with single line EPR spectrum (Margittai & Lian2@04).

In the adult brain full length versions of tau isoforms htau40 and htau23 are
present. To look at their ability to coassemble, the same labeling stratef8/K19
constructs was used. The htau40 was paramagnetically labeled while htau23eleak la
with non paramagnetic label. The assembled filaments produced similar spelctrse
of the smaller construc({&igure 2.11 E, compare with 2.11 A)Accordingly, the
amplitude plot obtained from a titration series of these isoforms revealeahtiesoserall
featureqFigure 2.11 F)as the one obtained for K18 and K(Egure 2.11 BandFigure
2.12) Furthermore, filaments formed from an equimolar mixture of paramagngticall
labeled htau40 and htau23 produced a single-line spefignre 2.11 G) The

presence of filaments and absence of amorphous aggregates was confirmedi\®y nega
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stain electron microscofyrigure 2.11 H) These results demonstrate that regardless of
construct size, 3R and 4R tau coassemble into heterogenous filaments with a core

containing parallel, in-register arrangédtrands (Margittai & Langen, 2006a).
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Figure 2.11: Coassembly of 3R and 4R taA) EPR spectra of tau filaments
coassembled from K18R1 (paramagnetic) and K19R1’ (honparamagnetic). Therfgllowi
mole percentages were used: 1) 10% K18R1/90% K19R1’ (red trace), 2) 60%
K18R1/40% K19R1'(green trace), and 3) 100% K18R1 (black trace). In both constructs,
labels were attached to position 310. (B) The amplitudes of the central litnesEPR
spectra in A together with those of additional dilutions are plotted as a functiom of t
mole percent of K18R1. Regions in the plot in which spectra are dominated by no spin
interactions, by dipolar coupling, or by spin exchange are interpreted in termiedrdif
B-strand combinations (insets I-111). K1I8R1 = green arrow, yellow dot; K19R&d=

arrow, black dot. (C) Spectrum of filaments formed from 50% K18R1 and 50% K19R1
(labels attached to position 310). The inset provides a structural interpretatiorl K18R
green arrow, yellow dot; K19R1 = red arrow, yellow dot. (D) Electron micrograph of
heterogeneous filaments (K18R1/K19R1). Bar = 100 nm. (E) EPR spectrarwtita
formed from htau40R1 and htau23R1’ (all labels attached at position 310). Dilutions
have same color coding as in A. (F) Amplitudes of central lines from filamamted at
different dilutions of htau40R1 and htau23R1’. (G) Spectrum of filaments formed from
50% htau40R1 and 50% htau23R1. All spectra were taken at 150 G and normalized to the
same number of spins. (H) Electron micrograph of htau40R1/htau23R1 filaments. Bar =
400 nm (Siddiqua & Margittai, 2010).
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Figure 2.12:Coassembly of K19R1 and K18R1’ into heterogeneous filaments.
Filaments were coassembled from K19R1 and K18R1'. EPR spectra wereecb#iadt
amplitudes of central lines were plotted as a function of the mole percent of K18R1 (re
trace). For comparison, the amplitudes from spectra of filaments formed fifene ot
ratios of KI8R1 and K19R1’ (see Figure 2.12B) are also plotted (black trace). The
amplitude derived from the spectrum of filament from K19R1/K18R1’ (10%/90%) is
arbitrarily set at 100 (Siddiqua & Margittai, 2010).
2.4 Discussion

Tau filaments are the pathological hallmark of numerous tauopathies. In most

diseases, filaments are composed of either 3R or 4R tau, but in AD, filameis edint
isoforms. The isoform composition of tau filaments was determined twenty yga
(Goedert & Spillantini, 2006; Greenberg et al., 1992) but it was not clear whether the 3R
and 4R isoforms in AD form homogeneous or heterogeneous filaments (Adams, et al.,
2010). This information is important as either aggregate could imply fundamentally
different mechanisms of tau fibrillization. This study involved obtaining nuidec
insights into the structure of different tau filaments and to address the quesiiugiesf s

filament composition. First, it was demonstrated that homogeneous filaments of both 3R

and 4R tau share a highly ordered core structure that coincides with the thatdaregpes
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characterized by parallel in-register arrangemeffitsifands. This conformation is

preserved regardless of whether full-length isoforms (htau40 and htau23) ler smal
constructs (K18 and K19) are used. Second, when 3R and 4R tau are present in the same
sample they coassemble into heterogenous filaments. This was seen for lhdth the

length tau and the truncated versions of tau. Because the heterogeneous filantaints c

the same ordered third repeat core structure as their homogeneous counterplairs, the t
repeats of 3R and 4R tau must be able to replace each other. Together, these results
suggest that at least three fundamentally different types of tau filamesitsl)

filaments of 3R tau, 2) filaments of 4R tau, and 3) filaments of 3R/4fFtgure 2.13)

This classification is based on composition and places emphasis on the core-forming

repeat regions.

SR 4R
zr’\ GC.\\
3R 3R/4R 4R
- - -
- — >
— =) —
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Figure 2.13: Types of tau flaments3R tau (ed) and 4R taudreer) assemble
into at least three different types of filaments: 1) homogeneous filawients

3R tau, 2) homogeneous filaments of 4R tau, and 3) heterogeneous filaments
of 3R and 4R tau. All filaments have in common a parallel, in-register
arrangement d-strands in repeat 3 (Siddiqua & Margittai, 2010).



Each 3R and 4R tau can represent three different isoforms that are defined by the
inclusion or exclusion of the two inserts in the N-terminal re@togure 1.1) This
region is in the unstructured periphery of the filament and may not contribute to the
stable core (Wischik et al., 1988). It is evident from the experimental daeeattia
filament type can be further classified into subtypes composed of diffepéorins at
various ratios. Dilution experiments have shown that 3R and 4R tau coassemble at
different ratios tested. As a consequence, a staggering number of filaxishtzased on
composition alone. Despite a shared parallel, in-register arrangenfestrahds, all
three types of filaments must vary in conformation. This is because the segeatate
4R tau contributes to the filament core (Li et al., 2002; Margittai & Lan2@d6a). Its
presence or absence results in different packing interactions for eacfitgpee For
example, in heterogeneous 3R/4R filaments, the second repeat cannot solely petk agai
itself. Hence, 4R tau will assume different conformations depending on whether it is
incorporated into homogeneous or heterogeneous filaments. Conformationaltplastici
4R tau was seen when htau40 assumed different structures grown onto wild type
filaments as opposed to mutant filaments (Frost et al., 2009). Conformationaltglestic
a common property of amyloid proteins resulting in structurally distinct fibfils
homogeneously composed proteins (Colby et al., 2009; Kodali, et al., 2010a; Paravastu et
al., 2008; Petkova et al., 2005; Tanaka et al., 2004a). It is likely that similar structura
polymorphisms exist for each type of tau flament. Compositional diversity and
conformational plasticity allow for a plethora of tau filament structureslagtexceed

those of other amyloid fibrils.
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Ample experimental evidence suggests that phenotypic diversity in prion gdisease
is encoded in different misfolded conformations of the same protein (Bessen B, Mars
1994; Collinge et al., 1996; King & Diaz-Avalos, 2004; Tanaka et al., 2004a; Telling et
al., 1996). Fragmentation and growth properties of different fibrils have provided a
physical basis of how protein conformation could determine phenotype (Colby et al.,
2009; Tanaka et al., 2006). As pointed out before, the filaments in different tauopathies
have characteristic compositions of 3R and 4R tau. Filaments in Pick’sedsedain
3R tau. Filaments in progressive supranuclear palsy and corticobasal dagener
contain 4R tau. Filaments in AD incorporate both 3R and 4R tau. Since 3R and 4R tau
coassemble in heterogeneous filaments, in AD, the filaments could be differant f
those of 3R and 4R tauopathies. It was previously shown that filaments in AD contain
roughly equimolar ratios of 3R and 4R tau (Goedert et al., 1992a). This ratio réfeects
expression pattern of tau in the adult human brain (Goedert et al., 1989a; Goedert et al.,
1992a; Goode et al., 2000). Hence, the majority of individual filaments in AD brain may
be composed of evenly mixed 3R and 4R isoforms. However, because the expression
patterns of tau isoforms can vary between different neuronal subpopulations (Goedert et
al., 1989a), the specific composition of individual tau flaments could vary in a cell-
specific manner. The free interchangeability of 3R and 4R tau allows foad b
spectrum of heterogeneous filaments with diverse physical and biolpgoparties.

Even though the repeat region in tau may determine the stability of filaments
(Jeganathan et al., 2008), the N-terminal inserts could still influenceténaations with

cellular components. Here, we demonstrate that 3R and 4R tau can coassemble into

50



heterogeneous filaments, expanding the number of possible filament strudtdudsre
experiments corroborate interneuronal spreading of tau misfolding in a kediaghion
(Goedert et al., 2010), the large compositional and conformational diversity of tau
filaments could be an important contributor to the large phenotypic diversity of
tauopathies.

Apart from composition of 3R and 4R in tau filaments, the recruitment of 3R and
4R monomers into filaments could also cause conformational diversity. Thehagteic
deals with the recruitment process of 3R and 4R into filaments and how it enhances the

conformational diversity of tau filaments.
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Chapter Three: Variations in Seeded Recruitment of 3R and 4R Tau Monomg
into Filaments
3.1 Introduction

As already mentioned, in the adult human brain 3R and 4R tau coexist at an
equimolar ratio (Goedert et al., 1989a) and this ratio is also reflectedtautpeoteins
found in the filamentous inclusions of Alzheimer’s disease (Goedert et al., 1992a).
Abundant tau inclusions, in the absenc@-aimyloid deposits, define Pick's disease,
progressive supranuclear palsy, corticobasal degeneration and other diseam@sast
to AD, filaments in progressive supranuclear palsy contain only 4R tau and fisaiment
Pick’s disease contain only 3R tau (Buée & Delacourte, 1999). The moleculaiobasis
this difference in tau deposition in neurodegenerative diseases is not yetaouwlarst
maybe understanding the recruitment of 3R and 4R tau monomers into filaments would
give a clue of why this difference in deposition of 3R and 4R is seen in various slisease

3.1.1 Nucleated versus seeded tau filament formation.

In vitro assembly of tau filament formation (as that of other amyloid fibrils)
depends on the assembly of a critical nucleus onto which individual monomers can grow
(Figure 3.1) This nucleation event requires the cooperative interaction of a few
monomers to form oligomers which constitutes an initial lag phase in the fomati

filament. Also this nucleation event is concentration dependent. After the nutleati
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process, filament elongation is a fast process. The nucleation event hear&et—
limiting step of fibril formation that can be circumvented by the addition afssee
(Friedhoff et al., 1998; Nonaka et al., 2010). Theséatro aggregation features makes
this fibril assembly broadly similar to that of amyloid fiber aggregatiokDror other

aggregation processes in different neuronal disorders (Friedhoff et al., 1998).

Rate limiting
Elongation
Tau
monomers /-\
\ 48A A\
] a ‘nl
i 3
A |
s A

Elongation
Filament zeads

=

Tau Filaments

Figure 3.1: Nucleated versus seeded formation of tau filamengslot drawn to scale).

3.1.2 Spread of tau filaments.
There are various reasons for studying se@ugdro reactions. Studies have
shown that filaments can transfer among neighboring cells in tissue qitase et al.,

2009). The injection of brain extract from mutant P301S tau-expressing mice into the
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brain of transgenic wild-type tau-expressing animals was shown to induassirably

of wild-type human tau into filaments and the spread of pathology from the site of
injection to neighboring brain regions (Clavaguera et al., 2009). Also studies in mice
have shown that cognitive impairment becomes manifested when tau inclesiongire
hippocampus from other regions of the brain. These abundant neocortical tau inclusions
and extracellulag-amyloid deposits found in mouse brain resembles the pathology seen
in AD (Clavaguera et al., 2009).

Recent studies have shown that the introduction of minute quantities of misfolded
tau filaments into tau-expressing cells rapidly recruits large amoustdulfle tau into
filamentous inclusions resembling NFTs. This efficient recruitment of taomers into
filaments suggests a “seeding’-recruitment process as a highly ptansgbhanism
underlying NFT formatiomn vivo (Guo JL & Lee VM, 2011). The spontaneous uptake of
tau filaments into cells is most likely mediated by endocytosis, suggegtitgatial
mechanism for the propagation of tau lesions in tauopathy brains (Guo JL & Lee VM,
2011).

Analysis of diseased brain tissues of humans have shown that in the disease
process neuronal tau inclusions first appear in the transentorhinal cartexylfiere they
spread to the hippocampus and neocortex (Braak & Del Tredici, 2011). The spreading of
tau filaments is reminiscent of the (interneuronal) spreading of prions, wisel the
important question of whether prion-like mechanisms are responsible for tau
pathogenesis (Goedert et al., 2010; Prusiner, 1998). Prion diseases, unlike tauopathies,

are infectious. However, infectivity and interneuronal transmissibilifyrions are
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thought to be based on a single molecular principle: recruitment of monomeric proteins
onto the filament ends. Understanding this recruitment process for tau may provide
important molecular insights into the interneuronal spreading of tauopathies.

3.1.3 Study of recruitment of tau monomers into filaments

To study the recruitment of 3R and 4R tau monomers by seeds of tau filaments,
truncated versions of full length isoforms K18 and K19 were (lSigdire 1.1). As the
aggregation kinetics of K18 and K19 is faster than that of full length htau40 and htau23,
the former constructs have been used as model systems for the aggregatiamd¥BR
tau (Barghorn & Mandelkow, 2002).

3.1.3.1 Study of tau aggregation.

Previous studies on aggregation kinetics of proteins into amyloid fibrils have been
done using Thioflavin T assay (Khurana et al., 2005). This assay uses thioflavim)T (T
a thiobenzaldehyde dye which associates rapidly with aggregatésl difosiynthetic
peptides and gives rise to a new excitation (ex) (absorption) maximdfsd atm and
enhanced emission (em) at 482 nm, as opposed to the 385 nm (ex) and 445 nm (em) of
the free dye (Levine lll, 1993). This change is dependent on the aggregated state a
monomeric or dimeric peptides do not show this effect (Levine Ill, 1993). Alsoaviiofl
T, has been visualized bound along the fibrils using atomic force microscopy fiélretra
al., 2005).

For our studies of kinetics of aggregation of tau monomers into filaments a
fluorescence assay using acrylodan was standardized. Acrylodan is rammeevit

sensitive dye and its behavior in solvents is explained in the following section.
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3.1.3.2 Monitoring of General solvent effects on Acrylodan by Fluorescence
Spectroscopy.

The general solvent effects on acrylodan fluorophore can be explained by a

Jablonski diagranfFigure 3.2)
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S 4 {
1 HEe N Solvent
\ Less polar solven relza)gatlon
(10™s)
More polar
solvent
(10%%) (10%)
hVA_] th (j (j
U'G \L \ 4
/

Figure 3.2: Jablonski diagram for fluorescence with solvent relaxation.

Fluorescence is the emission by a fluorophore of a photon from the lowest excited
state $to the ground statepSEmission of a photon occurs with a certain energy E and
which can be observed at a certain wavelehgthBecause of the vibrational levels
fluorescence is seen at longer wavelengths than the first singbeptns. Solvents also
have an effect on the position of the fluorescence band and many studies on
biomacromolecules have exploited this fact. One aspect of the solvent®ffext

General solvent effect which depends on the polarizability of the solvent, and ingreasi
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the dielectric constant usually shifts the fluorescence to longer wave(&ngine 3.2)
General solvent effects involve the interaction of the permanent dipole moment of the
molecule in both the ground and excited states with the reactive field induced in the
surrounding solvent.

The Franck-Condon principle states that during electronic transitions daclei
not move, but the electrons of the solvent molecules redistribute themselves around the
new excited state dipole. Also, because of the long lifetime of the extited 50" s),
before the emission of the fluorophore, the solvent molecules reorient to thebrequi

position around the excited state of the fluoropl{Brgure 3.3).
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The dipole moments of ttground (j&) and excited-state guand the reactiv
fields around these dipol describe the interactiasf a fluorophore with solvent. Solve
reorientation (R and ) and electronic motiol define these field&igure 3.3). E,
describes the energy levels of the fluorophordévapor stat€The dectronic reactiot

field which is induced by the excitecate dipole causes the decreasthefibsorption
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transition energy. This occurs because the electrons in the solvent follow thehrapge
in the electron distribution within the fluorophore as showfigure 3.3 On the
contrary, the orientation of the solvent molecules, during the absorption of lightidbe
change.

Tau filament aggregation was studied by attaching the acrylodan fluorophore t
the cysteine residue in the monomer. Since the acrylodan fluorescensmemsiighly
sensitive to its local environment, when bound to a protein it exhibits changes in both
intensity and emission wavelength that reflect the degree of solventierciunsl the
effective dielectric constant of the environment of the fluorophore (Hibbs et al., 2004;
Wearsch et al., 1998).

3.2 Methods

3.2.1 Site directed mutagenesis, protein expression and purificati.

Site directed mutagenesis, protein expression and purification were done using the
protocols given in chapter 2 sections 2.2.1, 2.2.2 and 2.2.3.

3.2.2 Seed production.

In a 2 ml eppendorf vial, 1500 pl of 25 uM cysteine free K18 and K19 (or a
combination of 12.,M K18 and 12.5uM K19) were mixed with a twofold molar excess
of heparin (50 uM) (average molecular mass of 5000 Da, Celsus, Cincinnati, OH) and
allowed to grow under agitation at room temperature (25°C) for 3 days. Subsequently, the
filaments (500 pl) were kept on ice for half an hour and then sonicated on ice for 20
seconds using Fisher Scientific Sonifier (150 T Series) at power setting 8eddhe

morphology was verified by negative stain electron micros¢bmyure 3.4). For
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multiple steps of seeded reactions, filament formation was allowed for 1 h artti¢lye

were sonicated to produce seeds for the next reaction.

Figure 3.4 Electron micrograph of filament seeds The filament seeds are produced by
ultrasonic shearing of seeds.

3.2.3 Seeding assay and fluorescence detection.

3.2.3.1 Acrylodan assay.

The following mole percentages were used for all reactions: 2% acrylaoeled
tau, 98% cysteine-free tau. The final concentration of monomeric proteins K18 and K19
was 10 puM. For the fibrillization process 2 fold molar excess of heparin to taddex. a
Initiation of the seeding reactions was done by the addition of 3 mol% seeds.
Experiments that required multiple cycles of seeding and elongation contaghed hi
concentration of monomers (25 uM) and larger mole percentages of seeds (8%). After
one hour of fibrillization, each reaction was sonicated to produce seeds for the next
reaction cycle. The final seeding step in this multicycle procedure cothime|%
seeds and 10 uM monomers. All reactions were monitored in a Fluorolog 3 system

(Horriba, Jobin). Temperatures were controlled at 37°C using a solid statiePell
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element. The fluorophore was excited at 360 nm and single emission spectra were
measured from 400-600 nm with excitation and emission slit widths set at 5 nm.

3.2.3.2 Thioflavin T seeding assay.

The filament formation was monitored by the change in ThT fluorescence upon
ThT binding to tau filaments (Maskevich et al., 2007; Naiki et al., 1989). Reactions were
carried out in a HEPES buffer (100 mM NaCl, 10 mM HEPES, pH 7.4) at 37°C, with
5uM ThT. Tau (10 uM K18 or K19) was pre-incubated for 5 min at 37°C, whereupon
reactions were initiated with 3 mol% of respective seeds. All reactmriained two fold
molar excess of heparin (average MW = 5000) to monomeric tau. Fluorescence was
measured using a Fluorolog 3 spectrofluorometer (Horiba Jobin Yvon), with the
excitation wavelength set at 440 nm and the emission wavelength set at 480 nm. The
excitation and emission slit widths were 5 nm.

3.2.4 Negative stain electron microscopy.

The method used here has already been mentioned in Chapter 2 section 2.2.6. The

tau filament concentration used wasy\.

3.3 Results

3.3.1 Seeds of 3R/4R Tau Nucleate the Formation of 3R and 4R Tau

filaments.

In the previous chapter we showed that the mixing of 3R and 4R tau monomers
causes them to coassemble into heterogeneous filaments rather tegatsegto

separate filaments. Whether these coassembled filaments caivelifesged the
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propagation of individual 3R and 4R tau monomers is not known. For the studies,
acrylodan was cross-linked to a single cystéiigure 3.5 A)at position 310 in the third
repeat of K19. This site was chosen as it is located in the core of thertilghmelronesi

et al., 2008; Margittai & Langen, 2004) and as such is expected to have different polar
environments in monomers versus filaments. Furthermore, spin-labelingsitetiad

no measurable effect on overall structure as shown in chapter 2. The readtion wit
acrylodan resulted in a new side chain, henceforth referred to as Al. Ftarttenfi
formation, the labeled protein was mixed with a 50-fold molar excess of cyftgne

K19. The fluorophore labeled sample was excited at 360 nm and the emission spectrum
was measured from 400 — 600 nm. The emission spectrum had a maximum at 523 nm
(Figure 3.5 B)which is characteristic of a solvent exposed site (Wearsch et al., 1998).
This result is in agreement with tau being an intrinsically disordered p(Qieveland et

al., 1977; Schweers et al., 1994).

The addition of seeds that were produced by ultrasonic shearing of K18/K19
filaments and heparin (2 fold molar excess to the protein) initiated the abgmnegfaau
monomers. Upon completion of the fibrillization process, the emission spectrum blue
shifted to 462 nniFigure 3.5 B) indicating label exposure to a more hydrophobic
environment (Wearsch et al., 1998). The reciprocal of the wavelength for th&@mi
maximum was plotted as a function of time revealing elongation kinetics offgi®re
3.5 C). Similarly, when K18 was allowed to grow on K18/K19 seeds the elongation
kinetics were similar to K19 on K18/K19 seeds. In the absence of seeds, aggregation of

neither K18 nor K19 on K18/K19 seeds was seen. The presence of flaments in the
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seeded reactions was confirmed by negative stain electron micrdgegpse 3.5 D, E)
Together, these findings suggest that the filaments of 3R/4R tau servedafosdiee

formation of 3R and 4R tau filaments.
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Figure 3.5: Seeds of K18/K19 effectively template growth of K18 and K1@4)

Scheme of acrylodan labeling of cysteine side chain. (B) Addition of 3% K18/Kil8 see
to a mixture of monomers of 98% K19 and 2% K19_310A1 (total concentration: 10 pM)
results in a time-dependent blue shift in the emission maximum. Traces diurtorleft
represent reactions after 0, 0.5, 5, 10, and 80 min. Excitation: 360 nm, Emission: 400-
600nm. (C) The reciprocal of wavelength plotted as a function of time reveals the
progression of K19 (red trace) and K18 (black trace) aggregation. In the abserexsof se
no changes are observed. Values represent mean +s.d (n = 3 experiments). (D, E)
Electron micrographs of K18 and K19 filaments produced through K18/K19 seeded
reactions (Dinkel et al., 2011).
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3.3.2 Cross-seeding barrier prevents growth of 3R tau onto 4R tau seeds.
When compared to K18, K19 lacks tH¥ icrotubule binding repeéFigure
1.1B). To determine whether this variation affects the filament conformation, edenge
properties of K18 and K19 filaments were tested. In the first set of expesinieat
elongation kinetics of K18 and K19 on K18 seeds was monitored. The acrylodan
fluorophore was attached to position 310 of both K18 and K19 to report the fibrillization
process. A 50-fold molar excess of K18 and K19 cysteine-free protein was mtked wi
K18_310 Al and K19 _310 Al respectively. The results showed that K18 grew on K18
seeds while K19 did not grow on K18 se@dgure 3.6A). An increase in the
concentration of seeds by 3- or 5-fold did not lead to incorporation of K19 monomers on
K18 seeds, which indicates a robust conformational bgfigure 3.7 A). The
attachment of label to different positions of the K19 was checked to see whéether t
conformational barrier was due to labeling at position (&dgure 3.7 B) These labeled
K19 monomers (317, 322) also failed to form filaments. Electron micrographs cedfirm
this seeding behavior as filaments were observed for(Kig8re 3.6 B) but not for K19
(Figure 3.6 C) In the next step, seeds from K19 were produced, and K18 and K19
allowed to grow on them. Both K18 and K19 grew on K19 seeds but the incorporation of
K19 monomers was markedly more efficiéRtgure 3.6 D) The filamentous nature of
the aggregates was confirmed by electron micros@@@igyre 3.6 E, F) In order to
verify the seeding properties of K18 and K19 independently, all experiments wéed ca
out using an extrinsic thioflavin T based as@agure 3.8 A, B) The same asymmetric

barrier was observed. Furthermore, replacement of the truncated monomerslwith ful
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length versions of tau (htau23 and htau40) produced similar seeding charactelbstics, a
with slower kinetic§Figure 3.9 A, B) Combined, these data suggest that conformational
differences between filaments of 3R and 4R tau allow growth of 4R tau onto 3Rdau see

but prevent the growth of 3R tau on 4R tau seeds.
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Figure 3.6: Asymmetric barrier for K18 and K19 cross-seeding(A) Aggregation of

K18 monomers (98% K18, 2% K18_310A1) and K19 monomers (98% K19, 2%

K19 310A1) in the presence of 3% K18 seeds. (B) Electron micrograph of K18 filaments
seeded with K18. (C) Electron micrograph of K19 grown onto K18 seeds. (D)
Aggregation of K19 monomers (98% K19, 2% K19 310A1) and K18 monomers (98%
K18, 2% K18 _310A1) in the presence of 3% K19 seeds. (E) Electron micrograph of K18
grown onto K19 seeds. (F) Electron micrograph of K19 grown onto K19 seeds. Protein
concentrations were 10 pM. All values represent mean +s.d. (n = experimenks)| @i

al., 2011).
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Figure 3.7: Robust asymmetric barrier for K18 and K19 cross-seedindA) A robust

barrier prevents growth of K19 monomers onto K18 seeds. Circles = 9% seeds, diamonds
= 15% seeds. Growth of K18 monomers onto 3% K18 seeds (triangles) is reproduced
from figure 3.6 A and shown for comparison. In all samples acrylodan is attached to
position 310. (B) K19 aggregation monitored through acrylodan-labeled constructs

K19 317A1 (circles) and K19 _322A1 (squares) indicates that regardless of the position
that is labeled, K19 does not grow onto K18 seeds. Growth of K18 onto K18 seeds
(triangles) is depicted for comparison. In all cases 3% seeds are addga\o 10

monomers (Dinkel et al., 2011).
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Figure 3.8: Seeded filament growth monitored with Thioflavin T (5 pN.

(A) Changes in fluorescence intensity indicate that K18 monomers grow ont@&ds s

but K19 monomers do not. (B) ThT fluorescence reveals growth of K19 monomers onto
K19 seeds and reduced growth of K18 monomers onto K19 seeds. In all ThT
experiments, 3% seeds are added to 10 uM monomers. All values in A, B represent mean
+ s.d. (n = 3 experiments) (Dinkel et al., 2011).
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Figure 3.9: Full length aggregation kinetics of htau40 and htau23A) Aggregation of
htau23 monomers (98% htau23, 2%htau23_310A1) in the presence of 8% K19 seeds or
8% K18 seeds. (B) Aggregation of htau40 monomers (98% htau40, 2% htau40_310A1)
seeded by addition of 8% K18 seeds or 8% K19 seeds. Monomer concentrations are
20uM. All values in A, B represent mean = s.d. (n = 3 experiments) (Dinkel et al., 2011).
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3.3.3 Cross-seeding gives rise to a new type of 4R tau filament.

The observation that 4R tau can grow onto 3R tau seeds raised the question of
whether the resulting filaments have the ability to seed 3R tau. Such a prepeldybe
expected if the monomers of 4R tau assumed the conformation of the seeds of 3R tau. In
order to address this question, a three step seeding experiment was caffeguozit
3.10 A) In the first step K18 monomers were grown on K19 seeds. In the second step
three cycles of seeding and elongation produced an enriched population of K18 filaments.
In the third step seeds of these K18 filaments were added to K19 monomers. Remarkably,
the K18 seeds had the ability to seed the formation of K19 filanfieigisre 3.10 B,top
trace. As a result of the multistep procedure the concentration of K19 seeds was reduced
from 2.0 X 10°M in the first reaction to 3.1 X I8M in the final reaction. At this final
seed concentration K19 does not accelerate aggregation, therefore the growth of K19
monomers was not affected by any residual K19 seeds. The presence dftilaase
confirmed by EM(Figure 3.10 C) Importantly, when the initial seeds in the multistep
seeding procedure were composed of K18, seeding of K19 in the final step did not occur
(Figure 3.10 B,bottom tracg Corresponding results were obtained when the full length
tau was used in the final elongation stEgure 3.11 A, B) These observations are
important as they demonstrate that the same protein, K18, can produce filarttents w
different seeding properties, depending on the initial template, and furthehrabtiedse

properties can be propagated over multiple generations.
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Figure 3.10: Tau filament diversification. (A) Experimental design of multicycle

seeding reactions. Each time seeds from the previous reactions were asedrtev
filaments. (B) Aggregation of K19 monomers (98% K19, 2% K19 310A1) in the
presence of 3% K18 seeds (last step in A) monitored as a change in the atoiproc
emission wavelength over time (top trace). When instead of K19 seeds K18 seeds were
present in the initial step, no aggregation was seen (bottom trace). (Cyiclect

micrograph representing the end point of the top trace in (B) (Dinkel et al., 2011).
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Figure 3.11: Tau filament diversification in full length tau. A multi-cycle seeding
procedure as outlined in Fig. 3.10 A is used with the only difference that seeds (8 mol %)
in final reaction are added to htau23 (20) instead of K19. (A) Aggregation of this

reaction (98% htau23, 2% htau23 310A1) is monitored as a change in reciprocal
emission wavelength over time (red). When initial seeds in this five-step preaaeur

K18 and not K19 filaments, aggregation does not occur (black trace). (B) Electron
micrograph representing the end point of the red trace in A (Dinkel et al., 2011).

3.4 Discussion

The identification of three compositionally distinct types of tau filaments tha
share a common core with parallel, in-register arrangement raised gi@qué whether
these filaments could be conformationally distinct. In filaments, variatiopacking
interactions could impart different biophysical properties to them. To identiéehces
between the three types of filaments their seeding characteristiestudied. Recent
evidence suggests that caspase-cleaved fragments (De Calignon et al.,Dafjera
truncated forms of tau (Wang et al., 2007), may play a critical role in tiegionit of
filament formation. These smaller forms accelerated kinetics anddhessfeds may
serve as templates onto which full-length isoforms bind (De Calignon et al., 2010; Wang

et al., 2007). For seeds, the constructs K18 and K19 were chosen, which are truncated
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versions of tau that contain the core-forming repeat region (Figure 1.1B). Toweifhgl

key observations were made irrespective of whether truncated (K18 and K19) or full
length versions of tau (htau23 and htau40) were used for filament growth (saednari
Figure 3.12: First, seeds of 3R tau and 3R/4R tau recruit both types of isoforms. Second,
seeds of 4R tau recruit 4R tau and 3R/4R tau, but not 3R tau, establishing an asymmetric
barrier. Third, conformational templating of 4R tau onto 3R tau seeds abolishes this
barrier giving rise to a new type of tau filament. These results indloatexistence of at

least four conformationally distinct types of filaments.

monomers 3R 4R

templated
growth

filament | 3R @
seeds

Figure 3.12: Templated filament growth of tau.Monomers of 3R and 4R tau (top) can
grow only on the ends of 3R (blue), 3R/4R (yellow) and 4R filaments (green and pink) if
their sequence is compatible with the conformation of the seed (arrows). Structur
incompatibility gives rise to a seeding barrier (crossed out arrow) (Debled, 2011).
Conformationally distinct fibrils are a hallmark of prions and are thought to be the
basis for strain (or phenotype) variations in mammals (Colby et al., 2009ameget al.,
2006) and yeast (King & Diaz-Avalos, 2004; Tanaka et al., 2004a). Strain identity is
thought to be maintained by imprinting the conformation of the prion fibril onto the

soluble prion proteins via seeded conversion (Castilla et al., 2008; Jones & Surewicz,

2005). Prion proteins that vary in sequence may also be recruited giving rise to the
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transmission of prions from one species to another or, in the case of polymorphisms, the
transmission within species (Collinge, 2001). This process can lead to the eraarfyenc
new strains as exemplified by the appearance of variant Creutzfeldsldisgzse,
which has been linked to the transmission of bovine prions to humans (Collinge et al.,
1996). If the primary structure of the variant is incompatible with the confamaf the
seed, a transmission barrier occurs. The seeding barrier that prohibits 8trtau f
growing onto 4R tau seeds is reminiscent of such a barrier, suggesting thraniog
structure of 3R tau is incompatible with the conformation of 4R tau seeds. Theyprimar
structure of 4R tau, however, is compatible with the conformation of 3R tau seeds,
leading to the emergence of a new type of filament. An asymmetry in seediifgispec
similar to that observed for 3R and 4R tau, has been described for the tau disease mutant
P301L (Aoyagi et al., 2007). While the seeds of this mutant recruited its tigepec
monomers, wild type monomers were not recruited. Wild type seeds, on the other hand,
were able to recruit both mutant and wild type tau. Whether P301L that had been grown
onto the wild type seeds resembled a new type of filament that was abld toilsetype
tau has not been addressed. Regardless, these findings demonstrate thatstieacoexi
different tau isoforms and the presence of tau mutants could have intrieats eff the
propagation.

On the basis of their seeding properties, we have identified four conformationally
distinct types of filament@~igure 3.12) It is likely that additional types of filaments
exist. Previous experiments have demonstrated that 4R tau can adopt different

conformations when grown onto distinct seeds (Frost et al., 2009; Colby et al., 2009),
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revealing a structural plasticity of tau akin to that of other amyloid m®{€olby et al.,
2009; Kodali et al., 2010a; Paravastu et al., 2009; Petkova et al., 2005; Tanaka et al.,
2004a). Then vitro conditions that were used for filament formation arguably do not
recapitulate the complex biochemical environment in the human brain. Cofactors,
chaperones, and post-translational modifications could affect filament fommaa cell-
dependent manner. In fact, in the case of prions it has been shown that differamesell li
can favor different prion strains (Mahal et al., 2007) and that selective messur

cause the amplification of new strains and the disappearance of old oneal (L2@10).
Despite their deficiencies, oirr vitro experiments have demonstrated that tau filaments
have the ability to seed, propagate, and diversify and that conformationalsbeauner
determine isoform recruitment. Our experiments suggest that the initiahhoolevent
may have a profound effect on subsequent filament formation. Nuclei that contain 3R and
4R tau could establish templates that recruit all isoforms. Such a type ofmeerui

could be important in AD where all isoforms are deposited (Goedert et al., 1992&). Nu
that contain only 4R tau could establish templates that recruit only 4R tau. Imigprtant
such a conformational barrier could explain the preferential deposition of 4R tau in
progressive supranuclear palsy, corticobasal degeneration, and other 4R tasiopathie
Although ourin vitro experiments do not explain the preferential deposition of 3R tau in
Pick’s disease, it is possible that inefficient growth of 4R tau onto 3R tau seeds |
these filaments prone to cellular clearance. Alternatively, an additigpreaof 3R tau
filament may exist that is conformationally incompatible with 4R tau. Dedpis lack of

understanding, the molecular mechanisms that explain strain diversity, saigsmi
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barriers, and strain emergence in prion diseases are clearly inherent in taatisgdgat

similar phenomena might exist in tauopathies.
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Chapter Four: Study of Tau Conformers by DEER

4.1 Introduction

Amyloid fibrils may show polymorphism by (1) distinct modes of lateral
association of protofilaments without significant variation in moleculactstre
(Jiménez et al., 2002) or (2) distinct morphologies can also result from sighifica
variations in molecular structure at the protofilament level (Petkova e0@b).2Studies
in the previous chapter have shown that the seeds of K18 (4R) can recruit only 4R
monomers while the seeds of K19 (3R) can recruit both 3R and 4R monomers. The 4R
monomers do grow on K19 seeds albeit in slower manner when compared to the growth
of 3R monomers on K19 seeds (3R). The conclusion of the study was that the 3R seeds
were able to conformationally template 4R monomers. To study these comboatigt
different tau filaments at the molecular level, PELDOR or DEER (doubttreh-
electron resonance spectroscopy) was utilized.

4.1.1 Double electron-electron resonance spectroscopy.

Solid state NMR has been used to study the structures of fibrils at the molecular
level. Recent work in solid state NMR has demonstrated the feasibilityirnbéag
electron-nucleus distances in proteins in the 1-2 nm range (Helmus, et al., 2008; Tycko,

2011) while DEER in favorable cases can measure up to 6 nm in proteins (Dockter et al.,
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2009; Jeschke et al., 2005; Pannier, et al., 2000). Therefore when compared to solid state
NMR, DEER is a better technique to pick up long range distance changes which could be
a better reflection of structural changes in filaments.

DEER is a similar technique to Forster resonance energy transterJ{RRan, et
al 2003). For protein — protein interaction studies by both FRET and DEER, the target
molecules are labeled with pairs of fluorescent and paramagneles lebgectively. The
distances measured between the labels reflect conformational diéfeleeteveen
proteins (Jeschke & Polyhach, 2007). Even though FRET is more sensitive than DEER
(Banham et al., 2006), it requires large chromophores, which must be chosen according
to the expected distance. Contrarily, DEER distance measurementspeniobaed
between identical much smaller nitroxide labels and are precise over a beoapkeof
distances (Jeschke, 2002; Jeschke et al., 2004). The CW EPR can also be used to measure
distances between two nitroxide labels (Altenbach et al., 2001), but above 2 nm it is not
very reliable (Berliner, 2000). Therefore above 2 nm, four pulse DEER is usked @i
al., 1981; Pannier et al., 2000) .

Previously DEER spectroscopy has been applied for structural chaatoberiof
biomacromolecules such as membrane proteins (Dockter et al., 2009; Endeward et a
2009; Jeschke et al., 2005), DNA (Ward et al., 2007) and RNA (Schiemann & Prisner,
2007; Schiemann, 2009). Distance measurements using DEER have also been done in
filaments ofa-synuclein (Karyagina et al., 2011) and hlIAPP (human Islet Amyloid

peptide) (Bedrood et al., 2011).
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Here DEER in conjunction with SDSL was used to study the conformation of
filaments. In the technique, SDSL is done with nitroxide labels and these lebalsed
for distance measurements. The observed distances are between the ungptioad ale
the end of the spin labels (Jeschke et al., 2006; Schiemann, 2009).

4.1.2 DEER measurements.

DEER measurements are based on alteration of the magnetic dipole-dipole
interaction between two nitroxide spin labels by microwave pulses. Micropdses are
used at two different frequencies, the observation frequengy excites a set of spins
in the EPR spectrum (spins X), and creates a spin echo signal. At the pumgireg e
(voump @ pulse excites another set of spins (spins Y), which alternates the sign of dipole-
dipole interaction between spins X and Y. Hence the electron spin echo signal (DEER
signal) depends on the magnitude of dipole-dipole interaction between X and Y spins and
on pumping pulse time position and intensity (Fajer et al., 2007). The four pulse echo

sequence which was used for DEER measurement is shdviguire 4.1
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Figure 4.1: Four-pulse DEER sequenceA Hahn echo (dashed purple) is produced by a

n/2 pulse followed by a pulse at the observer frequeneyengd. This echo is again
refocused with & pulse (purple). After the first observepulse, another set of spins are
excited at pump frequencyy(mp), at timet’ (blue arrow). Thal andt2 are kept constant

while t’ is sequentially stepped. When the two spins are coupled, stepping the pump pulse
causes oscillation of the amplitude of refocused echo. The frequency of thatiosci#

the dipolar coupling between both the spins.
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The DEER signaV/(t) contains contributions from the interaction between the two
spins in one molecule but also from the interaction between spins on different molecules
and is thus considered a product of two contributions
V() = V(Ointra V(Dinter
V(t)inter describes the decay due to the intermolecular interactions of unpaired spins and
V(tinra describes the periodic oscillations generated by the intramoleculactiaas of
pairs of spins (Milov et al., 1984; Schiemann, 2009). For the experiments in this study,
intermolecular interactions were reduced by diluting the sample withiptbtd does not
contain paramagnetic labels.

The pairwise dipole-dipole coupling between two spins is the basis for distance
determination in DEER measurements. In the case of disordered systeractimmel
electron coupling .. ) is given by the sum of dipole dipole coupling{; ) and the
exchange coupling J. In systems for which the point-dipole approximation is valid and for
which the exchange coupling J can be assumed to be isotropic

Wee = Wgq(3c0s20 —1)+]
with

_ 9agsHaHo 1

a) =
dd 41th r3

Wherega andgg are theg values of the two spingg is the Bohr magnetopy, is
the permeability of free spadejs the Planck constantjs the distance between the two
spins and is the angle between the static field axis and the axis connecting the loci of
the two electron spins. The distance measurement is based on the dependence of dipole-

dipole couplings on the inverse cube of the distance.
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To study the conformational differences between tau filaments, DEER
measurements were compared for double mutants of K18 grown on K18 seeds, K19
grown on K19 seeds and K18 grown on K19 seeds.

4.2 Methods

4.2.1 Site directed mutagenesis, protein expression, and protein ffization.

In the site directed mutagenesis, first a single cysteine was introduced as
mentioned in Chapter 2 section 2.1.1 and this single cysteine DNA was used as a
template to introduce another cysteine. As these double mutants were ddfimodain,
miniprep plasmid purifications were performed to sort the correct size oftgphiea@ tau
DNA. The correct DNA was transformed again in XL1Blue competent aedlsheen
midiprep plasmid purifications were carried out to get higher yield for BBlfuencing.
Then protein expression and purification were performed as mentioned in chapter 2.

4.2.2 Multistep production of seeds.

In the initial step, filaments were formed by mixing 25 uM of cysteine K&
with 50 uM of heparin (average molecular mass of 5000 Da, Celsus, Cincinnati, OH)
using elution buffer. After three days of agitation at 25°C, the filament sanagsle
chilled and sonicated for 20 seconds to create seeds using Fisher S&emiifier (150
T Series). The next round of filament reaction was set up by adding 10% fseetdhé
first reaction) to 25 pM of K18 (cysteine free) and mixed with 50 puM of hepari
Filaments formation was carried out at 37°C for 1 h. This procedure was remeated f

times and each time seeds from the previous reaction were used to form péxt set
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filaments. The final seeds'{&ycle) were used in DEER sample preparation. The same
was done to prepare K19 (cysteine free) seeds.
4.2.3 Sample preparation for DEER experiments.

For the preparation of filaments for DEER measurement, the MTSL labeled
double mutant (procedure mentioned in chapter 2) was mixed with 50 fold excess of
cysteine free K18 or K19, 5% seeds from tHecyicle of the multistep seeded reaction,
and heparin (protein:heparin molar ratio of 4:1). The final protein concentrad®n w
50uM and fibrillization was carried out at 37°C. Before preparing the DBERIS, the
efficacy of seeds was checked by running a control acrylodan assay withtlamat w
seeds as mentioned in chapter 3. For the acrylodan assay, the reaction condigons wer
similar to those used for preparation of DEER sample. After 14 hrs, the foremaefils
were pelleted at 100,000 x g and washed once with elution buffer. To the filametst, pelle
20-50 pl of elution buffer was added to reconstitute the sample, which was thezdpellet
into a quartz capillary (1.1 mm inner diameter x 1.6 mm outer diameter) at 100be g
buffer layer in the capillary tube above the sedimented filaments was ¢elyple
aspirated out using a syringe. The capillary tube was flash frozen in lig@dd\stored
at -80°C. DEER measurements were performed within seven days of makingfhe. sa

4.2.4 Negative stain electron microscopy.
The EM grids of tau filaments were prepared as mentioned in chapter 2. The tau

filament concentration used wassl.
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4.2.5 Setting up filaments of double mutants to confirn parallel in-register

structure.

Samples for CW EPR measurement for completely labeled K18 and K19 double
mutants were spin labeled as described in chapter 2. Protein concentrationsrased we
~25uM. Filaments were prepared under agitation condition by mixing protein with
heparin at a molar ratio of 4:1 and by incubating at 25°C for 3 days. Samples were
pelleted at 100,000 x g for 30 minutes, washed with elution buffer, and transferred into
borosilicate capillaries (0.6 mm inner diameter x 0.84 mm outer diameter).

4.2.6 EPR and DEER measurements

CW EPR measurements of samples were recorded with a Bruker EMX
spectrometer fitted with an ER 4119HS resonator. Parameters for takitggectrum
are mentioned in chapter 2 section 2.2.5. Spectra were normalized to the sameofiumber
spins using double integration. From all spectra, a minor background arising from 0.5%
soluble tau was subtracted.

DEER data were obtained at Q-band frequencies (34 GHz) with a Bruker Elexsys
E580 spectrometer equipped with a 1-watt amplifier, a Bruker ER 5107 Q-bandridielect
pulse resonator, and an Oxford CF 935 cryostat. Measurements were performed using
four-pulse DEER experiment/2(voby —t1 —(Voby —t' —7(Vpump — @1 + 12 1) -
(vobg - T2—echo(Figure 4.1)(Pannier et al., 2000; Dockter et al., 2009; Jeschke et al.,
2005) For the experiment, the resonator was fully overcoupled (Q~100). All
measurements were performed at a temperature of 80 K. The obg2raedr pulse

lengths were optimized for each run and ranged from 30 - 40 ns and 60 — 80 ns
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respectively. A pump pulse length of 40 ns was usedzTaedr, were kept constant
and timet’ was varied. Data analysis was performed for dipolar evolution timés- 1,

> 0. The resonance magnetic field was set at the global maximum of thedatEPR
spectrum and the pump frequenegy,mp, was set to the centre of the resonator dip. The
observer frequencyopserver Was 37 MHz higher thavpump and coincided with of the
center of the spectrum (Fajer et al., 200Hgure 4.2). The repetition time was
calculated for each run as 1.2 times the€laxation time and 8-step phase cycling was

used. The total measurement time for each sample was between 48 — 72 hours.

Pump v

Observer v

Echo Intensity (a.u.)

12050 12070 12090 12110 12150 L2150 12170 12130 12210

Magnetic field (G)

Figure 4.2: Field swept echo detected EPRspectrunithe pump frequencyg,my and
the observer frequencyqfsene) for nitroxide label in Q-band are shown for the double
mutant K18 311/328 on K18 seeds.
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4.2.7 DEER data analysis.

DEER data was analyzed using “DeerAnalysis2011” (Jeschke et al., 2006). The
program DeerAnalysis2011 can extract distance distributions from dead-¢enguise
ELDOR data (constant-time and variable-time pulse DEER).

Before distance distribution can be obtained from the dipolar evolution time, a
background correction has to be performed. A background correction is performed to
ensure that intermolecular distances are suppressed and only intramoleanaediate
taken into account to find the distance distribution in the protein.

4.2.7.1 Homogenous background correction.

The general background function in this model is:

B (t) = exp (R

Where k quantifies the density of the spins and d is the dimensionality of the
homogeneous distribution. The distribution is homogeneous in d= 3 dimensions for
proteins in solution and for membrane proteins it can be confined to d= 2 (Hilger et al
2005; Zou & Mchaourab, 2010). For the current study 3D homogeneous background
correction was used as it showed better background correction with singgdlabel
mutants. After the background correction, distances were extracted from tteg dipol
evolution curves using Tikhonov regularization (Jeschke et al., 2006; Jeschke &

Polyhach, 2007).
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4.2.7.2 Tikhonov regularization.

The data analysis was done by Tikhonov regularization which is a non biased
(model independent) way of finding the distance distribution (Jeschke et al., 2006;
Jeschke & Polyhach, 2007).

In Tikhonov regularization, the distance distribution is quantified by a
regularization parameterwhich is a compromise between smoothness (artifact
suppression) and resolution of the distance distribution. The optimum distance
distributionsP(r) are obtained by minimizing the sum of the functigftg anc(a),
wheren(a) is the square norm of the second derivative(of,which is a measure of
smoothness multiplied by the regularization parametardp(a) is the mean square
deviation between the simulated and experimental dipolar evolution time domain data.
The larger, lesser noise artifacts are introduced but also causes broadening of peaks in
distance distribution. The optimumis obtained by plotting log(a) versus log(a)
which quantifies the mean square deviation and the smoothness. The L-curve (shape of
the plot resembles alphabet “L") for the data is implemented by doing Tikhonov
regularization for a given set of regularization parameters (Chiaag, 2005)

a =(0.001, 0.01, 0.1, 1, 10, 100, 1000, 10000, 100000).
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4.3 Results

4.3.1 Conformational templating of 4R on 3R seeds.

We showed previously in chapter 3 that 4R was able to grow on 3R seeds, while
3R was unable to grow on 4R seeds. To study the conformational differenceqiibevee
filaments when grown on different seeds, DEER was used. In this method double mutants
were created in the repeat region of the tau monomer which fopasllel in-register
structure and is part of the core (Margittai & Langen, 2004) (chapter @)dduble
mutants 4R (K18-311/322, 311/326, 311/328) and 3R (K19-311/322, 311/326, 311/328)
were created by replacing amino acids at respective positions bineyssidues
(K311C, 322-natural cysteine, G326C, 1328C). To make sure that the replacement of
amino acids with cysteine residues in the double mutant did not disrupt théidorofa
filaments, the double mutant monomers were labeled with MTSL and set for filament
formation. The measurement of filaments was performed using CW EPR, adedismg
spectra were observed for all double mutéRigure 4.3) This showed that the filaments
of the double mutant had formed parallel in-register structure (Margittangen,

2008).
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Figure 4.3: EPR spectra of completely labeled double mutants with MSL. 311/322,
311/326 and 311/328 double mutants of K18 and K19, EPR spectra were taken. Spectra
of all flaments were recorded at 150 G width and normalized to the same number of

spins.
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Next, samples for DEER were prepared by mixing 2% MTSL labeled double
mutant with cysteine free protein. As the growth of filaments wasdedeeaction,
seeds from the"4cycle of multistep seeded reaction were used. Also, acrylodan assays
performed with the same parameters which were used to prepare DEERssstmopled
the formation of filaments with the seeds of tflecgcle from the multistep seeded
reaction. The filaments were pelleted by ultracentrifugation, taken uB,itr&éhsferred
into quartz capillary and sedimented at 1000 x g. After this CW EPR mea&suseoh
the sedimented filaments were taken. Spectral broadening of the EPR gechat
observed indicating that spin labeled monomers did not preferentially stack upon
themselves, but incorporated evenly into the filamgtgure 4.4). Electron
micrographs of all the mutants confirmed the presence of filar{leigisre 4.5). The
DEER samples were flash frozen and DEER measurements were carriedatitihio
samples, K18 311/322, K18 311/326, K18 311/328 on K18 and K19 seeds; K19 311/322,

K19 311/326, K19 311/328 on K19 seeds.
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Figure 4.4: EPR spectra of diluted double mutantsSpectra of double mutants,
311/322, 311/326 and 311/328 of K18 grown on K18 seeds (left column), K19 on K19
seeds (centre column) and K18 on K19 seeds. 2% of the labeled double mutant was
mixed with cysteine free tau protein. Spectra of filaments were retatdb0 G scan

width and normalized to the same number of spins.
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Figure 4.5: Electron micrograph of filaments.Double mutants 311/322, 311/326 and

311/328 (A) K18 grown on K18 seeds (B) K19 grown on K19 seeds (C) K18 grown on
K19 seeds. Bar = 0.4 pm.
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The dipolar oscillation traces of K18 311/322 on K18 (truncated 4R) (black trace)
and K19 seeds (truncated 3R) (blue trace), K19 311/322 on K19WT seeds (red trace)
were obtained from DEER measuremgRigure 4.6 A). The dipolar oscillation traces
of these three different flament growths matched with each other. The digoibation
traces for 311/322 double mutant indicate similar spin-spin interactions for the thre
types of filaments, K18 on K18, K19 on K19 and K18 on K19 seeds. Similar spin-spin
interactions between these double mutants indicate similar distancese{fdje2007).

Dipolar oscillation traces of K18 311/326 grown on K18 or K19 seeds and K19
311/326 grown on K19 seeds are showhRigure 4.6 B The results showed that when
K18 311/326 was grown on K19 seeds, the dipolar oscillation trace was closer to the
trace of K19 311/326 on K19 seeds rather than K18 311/326 grown on K18 seeds. The
spin-spin interactions between 311 and 326 of K18 311/326 on K19 seeds were closer to
that seen in K19 311/326 on K19 seeds. These results suggest that K18 311/326 on K19
seeds assumes a new conformation, similar to that of its seed. The sdtsevas
obtained when K18 311/328 was grown on K19 s¢eugire 4.6 C) Here, the spin-spin
interactions were not as strong as seen when K18 311/328 was grown on K18 seeds. The
weighted sum of the dipolar oscillation traces for singly labeled K19 for posi811
and 326Figure 4.6 B green traceis similar to that of doubly labeled K19 311/326 and
K19 311/328. This indicates a longer interspin distance for K19 311/326 and K19
311/328 doubly labeled mutants on K19 seeds when compared to K18 on K18 seeds for
the same double mutant numbers. As a result, the data for 311/326 and 311/328 double

mutants suggest that when K18 monomers were grown on K19 seeds, the K18 filaments
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adopted the conformation of K19 seeds, which shows that K19 was able to

conformationally template K18.
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Figure 4.6: Dipolar oscillation curves of labeled mutants of tau filamentgA)

Dipolar oscillation curves taken for a @f 2.5 ps. Double mutant 311/322 of K18

grown on K18 seeds (black), K19 grown on K19 seeds (red) and K18 grown on K19
seeds (blue). The curves for the three mutant filaments are the sad@dRY

oscillation curves of 311/326 mutant of K18 grown on K18 seeds, K19 grown on K19
seeds and K18 grown on K19 seeds. The weighted sum of the dipolar oscillation curves
for two singly labeled K19 311 and K19 326 is also shown (green). (C) The dipolar
oscillation curves of 311/328 of K18 on K18 seeds (black trace), K19 on K19 seeds (red
trace) and K18 on K19 seeds (blue trace).
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4.3.2 3R and 4R tau form heterogeneous filaments.

When the dipolar oscillation curves were fit using Tikhonov regularization to
obtain the distance distribution, multiple peaks suggest the presence of ératens)
filament mixtures. While closely spaced peaks could be the result oediff@tamers,
peaks that are spaced over ~2.0-2.5 nm might represent different filament conformers.

4.3.2.1 Distance distribution for 4R double mutants.

The distance distributions between two spin labels in 4R were obtained by
Tikhonov regularizationfigure 4.7 Ashows the dipolar evolution data after the 3D
homogeneous background correction (black trace) and the Tikhonov fit (red trace)
corresponding to the distance distribution for the double mutants K18 311/322, K18
311/326 and K18 311/328 grown on K18 seeds. The dipolar Pake pattern obtained from
the time trace after Fourier transformation is showigure 4.7 B (black trace). After
Fourier transformation of the data after background correction, the dipolauspécts
the expected shape of a broadened Pake pattern and is well fitted by the gixitans
corresponding to the distance distribution using Tikhonov regularization (red trace)
(Figure 4.7 A, B)(Jeschke & Polyhach, 2007). The distance distributions when
Tikhonov regularization parametemwas set at 100 is shownkigure 4.7 C Distance
distributions in the K18 311/322 double mutant showed major component peaks at
distances of 3.4 nm and 3.9 nm with a distribution width of 1.6 nm. For K18 311/326, the
major component peak showed a distance of 3.6 nm with a distribution width of 1.2 nm
while a minor component peak was at 5 nm with a distribution width of 0.9 nm. In K18

311/328 on K18 seeds, the major component peak was at 4.8 nm with a width of 1 nm
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while minor component peaks were at 3.3 and 3.6 nm. The L-curves are also shown for
the three double mutangBigure 4.8) The green marker in the L-curve highlights the
regularization parameter= 100.

To make sure that the observed distance distributions were not due to noise
artifacts, for K18 311/328, Tikhonov fits were done at different scan numbers (Jeschke et
al., 2005; Jeschke et al., 2006). Here the minor peaks observed Weoé thi@ major
peak. Even at lower scan numbers where the S/N is low, peaks were still seatier
distances of 3.4 nm and 3.9 nm apart from 4.8 nm (data not shown) confirming the
formation of heterogeneous filaments. These results demonstrate thdthtbeoli
distributions of the double mutants showed multiple distance distributions showing

heterogeneity in the conformers of the flament mixture.
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Figure 4.7: Distance distribution for filaments of K18 double mutants on K18

seeds(A) Dipolar evolution curve due to the double MTSL labels in the filament (black
trace), obtained by background correction, and the fit (red) corresponding to the distance
distribution. The data are plotted in stacks. (B) Dipolar spectrum obtained byrFourie
transformation of background corrected data (black) and fit to the spectrum
corresponding to the distance distribution. (C) Distance distributions obtained by
Tikhonov regularization with regularization parametes ef 100. Maximum heights for

K18 311/322 = 3.4 and 3.9 nm, K18 311/326 = 3.6 nm and K18 311/328 = 3.4, 3.9 and
4.8 nm were observed.
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Figure 4.8: Tikhonov L curves of K18 on K18 seedqA) K18 311/322 (B) K18 11/326
(C) K18 311/328 templated on K18 (4R) seeds. The green data point corresponds to the
regularization parameter= 100 which was used to obtain the distance distribution.
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4.3.2.2 Distance distribution of 3R double mutants.

Tikhonov regularization fit was done for the DEER data of K19 311/322
templated onto K19WT see(sigure 4.9). The L-curve is shown iRigure 4.11 A In
the distance distribution, the major component peak was 3.9 nm and the width of this
distribution was 1.7 nm. For K19 311/326 and K19 311/328, we were unable to do
Tikhonov fits to obtain distance distributions from the dipolar evolution curves as the
spin-spin coupling was weak. As mentioned above, the dipolar oscillation traces of K19
311/326 and K19 311/328 on K19 seeds were closer to the traces of the weighted sum of
singly labeled K19 311 and K19 326. This clearly shows that the distance between the

two labels is large.
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Figure 4.9: Tikhonov regularization fit for double mutant K19311/322 templatedon
K19 (3R) seedsDipolar evolution curves in time (A) and frequency (B) domains.
(C) Resulting distance distribution with a major peak at 3.8 nm. Black tracafieare
background correction of the data while the red traces show fits after Tikhonov
regularization.
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4.3.2.3 Distance distribution of 4R double mutant on 3R seeds.

The Fourier transformed dipolar spectrum after 3D homogeneous background
correction (black trace), is well fitted by the dipolar spectrum corresporulihg t
distance distribution using Tikhonov regularization (red tréfeigure 4.10 A, B)
Tikhonov regularization fit for K18311/322 on K19 seeds showed major component peak
at 3.5nm with a width of 1.3 nifrigure 4.10 C) The L-curve is shown iRigure 4.11 B
and the green marker in L-curve isvat 100. The distance distribution obtained for
K8311/322 on K19 seeds was very similar to K19311/322 grown on K19 seeds and
different from K18311/322 grown on K18 seeds. Narrowing of the distance distribution
was seen when K18 was grown on K19 seeds. The distance distributions obtained when
K18 was grown on K18 seeds, K19 on K19 seeds and K18 on K19 seeds showed that the

mixture of filaments formed was heterogeneous.
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Figure 4.10:Tikhonov regularization fit for double mutant K18 311/322 templated
on K19WT seedsThe seeds were formed after five cycles of seeded reaction. (A)
Dipolar evolution curves in time and (B) frequency domains. (C) Resultirgndest
distribution with a major peak at 3.5 nm. Black traces are after background icoragct
the data while the red traces shows fits after Tikhonov regularization.
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Figure 4.11 Tikhonov L curves. (A) K19 311/322 on K19 (3R) seeds (B) K18 311/322
templated on K19 (3R) seeds. The green data point correspanesli@0.
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4.4 Discussion

Structural information on the PHF fibril has been obtained by different
techniques, such as proteolysis, transmission electron microscopy (Goux, 2002; von
Bergen et al., 2006), CD, FTIR spectroscopy (Barghorn & Mandelkow, 2002; Frost et al.,
2009) and CW EPR (Margittai & Langen, 2004; Margittai & Langen, 2006a), but insight
into the structural arrangement of tau PHFs on the residue-specific letlékisasce.

DEER measurements have been used in these studies as a ‘spectroscopc ruler’ t
study conformational differences between various filaments (Jeschke2€04),
Studies in this chapter have for the first time showed molecular levelusaluct
differences in tau filaments using DEER measurements. For these expsrthree
different cysteine double mutants were created in K18 and K19 ifi’ttep@at region of
the tau monomer. Thé%3epeat region is part of the core which formsfiiparallel in-
register structure in filaments. The intramolecular distances waredddy labeling the
two cysteine residues in each double mutant by a nitroxide label and the distance
measured was between two electrons localized in the N-O bond of the nitroxides
(Schiemann, 2009). Variations in the intramolecular distances between fiasnggest
differences in conformations (Fajer et al., 2007). For conformational studieSEBR,D
three different types of filaments growth were examined 1) growth of K18 mesame
K18 seeds 2) growth of K19 monomers on K19 seeds and 3) growth of K18 monomers

on K19 seeds.
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Comparison of the dipolar oscillation curves of K18 (4R) on 4R seeds, K19 (3R)
on 3R seeds and K18 (4R) on 3R seeds of 311/322 double mutant showed that they were
very similar. For the double mutant 311/326, the dipolar oscillation curve of K18 (4R)
grown on K19 (3R) seeds was different from K18 (4R) grown on K18 (4R) seeds. The
dipolar oscillation curve of 4R on 3R seeds was closer to 3R grown on 3R Eigeus
4.6 B) This showed that in this region, the conformation of 4R grown on 3R seeds was
similar to that of 3R on 3R seeds. The 3R seeds were able to conformationally template
4R of 311/326 double mutant. Similar results were obtained for 311/328 double mutant
(Figure 4.6 C) DEER measurements confirmed the conformational templating of 4R on
3R at the molecular level.

The dipolar evolution data were fit using Tikhonov regularization which is an
unbiased way to fit data compared to other fitting programs available in DEERsAnal
2011(Jeschke et al., 2006). Homogeneous background correction to account for
intermolecular interactions was done using d=3 dimensions. This spatial background
correction was used for the double mutants because it showed better background
correction with singly labeled mutants. The obtained distance distributions by Tikhonov
regularization for the double mutants showed that the filaments formed were
heterogeneous in nature. For the K18 on K18 seeds, double mutant 311/322 showed
distance distribution from 2-5.3 nm with peaks at 3.4 and 3.9, 311/326 double mutant
showed a distance distribution from 2.2 -5.3 nm with peak at 3.6 nm and for 311/328, 2-
5.3 distance distribution was observed with peaks at 3.4, 3.9 and 4.8 nm. For the

experiments, the seeds used for templating of the monomers were prepgoatby
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through multiple steps of seeded reactions as it had already been shown thatwémples

a homogeneous mixture of filaments could be prepared by repetitive seeded growth
(Paravastu et al., 2008). Distance distributions of samples showed that the wiithe
double mutant formed were heterogeneous even after templating the double mutant onto
the seeds from thé"Zycle of the multistep seeded reaction. Since the distance
distributions observed were really broad, the actual distances may not be juselmca

the rotamer conformation of the spin label alone (Jeschke et al., 2005). Duringsaofalys
raw data using DEER Analysis 2011, smaller peaks at the base line coakehbelsch

might denote noise artifacts (Jeschke et al., 2004). As observed in the distance
distributions of double mutants, the smaller peaks in 311/322 and 311/326 double mutant
may be ignored (Dockter et al., 20@B)gure 4.7 A, B) In the K18 311/328 double

mutant distance distribution, observed peaks at 3.4 nm and 3.9 nm are almd$obne 3

the highest peak at 4.8 nigure 4.7 C) To check whether the smaller peaks were

noise related, Tikhonov regularization fits were done at various scan numbers. The lower
scan numbers with lower S/N showed the same heterogeneous distribution. These broad
distributions may not be attributed to intermolecular interactions betweeridé labels

of different strands. To avoid intermolecular interactions between spin label2%rdy

the double mutant was labeled. As already mentioned, the interstrand distan@nbetwe
two B-strands is 4.8 A, and hypothetically if the double mutant was incorporated after
every 48 strand in the filament, the distance would be ~23nm which is much larger than

the distances measured.
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The distance distribution of K18 311/322 on K19 seeds was similar to K19
311/322 on K19 seeds than to K18 311/322 on K18 seeds. The distance distribution of
K19 311/326 on K19 seeds could not be obtained. The dipolar oscillation curve of K19
311/326 on K19 seeds mutant is similar to the dipolar oscillation curve of the weighted
sum of singly labeled 311 and 326. Hence, the distance between 311 and 326 in the K19
double mutant is more than 5.5 nm (Jeschke et al., 2006). When the Tikhonov
regularization fit for distance distribution was done for K18 311/326 on K19 seeds, peaks
were observed at 2.8 and 4 nm. When the dipolar oscillation curves were looked at in
Figure 4.6 Bfor K18 311 326 on K19 seeds, the curve was closer to K19 311 326 on
K19 seeds. This led to the conclusion that the maximum population of K18 311 326 on
K19 seeds has a conformation which is similar to K19 311 /326 on K19 seeds. Therefore,
the majority of conformers of K18 311/326 on K19 seeds have really long distances. For
the double mutant 311/328 (K18, K19) on K19 seeds, Tikhonov regularization fits could
not be done to obtain distance distribution. Here we may not exclude the presence of
distances larger than 5 nm, which would be suppressed by the background correction for
2.5 ps evolution time. All of the above obtained distance distributions by DEER have
shown that the filaments form heterogeneous mixture, K18 when grown on K19 looks
more like K19 on K19 seeds rather than K18 on K18 seeds. The results have also shown

that DEER could be a very good technique to study structural polymorphism in fibrils.
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Solid state NMR was first used to study molecular level polymorphign in
amyloid fibrils of AD (Petkova et al., 2005). Similar polymorphism now has been
documented by solid-state NMR fersynuclein fibrils (Heise et al., 2005), amylin
(IAPP) fibrils (Madine et al., 2008) and other amyloid fibrils (Paravastl,&tG06).

Previous studies on conformational templating differences between seeded
reactions in tau filaments at the structural level have been shown based @ circul
dichroism spectroscopy (CD) and FTIR (Frost et al., 2009). These studies by CD and
FTIR showed differences based on the secondary strucpusbeét, random coi-helix
and random coil) seen in tau filaments. Differences in the filament fragiéibd
morphologies based on the electron microscopy also helped in studying the structural
differences. Though the mentioned studies have shown structural differences, the
differences were not as dramatic as shown by our DEER studies at molecal.

Studies of structural polymorphism in tau filaments due to conformational
differences at the molecular level are important because it has been shiown tha
sporadic tauopathies, phenotypic diversities are seen due to conformationahcki$are
wild type tau filaments (Frost et al., 2009; Legname et al., 2006; Tanaka et al., 2004b).
Also structural polymorphism has been seen in multiple amyloid forming proteirie due
formation of distinct conformers based on template conformation change (Petkbya et

2005; Yamaguchi et al., 2005).
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Evidence available in prion disease has suggested that there is a strong link
between the conformation of a fibrillar protein and the resultant phenotype riBesse
Marsh, 1994; Legname et al., 2006; Peretz et al., 2002). When prion monomers from one
species were cross-seeded with preformed fibrils from another speciasamygioid
strain was produced which showed the secondary structure and morphology of the
template fibrils Conformational differences which were strain-specific because af-cros
seeding were also found in yeast Sup35 prion amyloid fibrils by FTIR and fieeRas
(Tanaka et al., 2005). It has also been suggested that prion populations comprised of
variety of conformers with the same sequence, constitutes ‘quasespéom which
the one replicating most efficiently in a particular environment is sele¢he transfer of
prions between cell types within the same species involves a selection efdfavor
‘substrains’, and propagation of prions in the presence of an inhibitory drug canrresult i
the appearance of drug-resistant prion populations (Weissmann et al., 2011).

A very recent study in mice has shown that the transfer of tau filaments betwee
synapses of neurons causes the spread of neurodegenerative disease. (Rid1&)al
We have shown in our study that there are innumerable number of compositionally
(Siddiqua & Margittai, 2010) and conformationally distinct filaments of Rinkel et
al., 2011). There might be some species of tau conformers which might be more
infectious than the others as shown in prion populations and hence structural

polymorphism could be a major contributor to the diversity of tauopathies.
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Studies have also shown that in AD, the appearance of NFTs of tau correlates
really well with the symptoms of the disease, while the same is not ségpravityloid
plaques (Braak et al., 1994; Liu et al., 2012). Since most of the drugs which were
targeted ap-amyloid have failed (Medina, 2011), this research work on basic
understanding of tau filament structures is a stepping stone in coming up with bette
treatments targeted at molecular clearances of the filamersheiiX Kelly, 2003). The
findings of our research in understanding structural polymorphism of tau filsuawent
highly significant in the ongoing research in neurodegenerative diseases and their

treatments.
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Appendix A

RECIPES

NZY media

NaCl 50
MgSO4*7H20 2 g
Bacto-yeast extract | 5 g

NZ amine (casein | 10g
hydrolysate)

Total volume 1L

pH 7.5
NZY+ media

NZY media

MgCl, 12.5 mM
MgSQO, 12.5 mM
Glucose 20 mM
LB Media

LB Broth 25¢g
Kanamycin 30 mg
Total volume 1.5L

Kanamycin-LB Agar plates

LB Broth 204¢g
LB Agar 159
Kanamycin 50 mg
Total volume 10L
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Extraction buffer

NaCl 500 mM

PIPES (pH 6.5) 20 mM

EDTA (pH 8.0) 5 mM

Total volume 1L

PIPES buffer

PIPES 302.37 g Conc. 1M
pH 6.5

Total volume 1L

Buffer A for ion exchange

NaCl 50 mM
PIPES (pH 6.5) 20 mM
EDTA 0.5 mM
DTT 2 mM

Buffer B for ion exchange

NaCl 1000 mM
PIPES (pH 6.5) 20 mM
EDTA 0.5 mM
DTT 2 mM
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Gel Filtration buffer

NaCl 100 mM
Tris (pH 7.0) 20 mM
EDTA 1 mM
DTT 2 mM
SDS Running buffer

1X

Glycine 28.8 ¢
Tris base 6.04 g
SDS 29
Total volume 2L

SDS-PAGE 4x Sample Buffer

Reagent Final Concentration | Volume Mass
80% Glycerol 40% 5ml

1M Tris-Cl, pH 6.8 240 mM 2.4ml

SDS 8% 0.8¢g
Bromophenol blue 0.1% 4 mg
H.O 2.1ml

SDS-PAGE Gel buffers

4X Lower gel buffer

1.5 M Tris-Cl (pH 8.8)

0.4% SDS

4x Upper gel buffer

0.5 M Tris-Cl (pH 6.8)

0.4% SDS
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12% SDS PAGE Gel (For 2 Gels)

Separation Gel (Lower)(12%

Stacking (Upper)(4%)

Acryl-Bisacrylamide

4 ml

1.3

Tris-Cl (pH 6.8) 2.5
Tris-Cl (pH 8.8) 2.5 ml

10 % SDS 0.1 ml 0.1
dH,0 3.4 ml 6.1
10% APS 50 pl 50 pl
TEMED 5 ul 10 ul

15% SDS PAGE Gel (For 2 Gels)

Separation Gel (Lower)(15%

Stacking (Upper)(4%)

Acryl-Bisacrylamide

5ml

1.3

Tris-Cl (pH 6.8) 2.5
Tris-Cl (pH 8.8) 2.5 ml

10 % SDS 0.1 ml 0.1
dH,O 2.4 ml 6.1
10% APS 50 pl 50 pl
TEMED 5l 10 pl

Coomassie blue stain solution

Coomassie blue 25¢
methanol 200 ml
Acetic acid 50 mi
dH,O 250 ml
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Destain solution

Glacial Acetic acid 125 ml
Methanol 50 ml
Total volume 1L

1X TBE buffer for Agarose Gel Electrophoresis

Tris base 1M
Boric acid 1M
EDTA 20 mM
HEPES Buffer

HEPES 260.28 Conc. 1M
pH 7.4

Total volume 1L

Elution Buffer (EB)

NacCl 100 mM
HEPES (7.4 pH) 10 mM
NaN; 0.1 mM
Total volume 1L
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Appendix B

Genscript QuickClean 5M PCR Purification Kit protocol of PCR product

purification purification

1.

The PCR reaction sample was transferred to a 1.5 ml microcentrifugentlibe a

400 pl of binding solution was added and thoroughly mixed.

. The above mixture was transferred to a column and centrifuged at 12,000 rpm for

one minute.

The flow —through was discarded and 500 pl of wash solution was added to
column. The column was then centrifuged at 12,000 rpm for 30 seconds.

To remove the residual amount of wash solution, the column was centrifuged for
an additional one minute.

The column was transferred to a clean 1.5 ml microcentrifuge tube. To the centre
of the column membrane 30 pl of the elution buffer was added and incubated at
room temperature for one minute. To collect the DNA the column was
centrifuged again for one minute. The eluted DNA in the microcentrifuge tube

was stored at -20°C.
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Qiagen® Midiprep Plasmid Purification kit

1.

For starter culture a single colony was picked for bacterial growtB imé&dium

with 30 mM kanamycin and kept in the shaking incubator at 37°C for 17 hrs.
Bacterial cells were harvested at 6000 x g for 15 minutes at 4°C.

The bacterial pellet was resuspended in 4 ml Buffer P1.

To the resuspended bacterial pellet, 4 ml of Buffer P2 was added, mixed
thoroughly by vigorously inverting the sealed tube 4-6 times, and incubated at
room temperature (15-25°C) for 5 minutes

To the above mixture, 4 ml of chilled Buffer 3 was added and immediately mixed
by vigorously inverting 4-6 times. The sample was incubated on ice for 15
minutes.

After 15 minutes, the sample was centrifuged for 20,000 x g for 30 minutes at
4°C. The supernatant which has the plasmid DNA was removed immediately.
The supernatant was centrifuged again at 20,000 x g for 15 minutes at 4°C. The
supernatant containing the plasmid was removed promptly.

QIAGEN-tip 100 was equilibrated by applying 4 ml of Buffer QBT and allowed
the column to empty by gravity flow.

The supernatant from step 7 was applied to the QIAGEN-tip and allowed it to

enter the resin by gravity flow.

10.The QIAGEN-tip was washed 2 times with 10 ml Buffer QC.

11.The DNA was eluted with 5 ml of Buffer QF.
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12.The DNA was precipitated by adding 3.5 ml of isopropanol, mixed and
centrifuged immediately at 15,000 x g for 30 minutes at 4°C. After centrifugati
the supernatant was carefully decanted.

13.The DNA pellet was washed with 1.8 ml of room temperature 70% ethanol and
centrifuged at 15,000 x g for 10 minutes. The supernatant was carefully decanted
without disturbing the pellet.

14.The pellet was air dried and redissolved in TE buffer of pH 8.0.

GenScript Quickclean 5M Miniprep kit protocol for plasmid purificat ion

1. For overnight culture a single colony was picked and put into a polypropylene
tube with 5 ml LB medium and 30 mM kanamycin and kept in the shaking
incubator at 37°C for 17 hrs for bacterial growth.

2. From the overnight culture, 1.5 ml was transferred to 1.5 ml microcentrifuge tube
and centrifuged at 12,000 rpm for 30 seconds. The supernatant was discarded.
This was continued until all the bacteria were pelleted from the overnight culture

3. To the pellet 100 pl of solution | was added and the cells were resuspended. The
cells were resuspended by running the narrow end of the microcentrifuge tube
along an empty microcentrifuge storage rack.

4. To the mixture 200 pl of solution Il was added. The solution was mixed gently by
inverting the tube 4-6 times.

5. After this 300 ul of solution Il was added and mixed gently by inverting the tube

4-6 times.
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. The sample was centrifuged at 12,000 rpm for five minutes and the supernatant
was transferred to the column. The column was centrifuged for 30 seconds at
12,000 rpm.

. The flow through was discarded and 500 ul of the wash solution was added and
centrifuged for 30 seconds.

. The flow through was discarded and the column was centrifuged for additional 60
seconds to remove the residual wash solution

. The column was transferred to a clean 1.5 ml microcentrifuge tube. To the centre
of the column 30 pl of the elution buffer was added and allowed the column to
stand at room temperature for one minute. After one minute the column was
centrifuged at 12,000 rpm for one minute. The eluted sample which has the

plasmid DNA was stored at -20°C until further use.
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Appendix C
Protein concentration determination was done using the Lambert Beer’s law:
A Full length tau protein concentration determination was done at 280 nm:
A=ccl
Molar extinction coefficient of full length tau: 7395 ritakm™, path length of the

cuvette = 1cm.
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Appendix D
Cation exchange method parameters

Mono S 10 GL 100 method on Unicorn 5.11 was used to purify proteins by ion exchange

Flow rate (ml/min) 3
Column Pressure limit 3
(mPa)
Averaging time for UV 2.60
Fraction size (ml) 3
Gradient segment 1 Target conc (%B) 15
Length of gradient (CV) 3
Fraction size (ml) 3
Gradient segment 2 Target conc (%B) 60
Length of gradient (CV) 8
Fraction size 3
Gradient segment 3 Target conc (%B) 100
Gradient delay (ml) 5
Clean after elution (CV) 5

Gel filtration parameters

Manual run was used in Unicorn 5.11.

Flow rate (ml/min) 5
Fraction size (ml) 5
Column Pressure limit (MPa) 0.8
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Appendix E
Protein concentration measurement by Pierce® BCA Protein Assayki

1. Bovine serum albumin (BSA) standards were prepared from 2000 pg/ml to 62.5
pg/ml

2. Working reagent of BCA was prepared by mixing 50ml Reagent A with 1ml of
Reagent B

3. Test-tube Procedure in the protocol was used to find the concentration of the
unknown protein

4. 85 pl of each standard and unknown sample were pipetted in appropriately
labeled test tube

5. 1.7 ml of the working reagent was added to each tube and mixed well

6. The Standard Protocol was followed. The tubes were incubated for 30 minutes at
37°C.

7. All the tubes were cooled to room temperature

8. The absorbance of the samples was measured at 562 nm with water as the blank.

9. Standard curve was plotted and the protein concentration of the unknown was

determined.
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Appendix F

Publications

1. Ayisha Siddiqua, Martin Margittai

Three- and Four-repeat Tau Coassemble into Heterogeneous FilaaneMBLICATION
FOR ALZHEIMER DISEASE(2010).Journal of Biological Chemistry286(45), 37920-
37930.

2. Paul Dinkel, Ayisha Siddiqug Huy Huynh, Monil Shah,and Martin Margittai
Variations in Filament Conformation Dictate Seeding Barrier betweesefdmd Four-
Repeat Tau (2011Riochemistry50, 4330-4336.

*Equal contribution
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