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ABSTRACT: The aggregation of the protein tau into amyloid
fibrils is known to be involved in the causation of the
neurodegenerative tauopathies and the progression of cognitive
decline in Alzheimer’s disease. This review surveys the
mechanism of tau aggregation with special emphasis on the
information obtained from biochemical and biophysical studies.
First, tau is described from a structure—function perspective.
Subsequently, the connection of tau to neurodegeneration is
explained, and a description of the tau amyloid fibril is provided.
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Lastly, studies of the mechanism of tau fibril formation are reviewed, and the physiological significance of these studies with
reference to how they can clarify many aspects of disease progression is described. The aim of this review is to underscore how
mechanistic studies reveal the complexity of the tau fibril formation pathway and the plethora of species populated on or off the
pathway of aggregation, and how this information can be beneficial in the design of inhibitors or drugs that ameliorate

neurodegeneration.

B THE PROTEIN TAU

Tau was first discovered as a protein present in association with
tubulin in porcine brains." Named for its ability to induce
tubule formation, tau belon§s to the family of microtubule-
associated proteins (MAPs).” The earliest biochemical studies
performed soon after its purification showed that tau was
sufficient to allow both nucleation and extension of micro-
tubules (MTs) from purified tubulin.® Several of its unusual
properties that arise from it being an intrinsically disordered
protein (IDP) were noticed early: the protein was found to be
remarkably heat- and acid-stable, and analytical ultracentrifu-
gation coupled with sedimentation equilibrium analysis
determined the protein to be highly asymmetric, with little
structure as measured by circular dichroism (CD).*

Domain Organization of Tau. Human tau is encoded by
the gene MAPT (microtubule-associated protein tau) com-
posed of 16 exons and present on chromosome 17q21.>° The
protein is expressed primarily in the central nervous system
(CNS), though lower levels of expression have also been
detected in the peripheral nervous system as well as in the
kidneys, lungs, and testes.”® While the protein is abundantly
expressed in the axons of the CNS, it has also been detected in
the somatodendritic compartments and in oligodendrocytes.”'

In the adult human brain, there are six isoforms of the
protein that arise from alternative splicing of exons 2, 3, and 10
in the premRNA."" Exons 2 and 3 encode 29-amino acid
inserts each in the N-terminus (called N), and hence, tau
isoforms may be 2N (both inserts), IN (exon 2 only), or ON
(neither). Exon 10 encodes a 31-amino acid stretch in the C-
terminus, which constitutes a microtubule-binding repeat
(called R),">" and hence, tau isoforms may be comprised of
four repeats (4R, exon 10 included) or three repeats (3R, exon
10 excluded). Thus, alternative splicing results in six proteins
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with lengths ranging from 352 to 441 residues, which migrate as
a set of six bands with apparent molecular masses of 48—67
kDa following sodium dodecyl sulfate—polyacrylamide gel
electrophoresis.'*

Domains of tau have been defined on the basis of the
character of the primary sequence, on the basis of limited
proteolysis and on the basis of interactions with other
molecules.”> The overall amino acid composition of tau is
hydrophilic as expected for an IDP that possesses high
solubility."> The ~120 N-terminal residues are predominantly
acidic, while the ~40 C-terminal residues are largely neutral
(the numbering of residues follows that of 2N4R, the longest
tau isoform) (Figure la). Residues 150—243, while largely
basic, are more importantly proline-rich and are hence called
the P1 and P2 domains. The repeat domain region, so called
because it is composed of either 3R or 4R, depending on the
isoform, is predominantly basic. Because residues 369—400 are
weakly homologous to the repeats, the region is termed R’
(Figure 1a).

Limited digestion with chymotrypsin in vitro results in tau
being cleaved after Tyr 197, generating an N-terminal domain
(residues 1—197) and a C-terminal domain (residues 198—
441)."° Because the N-terminal domain projects away from the
MT surface, it has been called the “projection domain”, while
the C-terminal domain that binds to MTs and promotes their
assembly has been called the “assembly domain”.'”'® A
detailed analysis of the interaction of tau with MTs, assayed by
means of direct binding experiments, light scattering, and video
microscopy experiments, confirmed and extended this
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Figure 1. Domains and structural elements in tau. (a) Domain organization of the longest tau isoform (2N4R). The N-terminal domain contains two
inserts labeled 1 and 2, while the central domain contains four repeat sequences (R1—R4) that constitute the fibril core and are involved in
microtubule binding. P1 and P2 are proline-rich sequences; R’ is a sequence stretch that is weakly homologous to the repeats. The locations of the
hexapeptide motifs (PHF6* and PHF6) at the beginning of repeats R2 and R3, which serve as important nucleating sites for tau aggregation, are
labeled by black boxes. (b) Structure of tau deduced from NMR spectroscopic measurements.”® The majority of the chain is disordered (black lines)
with transient elements of secondary structure (a-helix, red; f-strand, yellow; polyproline II, green). Panel b is reproduced from ref 20. Copyright

2009 M. D. Mukrasch et al.

definition of the assembly domain.'” The repeat domain
(residues 252—376) constitutes the core of the microtubule-
binding, assembly domain.'” The strongest binding to MTs
occurs, however, with the repeat domain and either one or both
of the flanking regions, P1, P2 and R’} More recent
experiments using nuclear magnetic resonance (NMR) spec-
troscopy’’ have confirmed these findings and defined three
functional domains of tau: (i) the projection domain (residues
1-197) comprising the N-terminus and P1, (ii) the central
domain (residues 198—400) comprising the repeat domain and
the flanking regions, P2 and R’, and (iii) the C-terminal domain
(residues 401—441) (Figure 1a). NMR spectroscopic measure-
ments of residual dipolar couplings and paramagnetic spin
relaxation rates have revealed a correlation between the
proposed domain architecture and the intrinsic flexibility of
the domains. While the central domain possesses the lowest
intrinsic flexibility on the nanosecond to microsecond time
scale consistent with its role in MT binding, the other two
domains fluctuate rapidly between different conformations.>’
Structure of Tau. As mentioned earlier, tau is an IDP and
hence does not possess any defined secondary or tertiary
structure as measured by probes such as CD, Fourier transform
infrared (FTIR) spectroscopy, X-ray solution scattering, or
electron microscopy.”' The earliest studies thus likened tau to a
“Gaussian polymer” that behaved akin to a random coil.”! More
recently, high-resolution probes such as small-angle X-ray
scattering (SAXS) and NMR spectroscopy have been applied to
the study of the full-length tau isoforms and the shorter repeat
domain constructs. SAXS studies revealed that both the tau
isoforms and repeat domain constructs are comparable in their
dimensions to random coils because they possess values for the
hydrodynamic radius much larger than those expected for
comparably sized structured proteins.””> The NMR spectro-
scopic measurements revealed the existence of transient
secondary structures (a-helix, f-strand, and polyproline II).*°
While the largest stretch of residual f-structure was found to be
localized to the beginning of repeats R2—R4, two stretches of
transient a-helical structure were detected in the N-terminus
and in the C-terminal tail. The majority of the residues were
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found, however, to exist in an aperiodic, disordered
conformation (Figure 1b).

It has long been known that the absence of local order in the
form of secondary structures does not preclude the existence of
global order in the form of long-range contacts.”® Several
studies have examined the tau protein for signs of global
folding. The earliest evidence of a global structure came from
the existence of antibodies with conformational epitopes; these
discontinuous epitopes comprised residues near both the N-
terminus and the repeat domain.**** The first structural
corroboration came from a fluorescence resonance energy
transfer (FRET) study that proposed a “paper clip” structure
for tau wherein both the N- and C-termini are folded such that
they are in the neighborhood of the repeat domain, with the N-
terminus lying beyond the FRET-able distance of the repeat
region.26 Subsequently, paramagnetic relaxation enhancements
of NMR signals, measured over a large number of distances,
confirmed the existence of a network of long-range interactions
in monomeric tau.”® More importantly, in agreement with the
paper clip model, it was seen that the N-terminus interacts
weakly with the C-terminus, while repeat R3 forms a transient
interaction with the amphipathic helix in the C-terminal tail. A
more recent study using single-molecule FRET, while
supporting the existence of long-range contacts between the
termini, as well as between the termini and the repeat domain,
disagreed with respect to the paper clip model.”” Quantitative
analysis of their data showed that the distances between the
repeat domain and the respective termini were shorter than the
distance between the two termini alone, and hence, the global
fold of tau is more akin to an “S shape” rather than a paper clip.

Function of Tau. The first function of tau that was
characterized is its role as a MAP in stabilizing MT's by binding
to their surface and promoting their self-assembly from tubulin
subunits."” Subsequently, several studies have focused on the
measurement of affinities for MTs by the repeat regions of tau,
individually and in combination, and dissociation constants that
vary over an order of magnitude from 0.01 to 1 yM have been
reported.'>** 73" It appears likely that some of this discrepancy
in reported affinities might arise from the formation of tau

dx.doi.org/10.1021/bi400209z | Biochemistry 2013, 52, 4107—4126



Biochemistry

fibrils induced by the presence of a charged MT surface, which
confounds the usage of the cosedimentation assay (tau mixed
with preformed MTs in various ratios) in determining the
amount of tau that is distributed between the free, soluble
fraction and the MT-bound, insoluble fraction.>** Using tau
concentrations as low as 1 M apparently controls for this
variable; under such conditions, a reasonable estimate of the
tau—MT affinity appears to be ~0.1 uM.*****' Additionally,
although the precise binding site of tau on MTs remains
unresolved, consensus appears to exist that the tau
conformation distributed on MTs arises from intramolecular
folding and domain interactions;>> for example, while the
repeat domains are the catalytic domains required for MT
assembly, the flanking domains, P2 and R’, likely function as
targeting domains that position tau on the MT surface.** Tau,
however, is also known to have other roles in interactions with
MTs. For example, tau is known to protect MT ends from their
innate tendency to undergo stochastic growth and shrinkage,*
although overstabilization by tau has been shown to impair cell
viability.*® The N-terminal, projection domain of tau is believed
to function as an “entropic bristle”,*”*® which ensures a certain
spacing between successive MTs, and between MTs and other
cell components. Tau is also known to inhibit MT-dependent
axonal transport by motor proteins via the competition for
binding sites.*’

Independent of its interactions with MTs, tau, as befits an
IDP that possesses a multiplicity of conformations, has several
other interaction partners.*"** Tau has been shown to interact
with the plasma membrane,* bind and bundle actin
filaments,** and colocalize with stress-induced actin—cofilin
rods.** The PXXP motifs in the proline-rich regions of tau
allow its binding to SH3 domain-containing proteins, including
the tyrosine kinases, Fyn and Src.*® By functioning as a protein
scaffold, tau is thought to regulate signaling cascades that
control neurite growth.*” There has been speculation that the
interaction of tau with growth factors may underlie the reason
as to why chemotherapy-resistant cancer cells are found to
overexpress the protein.“’48

A number of studies have examined the role of tau in the
cellular response to heat shock. In neurons, tau has been shown
to bind DNA and protect it against heat and oxidative stress.*’
Motifs in the repeat domain that mediate the interaction of tau
with chaperones such as Hsc70 or Hsp70 and the ubiquitin
ligase CHIP have been identified.’>>" There has been
speculation that the cell utilizes two different types of
chaperones to protect itself against the detrimental effects of
tau aggregation: MTs that sequester tau when it is present in
the bound state and hsp70 chaperones that bind tau present
free in the cytosol.>®

Lastly, the necessity and, hence, importance of a protein in
the cellular context can often be gauged from knockout studies
that remove the protein completely. The acute knockdown of
tau in cultured neuronal cells does not affect the stability or
dynamics of MTs.>> To date, four independent tau knockout
mice have been made.**™*° In all cases, longevity was not
significantly impaired and there were no major neurological
deficits.””*® In only one of the knockout mice were small
differences in MT organization detected in small caliber
axons,”® and motor functions and learning and memory as
measured by certain behavioral tests were found to be slightly
impaired.®” In two other knockout mice, a delay in early axon
formation was seen in cultured neurons obtained from the
transgenic mice.>*% Interestingly, old but not young tau™/~
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mice have been seen to present with memory deficits and
aggressive behavior.®” These results have been largely
reconciled by suggesting that compensating mechanisms for
tau knockdown, such as the activity of other MAPs,61 function
at early times but fail subsequently as a function of age.®>®>

B ALZHEIMER'S DISEASE AND TAUOPATHIES

Alzheimer’s disease (AD) is known to be histopathologically
characterized by two definitive lesions: extracellular, senile
plaques composed of aggregates of protein amyloid S (Ap)
and intracellular, neurofibrillary tangles (NFTs) composed of
aggregates of hyperphosphorylated forms of the protein
tau.5** While all six isoforms of the tau protein aggregate to
form NFTs, there are no mutations in tau that link it with
familial forms of AD. The progress of NFT pathology in AD, in
terms of the number and location of NFTs, is known, however,
to correlate with cognitive decline, and the degree of severity of
the disease,°*®” thereby suggesting a strong connection
between tau aggregation and AD.

A more direct cause and effect relationship of the tau protein
to disease was established by pioneering genetic studies that
demonstrated that mutations in the MAPT gene are associated
with neurodegenerative diseases called frontotemporal demen-
tia and parkinsonism linked to chromosome 17 (FTDP-
17).%77% Other examples of these diseases collectively called
tauopathies include Pick’s disease, corticobasal degeneration
(CBD), progressive supranuclear palsy (PSP), and dementia
pugilistica.®” The main pathological hallmark of all the
tauopathies is the deposition of filamentous inclusions
composed of hyperphosphorylated tau either in nerve cells or
in both nerve cells and glial cells.

Mutations and Their Effects. Mutations in the MAPT
gene that cause tauopathies can be broadly divided into two
classes: mutations that cause changes at the level of the protein
and mutations that influence the alternative splicing of the tau
pre-mRNA.62

Mutations at the protein level alter or delete a single amino
acid in tau and have been reported in exons 9—13 (Figure 2).
The majority of these mutations hence occur within, or in the
vicinity of, the microtubule-binding repeat domain.”* Several
studies have shown that these missense mutations weaken tau’s
ability to bind MTs and the ability to polymerize tubulin into
MTs in vitro.”>”® The second class of mutations that result in
splicing defects account for at least half of the mutations that
are associated with FTDP-17.”" These mutations are single-
base pair changes that occur within either intron 10 or exon 10
and influence alternative splicing of the tau pre-mRNA (Figure
2), primarily by the destabilization of the stem—loop structure
present at the intron—exon junction. This splicing defect
translates into a change in the relative amounts of the 3R versus
the 4R tau isoforms in the human brain. Because under healthy
conditions the 3R and 4R isoforms are present in equal
amounts, it appears that an alteration of this balance could lead
to disease.®”

Sporadic AD and Tauopathies. Although familial forms
of AD and tauopathies exist as described above, the vast
majority of these diseases (~90%) are sporadic, and the
underlying cause(s), which are likely to be a complex mix of
genetic susceptibility, the environment, and age, remain
unresolved.”” In sporadic AD, polymorphism of apolipoprotein
E4 (ApoE4) has been predominantly associated with an
increased risk of manifesting disease.”® In addition, a genome-
wide analysis study determined that there are several, weak,
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Figure 2. Mutations found in the protein tau in various tauopathies.
(a) Schematic of the six tau isoforms (352—441 amino acids) that are
expressed in adult human brain, with mutations in the coding region
indicated (mutations are numbered according to the longest isoform).
Twenty missense mutations, two deletion mutations, and three silent
mutations are shown. The six tau isoforms are produced by alternative
mRNA splicing from a single gene. They differ by the presence or
absence of three inserts, colored red (encoded by exon 2), green
(encoded by exon 3), and yellow (encoded by exon 10). (b) Stem—
loop structure in the pre-mRNA at the boundary between exon 10 and
the intron after exon 10. Nine mutations are shown, two of which
(S305N and S30SS) are located in exon 10. Exon sequences are boxed
and shown in uppercase letters, with intron sequences shown in
lowercase letters. Reproduced from ref 71. Copyright 2005 John Wiley
and Sons.

single-nucleotide polymorphisms in the MAPT gene, resulting
in a fairly complex pattern of association with AD.”” A more
definitive association of polymorphisms in the MAPT gene and
disease risk has been uncovered in the context of sporadic
tauopathies.”> There are two haplotypes, H1 and H2, which
characterize the MAPT gene in populations of European
ancestry. Both haplotypes encode the same wild-type protein
sequence, and hence, these polymorphisms exist solely at the
level of the nucleotide sequence and intron size. The
inheritance of the Hlc haplotype has been shown recently to
be a risk factor for CBD and PSP, while the H2 haplotype has a
strong negative association with PSP, suggesting a neuro-
protective role.”> Studies have shown that the Hlc allele
increases the expression levels of total tau and enhances the
inclusion of exon 10 during alternative splicing.”® This would
automatically result in an increase in the levels of 4R tau
isoforms relative to 3R tau isoforms, and this presumably results
in disease.

B COMMON MINIMAL CONNECTION OF ALL
DISEASE CONDITIONS: AGGREGATION OF TAU
INTO AMYLOID FIBRILS

The common minimal connection between AD and all the
tauopathies, irrespective of the mutation or modification found
on the tau protein, is the aggregation state of tau.*® Under all
these diseased conditions, monomeric, disordered tau is known
to be converted into polymeric, ordered fibers called amyloid
fibrils.”” From the reductionist viewpoint of a biochemist, a
thorough understanding of the mechanism of tau aggregation
provides a good starting point for understanding what goes
wrong in disease. An understanding of the mechanism of tau
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aggregation necessitates the performance of careful kinetic
experiments. However, before kinetics are studied, an
equilibrium study of the start and end points of the reaction
facilitates the interpretation of the kinetics. Our current
understanding of the tau monomer was described in an earlier
section. In this section, our current understanding of the tau
aggregates/fibrils will be described.

In this context, it may be worthwhile to note that several of
the studies that have aimed to decipher the structure of the final
tau fibrils or understand the mechanism of tau aggregation
utilize recombinant tau protein, purified from Escherichia coli.
The recombinant protein does not possess any of the post-
translational modifications that are often found on the tau
protein in disease.®® It still, however, serves as a good model
system for studying the aggregation process because it is not
clear whether some of these modifications are the cause or the
consequence of protein aggregation. Hyperphosphorylated tau,
for example, is found in NFTs, but an increase in the level of
tau phosphorylation has been seen under normal, physiological
conditions as well: the level of tau phosphorylation is elevated
in normal fetal brains,*® in hibernating animals,®" and under
conditions of anesthesia-induced hypothermia.**

Tau Fibrils: Paired Helical Filaments (PHFs) and
Straight Filaments (SFs). The tau protein was identified as
the core constituent of the NFTs found in AD brain samples by
antibody reactivity studies.***>® The term “paired helical
filament” (PHF) was coined, to describe these intracellular
filaments long before studies had revealed their primary
component to be tau.** The term refers to a twisted double-
helical fibril with a crossover repeat of ~80 nm and widths
alternating between 8 and 20 nm. A second class of fibrils called
straight filaments (SFs) is also found in NFTs. SF refers to
fibrils that are ~15 nm wide, without the pronounced
modulation in width seen in PHFs.*> An early study concluded
that both the PHFs and SFs represented different assemblies of
a common structural unit.®® All these early studies, however,
had visualized the PHFs and SFs using electron microscopy
(EM) and its variants, and questions were hence raised about
whether the two subfibers of the PHF were real or arose from
sample preparation and staining artifacts.

Studies using atomic force microscopy (AFM) were hence
performed with the aim of settling this debate. An early study
advanced the concept of a twisted ribbon to describe the PHF
because even though the structures seen displayed the reported
periodicities of ~80 nm, two distinct subfibers were not seen,
and the maximal fibril height was determined to be only ~12
nm.* Another study that imaged PHFs in solution concluded,
however, that the structural model that best fit the experimental
data was one that was compatible with the earliest descriptions
of the PHFs: two coupled ribbons with ~20 and ~15 nm
heights at the peak and valley of the fibril cross section,
respectively, and a half-period of ~75 nm.*” A more recent
study, which examined fibrils formed by different recombinant
human tau isoforms and repeat domain constructs, concluded
that while there was considerable polymorphism in the fibrils
seen, there was no evidence of the PHF being composed of two
subfibers.®® Fibril morphologies were found to differ in length,
bending, internal twist, periodicity, and thickness, within and
across isoforms and repeat domains. A statistical analysis
revealed that the fibrils could be broadly classified as thick or
thin. The thick fibrils had heights of ~18 and ~9 nm at the
peak and valley of the fibril cross section, respectively, and
periodicities of ~65—70 nm. The thin fibrils had heights of ~14
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Figure 3. Morphologies of fibrils formed by the 4R domain of tau in the presence of heparin, in 25 mM Tris buffer, 50 mM NaCl, and 1 mM DTT
(pH 7), are diverse. (a) AFM image of fibril clumps formed by 10 uM tauK18 (4R domain of tau) at the end of the aggregation reaction. (b) AFM
image of fibrils formed by 25 M tauK18 at the end of the aggregation reaction. The inset shows an image in the amplitude format of a coiled spring-
like fibril obtained under the same condition. The Z height for AFM images shown in panels a and b corresponds to 50 nm as shown in the color
scale. (c) TEM image of fibrils formed by 50 4M tau4RD (4R domain of tau) at the end of the aggregation reaction. The spherical structures seen
are aggregates of heparin molecules in all likelihood. The scale bar for both the AFM and the TEM images corresponds to 500 nm. The heparin
concentration under all conditions was 37.5 M. Panel b of the figure is reproduced from ref 143. Copyright 2012 Elsevier.
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Figure 4. Mechanism of amyloid fibril formation. (a) Schematic of the NDP model showing nucleation and growth phases. The three distinct
features of a NDP model are shown in panels b—d: (b) the presence of a lag phase (the inset shows the £ dependence of the initial 10% of the data),
(c) a critical concentration, and (d) the abolition of the lag phase by seeding (red line, seeded curve; black line, unseeded curve). (e) Schematic of

the isodesmic/downhill polymerization model.

and ~8 nm at the peak and valley of the fibril cross section,
respectively. In addition, all tau fibrils were seen to possess a
subperiodicity of ~17—19 nm along the longitudinal axis. An
example of tau fibril polymorphism is shown in Figure 3.
Internal Structure of Tau Fibrils. The earliest studies of
the ultrastructure of the tau fibril utilized Pronase digestion
coupled with antibody labeling and EM to show that the core of

4111

the fibrils formed by full-length tau comprised the MT-binding
repeat domain with the flanking N- and C-termini forming an
outer fuzzy coat.’ Subsequently, protease digestion studies
coupled with CD and FTIR spectroscopy of the peptides
showed that repeats R2 and R3 are the most important building
parts of the fibril core.”® This was further corroborated by
fluorescence quenching experiments.”" Conclusive electron and
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X-ray diffraction experiments then showed that both PHFs
from brain samples and in vitro assembled tau fibrils possess the
cross-ff motif with the characteristic meridional diffraction
pattern of 0.47 nm, thereby firmly establishing tau aggregates as
bona fide amyloid fibrils.”>**

Several other high-resolution probes have been also applied
to the study of the internal structure of the tau fibril. Scanning
transmission electron microscopy (STEM) analysis of both
PHFs immunopurified from AD brains and in vitro assembled
tau fibrils revealed a packing density in the fibril core of 4—35 tau
molecules/nm of fibril length, irrespective of the tau iso-
form.****%° Electron paramagnetic resonance (EPR) studies of
tau fibrils”® further demonstrated that the tau fibril core is
composed of parallel in-register f-sheets and that two different
models, namely, the f-helix (left- or right-handed) or the
intersheet hairpin, arranged minimally in a p-sheet bilayer,
would be compatible with the structural constraints deduced.
The EPR studies also highlighted the importance of the
stacking of side chains as a stabilizing force in the construction
of the fibril.”” Lastly, solid-state NMR (ssNMR) spectroscopy
has been applied to the study of fibrils assembled from the
truncated three-repeat domain of tau.”®* These studies suggest
the existence of three major f-strands in repeats R1, R3, and
R4, arranged in parallel and in register and connected by short
kinks, which constitutes the rigid core of the fibril. In addition,
these studies have also demonstrated that in addition to
hydrophobic interactions,' the tau fibril core is stabilized by
the formation of distinct salt bridges.98

Several studies have also focused on the identification of
amyloidogenic sequences in the tau protein. The earliest
protease digestion study together with a proline scanning
mutagenesis study identified two main hexapeptide motifs at
the beginning of repeats R2 and R3 (VQIINK and VQIVYK
called PHF6* and PHF6, respectively) as being crucial for tau
aggregation.”””® Disruption of these motifs nullifies tau’s ability
to aggre(gate in vitro,”> as well as in cellular and animal
models.'?1%% Other studies, utilizing X-ray fiber diffraction,
have confirmed that PHF6 is sufficient to form bona fide
amyloid fibrils,"~'% besides demonstrating the existence of a
dry “steric zipper” interface in the fibrils, arising from the
interdigitation of a pair of parallel, in-register S-sheets.'”* In
addition to these hexapeptide motifs, there are secondary
amyloidogenic sequences in the tau protein that are fully
capable of fibril formation.'%

B MECHANISM OF AMYLOID FIBRIL FORMATION

The mechanism of amyloid fibril formation studied in vitro
under conditions that mimic physiological environments has
been largely described as nucleation-dependent polymerization
(NDP)."” In general, a NDP mechanism for fibril assembly
shows three defining characteristics: (i) a sigmoidal growth
curve with three distinct phases (lag, growth, and steady-state/
plateau), (i) a critical concentration, equivalent to the
dissociation constant for the monomer from fibril, below
which fibrils do not assemble, and (iii) the abolition of the Ia
phase by the addition of preformed fibrils called “seeds”'
(Figure 4a—d). An aggregation mechanism is O%enerally not
considered NDP until all three criteria are met."

Several mathematical models have been developed for the
description of the NDP mechanism, and these have been
compared elsewhere.'”"'% All these models, however,
subscribe to a few basic tenets of the NDP mechanism,
which are described below. The NDP mechanism rests
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primarily on the description of a “nucleus”, a species whose
formation represents the bottleneck in fibril formation and is
thus rate-limiting.""" The nucleus is an oligomer present in
rapid pre-equilibrium with the monomers. From a thermody-
namic viewpoint, the formation of the nucleus is unfavorable
because of the competition between enthalpic gain that arises
from the formation of new contacts and entropic loss that arises
from the immobilization of monomers in a polymer.""” In
kinetic terms, this implies that the nucleus is the first species
following which the rate constants for monomer addition
exceed those for monomer loss (Figure 4a)."'®> The growth/
elongation process that follows nucleation hence occurs
without an energetic cost, and an assumption of most NDP
models is that it occurs by monomer addition. Lastly, as
expected, another feature of the NDP mechanism is the strong
protein concentration dependence of the kinetics of fibril
formation.

The features described above are especially important in
distinguishing the NDP mechanism from an alternate
mechanism for fibril assembly, the isodesmic or downhill
polymerization mechanism'®®''* (Figure 4e). In this simpler
model, no nucleus exists and the rate constants for monomer
addition and loss are identical for all polymers, independent of
polymer size. Although the isodesmic mechanism presumes
that all oligomeric species formed are productive, it is possible
to see a lag in fibril assembly if the rate constants are such that
the formation of oligomeric species is disfavored.'® The
converse, however, is equally true; the absence of a lag phase
does not rule out the NDP mechanism because the observation
of a distinct lag ultimately depends on both the resolution of
the experimental probe and the relative rates of nucleation
versus growth."'* In this context, it is important to note that the
end of the lag phase in a NDP mechanism does not correspond
to the cessation of nucleation, as commonly assumed."'" It
hence becomes imperative while determining a mechanism for
fibril formation to examine all aspects of the data and then
either to conduct simulations to test a proposed mechanism for
its ability to describe the data or to use analytical solutions from
defined mathematical models to fit the data and then evaluate
the goodness of fit.

The earliest mathematical model proposed for protein
aggregation is that of Oosawa and Kasai, who were concerned
with the description of actin assembly.''> The closed form
solutions they obtained from their homogeneous nucleation
model showed that the initial kinetics of monomer loss during
aggregation followed a #* dependence (Figure 4b, inset).
Subsequently, Ferrone used a linear perturbation approach to
show that the initial monomer loss kinetics (for approximately
the first 10% of the reaction) was better described by a cos(t)
dependence for homogeneous nucleation’'! and a cosh(f)
dependence if secondary pathways for fibril growth were
included.'" Secondary pathways are parallel pathways for the
growth of fibrils that exist alongside the primary pathway for
fibril growth and can be of three kinds: fibril fragmentation,
lateral growth/branching, and heterogeneous nucleation on the
fibril surface."'""'® In this context, it is worthwhile to clarify the
difference between homogeneous and heterogeneous nuclea-
tion: while the former refers to the formation of the oligomeric
nucleus that represents the initial bottleneck to fibril formation,
the latter refers to the formation of a nucleation site on an
elongated fibril that allows for subsequent lateral fibril growth
from that site.
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B MECHANISM OF TAU FIBRIL FORMATION

Mechanistic studies of tau fibril formation in vitro utilize
recombinant tau preparations because reproducible and robust
kinetic studies require defined and consistent preparations of
protein'’® and recombinant fibrils have been shown to
recapitulate structural properties of PHFs isolated from
diseased brains (see the section on tau fibrils). In addition,
several studies utilize the MT-binding repeat domain (4R/3R)
of tau as a model system to study aggregation because the
repeat domain constitutes the core of the amyloid fibril*” and
hence serves as a minimal model system for understanding the
mechanism of aggregation.

Need for Inducers/Ligands for Studies of Tau Fibril
Formation. All mechanistic studies of tau fibrillization in vitro
utilize an inducer to initiate aggregation.117 This is because,
unlike other amyloid fibril-forming proteins, including other
IDPs such as a-synuclein, tau does not spontaneously form
fibrils at physiological protein concentrations (1—10 yM), even
under buffer conditions of low or high pH and/or low or high
temperature.'® Supraphysiological protein concentrations of
>200 M coupled with extremes of buffer conditions are very
often required to ensure spontaneous fibrillization.""*~"*° It has
been suggested that extremes of pH or temperature do not
result in spontaneous fibril formation at physiological protein
concentrations, because unlike a@-synuclein, tau does not
possess sufficient mean hydrophobicity to form a collapsed
species under these buffer conditions.'” One study showed
that spontaneous fibril formation by full-length tau at a protein
concentration of ~8 yM took 8 months in a 10 mM Hepes, 100
mM NaCl (pH 7) buffer."*" On the other hand, in the presence
of an inducer, tau has been found to aggregate within the more
reasonable time scale of days and at physiological concen-
trations, thereby allowin§ for robust, mechanistic studies of the
kinetics of aggregation.' »123

Various compounds have been used as inducers for tau
aggregation, including sulfated glycosaminoglycans such as
heparin,124 RNA,'» fatty acids, " detergents and vesicles, "2
lipids,"*” and compounds such as quinones,"** taurine,"*
hexafluoro-2-propanol,'*® and urea."*’ The vast majority of
these inducers are polyanions: heparin and RNA are negatively
charged polymers, while fatty acids and detergents have been
shown to function as inducers above the critical micellar
concentration where they form negatively charged mi-
celles.’®>'3 Indeed, it has been hypothesized that the inducers
provide a negatively charged surface that stabilizes the
aggregation-competent conformations of tau and increase the
local concentration of the protein, thereby allowing the energy
barrier for aggregation to be overcome.''”'** A recent single-
molecule FRET study that directly measured the change in tau
conformation in the presence of heparin showed that the
binding of heparin to full-length tau resulted in a compaction of
the MT-binding repeat domain while the N- and C-termini
were found to move farther from the repeat domain.”” Such a
structural transition is consistent with that expected for an
assembly-competent conformation because the amyloidogenic
sequences that possess the nascent [-strand-like structures
required for tau aggregation are located in the repeat domain.””
Further, the importance of a negatively charged surface in
providing a modicum of charge compensation and a scaffold for
stabilizing tau conformations has been demonstrated by the
equivalence of anionic microspheres made from impermeable
polystyrene and permeable fatty acid micelles, in inducing tau
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fibril formation."*® The in vivo relevance of an inducer for tau
aggregation arises from the observation that tau PHFs in AD
brains are frequently found anchored to organelle mem-
branes.'*® Hence, membranes in general, or lipid byproducts
formed as a result of a disturbance in lipid metabolism, may
potentially induce the cascade of events that lead to tau
aggregation.117

Given the relevance of inducers for tau aggregation, an
important aim of mechanistic studies is to delineate the kinetic
role of these inducers. Initial studies concluded that the
influence of inducers such as heparin and RNA was obviously
kinetic because the presence of these ligands accelerated the
kinetics of aggregation.122 An increase in the concentration of
the ligand further shortened the time required for aggregation,
and hence, it appeared likely that these inducers were
modulating nucleation. A direct quantitative measurement of
the kinetic role of the inducer was required, however, to prove
this conjecture. Two such studies used a direct measurement of
aggregation rates in the presence of different concentrations of
inducer (arachidonic acid micelles and heparin) to demonstrate
that the binding of ligand to tau protein molecules was an
obligate step that preceded nucleation,"*”'*® and that
aggregation hence occurs through a ligand-dependent NDP
mechanism (see below). Indeed, NMR spectroscopic and
calorimetric studies have also been performed to identify
binding sites and determine the dissociation constant for tau—
heparin binding.'*”'** While the calorimetric study concluded
that under reducing conditions, low-molecular weight heparin
binds to full-length tau at the repeat domain with micromolar
affinity and at a second site with much weaker (millimolar)
affinity, the NMR study identified multiple binding sites of
micromolar to millimolar affinities for small heparin fragments
bound to full-length tau. More recently, a single-molecule
FRET study that examined titrations of full-length tau with low-
molecular weight heparin determined that tau has one very
high-affinity binding site for heparin with a nanomolar
dissociation constant, which this study alone was able to
resolve because of the picomolar protein concentrations utilized
in the assay.”’

NDP Model versus Isodesmic Model. As discussed in the
preceding section, the description of an aggregation mechanism
as NDP has relied on the demonstration of three features,
namely, a sigmoidal progress curve, the existence of a critical
concentration, and the effects of seeding. Tau aggregation in
the presence of inducers such as heparin and fatty acid or
anionic micelles conforms to the majority of these features and
has hence been described as ligand-induced NDP by several
studies, 3713814 though it must be noted that in all these
studies, the manifestation of the seeding phenomenon (the
addition of preformed fibrils as seeds to bypass the lag phase)
required the additional presence of the inducer. Thus, although
tau aggregation is well described by a modified NDP
mechanism, it does not qualify for the classical description of
NDP. In only one instance, namely, tau aggregation in the
presence of the small-molecule dye inducer thiazine red (ThR),
the mechanism has been described as classical homogeneous
nucleation.” This was because thiazine red did not function as
a ligand and the aggregation rates were thus found not to
depend on the molar ratio of protein to dye. Because the effects
of the inducer were not at the level of binding, the aggregation
condition was concluded to have approximated classical
equilibrium nucleation.

dx.doi.org/10.1021/bi400209z | Biochemistry 2013, 52, 4107—4126
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Figure S. Mechanism of tau fibril formation in the presence of heparin. (a) Monophasic kinetics of fibril formation by 50 uM tau4RD (4R domain of
tau) in the presence of 8.3 uM (yellow triangles), 16.6 uM (green triangles), and 56.2 yM heparin (red triangles). (b) Monophasic kinetics of fibril
formation by 10 uM (light blue triangles), 25 uM (dark blue triangles), and S0 uM tau4RD (magenta triangles) in the presence of 37.5 M heparin.
(c) Bell-shaped dependence of the apparent rate constant of ThT fluorescence-monitored fibrillization kinetics on the protein:heparin molar ratio,
when the heparin concentration is varied (W) or when the protein concentration is varied (O). (d) Minimal model for the formation of fibrils by the
4R domain of tau in the presence of heparin verified by means of kinetic simulations. Protein binds heparin and undergoes a conformational change
to form an on-pathway intermediate, PH. When a second protein molecule binds the same heparin molecule, an aggregation-competent dimer
(PHP) is formed. Elongation leading to fibril formation occurs by the process of addition of the monomer to this building block. An off-pathway
intermediate in the form of a tight-binding, P*H complex also forms and modulates the aggregation kinetics. It appears that this off-pathway
intermediate can aggregate to form the rodlike protofibrils and nonfibrillar aggregates that are observed to accumulate transiently. Reproduced from

ref 138. Copyright 2011 American Society for Biochemistry and Molecular Biology.

An early study that examined the aggregation mechanism of a
3R domain tau construct in the presence of heparin utilized
disulfide-linked tau dimers as the starting species for
aggregation and concluded that the nucleus consists of 8—14
tau monomers."*" This nucleus size is, however, likely to be an
overestimate because the data used to estimate nucleus size
comprised the concentration dependence of the maximal rate
of self-assembly, a parameter that contains coupled contribu-
tions from both nucleation and grow‘ch.142
studies that examined the aggregation mechanism of the 4R
domain tau constructs in the presence of heparin used a
minimal model derived from kinetic simulations,"*® and fits of
the initial ~10% of the kinetic data to analytical solutions
derived for an extended NDP mechanism,'* to conclude that
the nucleus consists of two or three monomers. This nucleus
size is likely to be a more reasonable estimate of the size of the
equilibrium nucleus.

One study alone has proposed an isodesmic mechanism for
tau aggregation in the presence of both heparin and arachidonic
acid micelles."** This study determined that the kinetic role of

Two more recent

the inducers was limited to allosteric regulation; the binding of
the inducer resulted in a conformational change in the tau
monomer that made it aggregation-competent. In addition, the
aggregation kinetics were monophasic and not sigmoidal.
Further, the inducers appeared to inhibit aggregation at high
inducer:protein ratios, with aggregation kinetics being modu-
lated primarily by the relative amounts of protein and inducer
present. A recent study of heparin-induced tau four-repeat
domain aggregation that possessed several of these similar
features demonstrated, however, that even in the absence of a
visible lag phase (Figure Sab), the aggregation mechanism is
minimally described by a ligand-induced NDP model and not
by the isodesmic model."*® In this study, the aggregation rate
displayed a bell-shaped dependence on both protein and
heparin concentrations that translated into a single bell-shaped
dependence of the aggregation rate on the protein:heparin
molar ratio (Figure Sc). The aggregation rate was maximal at a
molar ratio of two protein molecules to one heparin molecule
and was reduced at both lower and higher molar ratios (Figure
5c). A quantitative analysis of the extent of polymerization as

dx.doi.org/10.1021/bi400209z | Biochemistry 2013, 52, 4107—4126
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Figure 6. Evidence of fibril fragmentation as the dominant secondary pathway for fibril growth during the aggregation of the 4R domain of tau
(tauK18) in the presence of heparin. (a) ThT fluorescence-monitored kinetics of aggregation of 25 M tauK18 in the presence of heparin. The inset
shows a fit of the initial 10% of the data to a cosh(t) equation. (b) Clumps of fibril fragments are visible during the lag phase (10 min) of aggregation
of 25 uM tauK18. (c) Fibril morphologies seen at the end (4 h) of 25 uM tauK18 aggregation include annular fibrils. (d) Schematic of fibril
fragmentation as a secondary pathway for tau fibril growth. Reproduced from ref 143. Copyright 2012 Elsevier.

measured by thioflavin T (ThT) fluorescence, as a function of
both heparin and protein concentrations, further revealed that
the rate-limiting step of nucleation involved the formation of an
aggregation-competent dimer where the same heparin molecule
had bound two successive protein molecules. The inhibition of
tau aggregation at higher concentrations of protein arose from
the formation of an off-pathway intermediate that led to the
formation of both rodlike protofibrils and amorphous, non-
fibrillar aggregates. The inhibition of tau aggregation at higher
concentrations of heparin arose from a decrease in the relative
stability of the aggregation-competent dimer at heparin
concentrations that exceeded the dissociation constant for the
formation of the on-pathway intermediate (Figure Sd).

The basic aspects of the aggregation kinetics were further
recapitulated by a minimal set of kinetic simulations, built on
the fundamental premise of NDP reactions that the steps
leading to the heparin-bound noncovalent dimer were an order
of magnitude slower than the subsequent fibril growth steps'*®
(Figure 5d). The formation of an off-pathway intermediate, in
the form of a protein—heparin complex that had bound heparin
more tightly and at a different site than the on-pathway
intermediate (Figure Sd), was an additional species whose
formation was included in the kinetic simulations. These
assumptions together with the intuitive fact about polymer-
ization reactions that while association reactions are bimolec-
ular and hence dependent on both protein and inducer
concentrations, dissociation reactions are unimolecular and
hence independent of the concentration of aggregating sspecies
were sufficient to describe the entire kinetic data set."*® As a
footnote to this discussion, it must be noted that despite the
initial description of tau aggregation in terms of the isodesmic
model,'** in subsequent studies of tau aggregation by the same
group, the aggregation data are now fit to a two-step, minimal
Finke—Watzky aggregation model that is based on NDP."*>'%¢
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Secondary Pathways for Tau Fibril Growth. Several
studies of the kinetics of amyloid fibril formation by numerous
proteins have demonstrated that the kinetic profile of
fibrillization is typified by a steep exponential increase in the
magnitude of the signal after the lag phase,'*’~'*° rather than
the gentle quadratic () increase Spredicted by Oosawa for
classical homogeneous nucleation."'® This steep increase in the
magnitude of the signal, described as an autocatalytic
phenomenon, can be fully ascribed to the existence of
secondary pathways for fibril growth, wherein existing fibrils
catalyze the growth of new fibrils."" Although tau aggregation
in the presence of inducers has been predominantly described
by a ligand-induced NDP model, a recent study described for
the first time the existence of fibril fragmentation as a bona fide
secondary pathway for tau fibril growth'* (Figure 6). This
study examined the kinetic profile of aggregation of the 4R
domain tau construct in the presence of heparin, at different
concentrations of protein, using ThT fluorescence as the probe
(Figure 6a). Analysis of the initial portion of the kinetic data
using the cosh(t) solution derived by Bishop and Ferrone, for a
mathematical model that describes an NDP mechanism
augmented by secondary polymer growth pathways,''® led to
the conclusion that the dominant secondary pathway during tau
fibrillization is fibril fragmentation. This conclusion was further
corroborated by seeding experiments and AFM imaging of the
lag phase of aggregation (Figure 6b). The demonstration of
fibril fragmentation as a secondary pathway for tau fibril growth
has implications for the understanding of the mechanisms of
toxicity in AD and tauopathies because fibril fragments, in
addition to soluble oligomers and protofibrils, have been shown
to be toxic, in cell viability assays.'>*'>?

Effect of FTDP-17 Missense Mutations on Tau
Aggregation in Vitro. Several studies have focused on
understanding the effect of the FTDP-17 missense mutations
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Figure 7. Oligomeric and protofibrillar species formed by tau in vitro. (a) AFM image of oligomers (mean height of 18—21 nm) called spherical
nucleation units (SNUs) and short fibers that are linear aggregates of SNUs, formed by full-length 2N4R tau in the presence of heparin with agitation
at 1000 rpm. (b) TEM image of oligomers (<50 nm length) formed by full-length 2N4R tau in the presence of arachidonic acid, immunogold
labeled with a TOC-1 (tau oligomeric complex-1) monoclonal antibody; the scale bar is 100 nm. (c) AFM image of short, rodlike protofibrils (mean
height, 2.6 # 0.5 nm; mean length, 51 + 16 nm) formed by the 4R domain of tau in the presence of heparin, with the inset showing the beaded
appearance of the protofibrils. Panel a is reproduced from ref 168. Copyright 2010 The Alzheimer’s Association with permission from Elsevier. Panel
b is reproduced from ref 170. Copyright 2011 American Society for Biochemistry and Molecular Biology. Panel c is reproduced from ref 138.

Copyright 2011 American Society for Biochemistry and Molecular Biology.

on tau’s intrinsic aggregation propensity and the acceleration of
in vitro aggregation relative to that of the wild type.”>' #5471
The main conclusion appears to be that the quantitation of the
effect of a particular mutation varies depending on the
experimental technique, tau construct, and/or inducer
utilized"*>'3#135158 and that different mutations appear to
differentially modulate nucleation and/or growth.'*>'>* While
studies have shown that the FTDP-17 missense mutations do
not significantly alter secondary structure as measured by
probes such as CD and FTIR spectroscopy,”>"**'*® no study
has yet examined the effects of these mutations on the global
fold of tau. In this context, it may be worthwhile to illustrate the
mechanistic effects of FTDP-17 mutations by considering the
example of P301L because P301L tau shows the most dramatic
increase in its level of aggregation relative to that of wild-type
tau, irrespective of measurement technique and of whether
aggregation is induced by fatty acid,'* ThR'*® or hep-
arin.”>*'%¢ Also, several mouse models of tauopathy use
P301L."*”'% In the case of the fatty acid inducer, the faster
aggregation rate appears to arise from a slower nucleation rate
coupled to a faster elongation rate, resulting in the formation of
longer fibrils, when compared with those of wild-type tau.'** In
the case of the ThR inducer, the faster rate appears to arise
from a lower critical concentration for aggregation combined
with an increase in the nucleation rate and an increased
efficiency of addition of monomer to the elongating fibrils.">®
Similar careful dissection of the P301L aggregation mechanism
in the presence of heparin has not yet been conducted. It
should be noted, however, that only the study that used ThR
specifically demonstrated that an increased level of aggregation
by P301L did not arise from a change in the interaction of
mutant protein with ThR."*® Tau aggregation in the presence
of both fatty acid and heparin is known to be affected by the
ratio of protein to inducer present, and published studies have
not demonstrated that this remains unchanged in the presence
of the mutation."*>'**~'% This would be important to establish
for a robust assessment of the mechanistic consequences of the
mutation. It is also possible that FTDP-17 mutations may
modulate the contribution of the secondary pathway for tau
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fibril growth. This remains an important avenue for future
research.

Prefibrillar Tau Oligomers and Protofibrils and Their
Kinetic Identities. The identification of soluble oligomers and
protofibrils as intermediates during protein aggregation has
become an important goal of mechanistic studies of amyloid
fibril formation ever since it became clear that these
intermediates appear to be the toxic species responsible for
neurodegeneration.152 With reference to AD, for example,
several studies have demonstrated the existence of toxic
prefibrillar oligomeric species formed by the Af protein.''
More recently, the formation of oligomeric forms by the tau
protein, with their concentration being elevated during the
early stages of neurodegeneration in AD, has also been
demonstrated.'®® Further, studies from cellular and transgenic
mouse models have observed that cell death and memory
deficits precede or occur in the absence of NFT accumulation,
thereby strengthening the case for the existence of tau
oligomers or early fibrillization intermediates that are
responsible for toxicity.'**'®* A study that directly measured
the toxicity of tau oligomers versus fibrils demonstrated that the
oligomers cause mitochondrial and synaptic dysfunction and
impair memory.165

An important goal of in vitro studies is to identify these
aggregation intermediates, either oligomeric and/or protofi-
brillar species, and clarify their mechanistic roles, as to whether
they lie on or off the pathway of fibril formation. A few in vitro
studies have identified oligomeric and protofibrillar species
formed by the tau protein. The earliest in vitro study identified
species called granular tau oligomers formed by the full-length
2N4R tau isoform in the presence of heparin.'®* These
oligomers were composed of ~40 tau monomers, were 15—25
nm in height as measured by AFM, and were also found to be
elevated in the frontal cortex in the brains of early stage AD
patients who had not yet developed NFT pathology.'®®
Another study showed that the levels of these oligomeric
species were inversely correlated with the levels of heat shock
proteins in brain samples.167 Thus, the authors concluded that
the granular tau oligomers were prefibrillar intermediates on
the pathway of tau fibril formation, but no kinetic studies were
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performed to deduce if the oligomers were on or off the
pathway. Another study that used AFM to examine the
formation of oligomers by the same full-length tau isoform in
the presence of heparin observed the formation of oligomers
18—21 nm in height, which were christened “spherical
nucleation units” (SNUs) (Figure 7a).'*® The SNUs were
found to assemble linearly into tau fibrils, and the extent of the
decrease in abundance was found to correlate with the extent of
the increase in fibril lengths; the study therefore implied that
the oligomers formed were on-pathway intermediates to fibril
formation.

A multidimensional NMR study of oligomers formed by a C-
terminal fragment of human tau (residues 255—441) in the
presence of heparin and TMAO identified the existence of a
heterogeneous oligomeric population that arose due to specific
intermolecular interactions at the two hexapeptide motifs of tau
(PHF6 and PHF6*).'® The study could not distinguish,
however, if the oligomers were on- or off-pathway inter-
mediates and could remark, at most, that the oligomers were
likely to be composed of two or more tau monomers. Finally, a
relatively recent study employed a photochemical cross-linking
technique to stabilize tau oligomers formed in the presence of
the inducer, arachidonic acid.'”® The oligomers identified were
tau dimers that formed even in the absence of inducer but were
required to be stabilized by the cross-linker, to be detectable.
The amount of dimer formed was found to increase in the
presence of arachidonic acid. Aggregation of the purified dimer
in vitro was found to result in oligomers as assayed by electron
microscopy, as opposed to fibrils that were formed from
monomers as the starting species. A monoclonal antibody that
was generated against the purified dimer was found to
specifically label tau oligomers in vitro and not tau fibrils
(Figure 7b). Immunostaining of AD brains showed, sub-
sequently, that the size of a subpopulation of oligomeric
aggregates that were reactive to this antibody was elevated at
early stages of neurodegeneration, when NFT pathology was
not yet visible. However, although these prefibrillar tau
oligomers were identified as putatively toxic forms, no kinetic
experiments were performed to elucidate their role on the
pathway of fibril formation.

The only definitive evidence of an off-pathway role for tau
protofibrils, until now, was from a study that examined the
kinetics of fibril formation by the 4R domain of tau in the
presence of heparin."*® This study identified short, thin, rodlike
protofibrils, 2.6 nm in height and 50 nm in length, on average,
which were populated transiently, early during the time course
of fibril formation (Figure 7c). The data on the protein
concentration dependence of the kinetics of fibril formation
revealed the existence of an off-pathway intermediate. As
described earlier, this off-pathway intermediate was known to
be a protein—heparin complex that had bound heparin more
tightly than the on-pathway intermediate (Figure Sd). The
same off-pathway intermediate was deduced to lead to the
formation of both rodlike protofibrils and nonfibrillar
aggregates. This conclusion was further affirmed by the fact
that the removal of the 14 C-terminal residues from this 4R
domain construct resulted in a tau construct that aggregated
without the formation of the protofibrils or the amorphous
aggregates.'*’ Clearly, the tight binding site for heparin that led
to the formation of the off-pathway intermediate lies within the
deleted 14-amino acid stretch; 6 of the 14 amino acids in the
aforementioned stretch are a part of the native sequence of the
tau protein. An independent study has already identified 4
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residues in this 6-residue stretch as a secondary amyloidogenic
sequence for tau aggregation that forms noncanonical fibrils
(similar to the protofibrils) that are ~3—5 nm in height.106
Hence, it appears that small changes in sequence composition,
even within the MT-binding repeat domain, can dramatically
alter the type of aggregation intermediates that are populated.
This study also helps emphasize the primacy of kinetic
experiments in unraveling the on- or off-pathway roles of
aggregation intermediates.

B STRUCTURAL HETEROGENEITY DURING TAU
FIBRIL FORMATION AND ITS KINETIC ORIGINS

Several studies have reported on the existence of structural
heterogeneity in amyloid fibrils wherein fibrils with differences
in external morphology and/or internal structure form under
different or even the same aggregation condition.'”" For
example, STEM measurements of the mass per unit length of
two different fibril polymorphs formed by Ap1—40 have
demonstrated that the main difference between the polymorphs
arises from a difference in the packing of the protofilaments
that comprise the fibril.'”> X-ray crystal structure data on fibrils
formed by short amyloidogenic peptides have also provided
insights into variations in the steric zipper structure of the fibril
cross-ff core.'® These variations may be at the level of the
orientation of the f-strands within the f-sheet (parallel or
antiparallel), at the level of the orientations of the fS-sheets
(parallel or antiparallel), or at the level of the packing of the /-
sheets (face to face or face to back). These observations have
led to the proposition that structural heterogeneity in fibrils
arises from two main kinds of polymorphism, packing and
segmental polymorphism, or a combination of the two.'”
While the former refers to fibril polymorphs that arise from the
difference in the packing of the S-sheets in the cross-f core, the
latter refers to polymorphs that arise due to the presence of
multiple amyloidogenic segments in the same protein, each
segment forming a different type of fibril. Indeed, under-
standing the structural heterogeneity in amyloid fibrils is
important from the perspective of therapeutic interventions
because a small molecule or drug compound that is designed to
inhibit further growth of one fibril polymorph may not work as
well against others. In this context, it is important to
understand the kinetic origins of amyloid fibril polymorphism,
and the current hypothesis is that the different fibril
polymorphs possibly arise from the utilization of distinct
aggregation pathways.'’>'”* This hypothesis implies that the
same structural heterogeneity should also manifest in the
prefibrillar intermediates found on the pathway of fibril
formation, and this has been shown to be the case for
oligomers and protofibrils formed by proteins such as f,-
microglobulin, a-synuclein, prion, and barstar.'”*

With reference to tau, some evidence exists for structural
heterogeneity in tau fibrils, as measured by EPR spectroscopy
and ssNMR spectroscopy. EPR spectroscopy coupled with site-
directed spin labeling indicated that in the case of fibrils formed
by the 2N4R full-length tau isoform in the presence of heparin,
an 18-residue stretch in repeat R2 (G272—S289) could exist
either in a disordered conformation or in the form of a f-strand
conformation that contributes to the parallel in-register S-sheet
core.”” The ssNMR spectroscopic data of fibrils formed by the
3R domain tau construct in the presence of heparin indicated
the existence of two sets of resonances for a four-residue stretch
in repeat R3 (K321—S324), as a result of polymorphism in the
formation of the intermolecular disulfide bridge at the C322
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residue.”” Tt appears likely that the fibril polymorphs in both
instances described above arise from the utilization of distinct
kinetic pathways for aggregation, but no direct evidence exists
for this hypothesis. Understanding the kinetic origins of
structural heterogeneity in tau fibrils is thus a challenging but
important focus of mechanistic studies that are geared toward
the intelligent design of inhibitors or drugs.'”®

B PHYSIOLOGICAL RELEVANCE OF THE ENHANCED
UNDERSTANDING OF THE TAU AGGREGATION
MECHANISM

The primary physiological relevance of a rigorous biochemical
study that delineates the mechanism of tau aggregation in vitro
is an enhanced understanding of the behavior of the protein
under carefully controlled, minimal conditions. This under-
standing is likely to lead to a more confident ability to predict
how the same biochemical system will behave in vivo under
more complex conditions of macromolecular crowding and
under conditions of deregulation during disease. Further, as
discussed below, a robust biochemical assay that allows the
quantitative screening of candidate drug molecules and
compounds has implications for the successful development
of drugs that ameliorate neurodegeneration.

Tau Aggregation Mechanism in Vivo. Because the
aggregation mechanism of tau in vitro was described in an
earlier section, it is worthwhile to examine what is known about
the aggregation mechanism of tau in vivo and how the current
status of knowledge from in vitro studies can inform our
understanding of disease progression in vivo. The bulk of our
knowledge about disease progression in AD cases comes from
descriptive immunohistochemical studies of NFT's found in cell
bodies of neurons. Three stages in disease progression may be
identified on the basis of reactivity, to antibodies against both
nonphosphorylated and phosphorylated tau epitopes, to
fluorescent dyes that label the cross-# motif of fibrils, and to
silver stains that label NFTs.'** The first stage involves the
appearance of tau dissociated from MTs in the form of
structures called pretangles that occur free in the cytoplasm as
well as associated with the membranes of cell organelles.'”®'””
These pretangles are characterized by reactivity to antibodies
specific for phosphorylated tau but not to dyes such as ThS,
Congo red, or thiazine red.'”® Thus, the pretangles appear to be
nonfibrillar aggregates of tau that do not yet possess the cross-f
motif. This stage is also accompanied by the mis—sortinfg7 of tau
from the axon to the somatodendritic compartment.'’” The
second stage involves the appearance of dye reactivity and,
hence, signals the occurrence of a conformational change;
several of these dye-positive structures have been found
associated with membranes."””"”® The third and final stage
involves the appearance of distinct, mature, silver-positive
NFTs composed of tau fibrils, 300—600 nm in length on an
average, with several post-translational modifications, including
hyperphosghorylation, covalent cross-linking, and proteoly-
sis. 331301787180 While several studies in cellular and animal
models recapitulate at least some of these basic stages, an
additional observation has been that symptoms of cell death
and neuronal loss are seen prior to the appearance of
NETs. %18 I the light of recent in vitro studies, it appears
likely that these toxicity effects might arise from the formation
of oligomers, protofibrils, and/or fibril fragments prior to the
formation of mature fibrils. The actual detection of these short,
nanometer-scale toxic structures within cells will require the
usage of super-resolution microscopic techniques in the
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futare;'®* currently, the best evidence for these structures in

vivo still relies on reactivity with antibodies that are known to
be specific to the pretangles.

Prion-like Behavior of Tau in Cellular and Animal
Models. The aggregation of the prion protein results in fatal
neurodegenerative diseases called the transmissible spongiform
encephalopathies, the most famous of which is the well-known
mad cow disease.'®®> Prion aggregation has, however, always
remained distinct from the aggregation of all other neuro-
degenerative proteins because of the infectious nature of the
prion aggregates that lead to the transmission of disease from
one individual to another.'®® Nevertheless, recently, several
studies have begun to notice similarities between the behavior
of amyloidogenic proteins like tau, Af, and a-synuclein and the
behavior of the prion."** Studies have shown, for example, that
the addition of extracellular tau aggregates, but not monomer,
to cultured cells caused full-length tau protein present within
the cells to misfold and aggregate.'®* Similarly, the intracerebral
injection of aggregates composed of mutant P301S tau into
transgenic mice expressing wild-type human tau that does not
form aggregates on its own resulted in the formation of NFTs
that spread from the site of injection to adjoining regions of the
mouse brain.'®

More definitive evidence of the trans-synaptic spread of tau
aggregates through the mouse brain was provided by two very
recent studies'>”'®” that relied on the controlled expression of
the P301L mutant human tau transgene in specific cells of the
entorhinal cortex of the mice. As the mice aged, symptoms of
progressive NFT pathology were observed starting at the
entorhinal cortex and moving to the dentate gyrus and the
hippocampus, regions that are neuro-anatomically connected to
the specific cellular layer of the entorhinal cortex in which
human tau was expressed. Most importantly, there was no
detectable expression of human tau mRNA in brain regions
outside of the entorhinal cortex. Another recent study in cells
used FRET as a tool, together with the transfection of donor
and acceptor fluorophore-tagged tau proteins into two different
cell populations that were subsequently cocultured, to
demonstrate that intracellular tau fibrils formed by one of the
cells were taken up by the other cells and induced
aggregation.'®® Bulk, fluid phase endocytosis appears to be
the mechanism by which recombinant tau aggregates are
internalized by both cells and primary neurons."® With regard
to the internalization process, it appears that low-molecular
weight tau aggregates (spherical oligomers on TEM, with
diameters of ~10—30 nm) and short fibril fragments (40—250
nm in length) are endocytosed rather than tau monomers or
long, intact fibrils.

As mentioned earlier, this process of the trans-synaptic
spread of aggregates in mouse and cellular models of
neurodeigeneration has also been demonstrated for a-synuclein
and AB."** This process of self-perpetuating, seeded aggrega-
tion is being increasingly regarded as a common mechanism
underlying neurodegeneration.'®* This common mechanism of
spreading in vivo implies that the biochemical mechanism of
aggregation of proteins such as tau and prion should also share
basic similarities. The recent demonstration of fibril fragmenta-
tion as a dominant secondary pathway for fibril growth by
tau'* unifies the basic mechanistic features of tau and prion
aggregation, because mammalian and yeast prion aggregation in
vitro are also characterized by fibril fragmentation as a
secondary pathway for elongation.'*” In fact, the discovery of
prefibrillar oligomers of tau and of fibril fragmentation as a
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secondary pathway for tau fibril growth is biochemical proof for
the prion-like behavior of tau, especially because it appears that
oligomers and fibril fragments are the aggregates that undergo
endocytosis and cell to cell transfer (see above). Further, it has
also been shown that wild-type tau can adopt multiple, distinct
fibrillar conformations in vitro that can be maintained by a
process of template-assisted conformatlonal change, akin to
what has been suggested for prion strains.'”® Taken to§ether,
the behavior of tau as a prion-like agent or a prionoid"

appears to be beyond dispute. The physiological consequences
of this behavior are only now slowly being uncovered.

Possible Mechanisms of Tau-Mediated Toxicity in AD
and Tauopathies. Two main mechanisms of toxicity have
been proposed from the perspective of tau function in both AD
and the tauopathies: loss of function and gain of function.*"*>
Loss of function refers to toxicity effects that arise from the
inability of tau to perform its standard function of MT
stabilization when it undergoes hyperphosphorylation and
dendritic mis-sorting during disease. This theory has received,
however, less support in the recent past because of the
discovery that the acute knockdown of tau does not result in
major behavioral or longevity deficits, except in aged mice.*"*
Further, in more than one study, it has been shown that the
knockout of tau has beneficial effects on health as evidenced by
reduced neuronal excitability and the greater resistance of tau
knockout mice to seizures.””'?"'*> The alternative theory,
namely that toxicity arises from an abnormal gain of function, is
largely based on the observation that both AD and the
tauopathies are associated with the formation of hyper-
phosphorylated NFTs, and these are therefore likely mediators
of toxicity.*"*> Although the appearance of NFTs has been
shown to correlate with some measures of cognitive decline in
disease, there is substantial recent evidence that posits that early
intermediates are likely to be the more toxic species, and
mature NFTs may even be neuroprotective in comparison.193
Incidentally, the two main processes that have been shown to
be affected by tau overexpression and subsequent a§gregatlon
are axonal transport and mitochondrial trafficking."

Evidence of the toxicity of soluble forms of tau comes from
several studies in transgenic mouse models and cells. An early
study in a transgenic, repressible mouse model of tauopathy
demonstrated that repression of transgene expression at ages
corresponding to >4 months reversed memory deficits,
although NFTs continued to be present, thereby arguing that
an early intermediate was required for toxicity."®> A subsequent
study in the same model as well as a different mouse model of
tauopathy showed that memory loss was correlated with the
presence of 140 and 170 kDa, SDS-stable, soluble tau oligomers
and not with NFTs."** Multimeric species of the same size were
also detected in brain tissues obtained post-mortem from AD
and FTDP-17 patients."”* Other studies have shown that
deficits in memory formation as measured by long-term
potentiation and synaptic deficits as measured by a disturbance
in the trafficking of NMDA and AMPA receptors precede
neuronal loss and correlate with the mislocalization of soluble,
hyperphosphorylated forms of tau to dendritic spines.'”> There
is also evidence of the appearance of markers of cell death such
as caspase activation, prior to the accumulation of NFT in
mouse models.'”® Finally, more direct evidence of soluble
forms of tau being responsible for neuronal dysfunction comes
from studies in inducible cellular and mouse models that have
compared the consequences of expression of pro-aggregant
(AK280) and anti-aggregant (AK280/1277P/I308P) tau repeat
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domain constructs.'*"'*> While the former species are tau
constructs that accelerate tau aggregation because of their
stronger propensity for f-structure, the latter species are tau
constructs that contain f-strand-breaking proline mutations in
the hexapeptide motifs that prevent aggregation. NFTs and
various toxicity phenotypes are seen only on expression of the
pro-aggregant form of tau; further, repression of transgene
expression rescues cognitive deficits and synapse loss, despite
the persistence of NFTs that switch their composition from a
mixture of exogenous human and endogenous mouse tau to
purely endogenous mouse tau.'”’”

Interaction of Tau and Ag in AD. In the context of AD
where both tau and Af aggregate, it is interesting to examine
what is known about the interplay of the two proteins in
causing neurodegeneration. The earliest prevalent hypothesis
regarding the cause of AD is the amyloid cascade hypothesis in
which the formation of Af by the aberrant cleavage of the
amyloid precursor protein (APP) is the crucial step driving
pathogenesis.'”® The placement of tau in the amyloid cascade is
a matter of much debate, but there has been a surge of recent
evidence that indicates that tau’s role in causing toxicity may be
direct and considerable.”* The bulk of this evidence has
emerged from studies that have shown that the knockout of tau
in APP transgenic mice prevented memory deficits and
premature death®”'*" and that tau™~ cultured hippocampal
neurons are protected from degeneration when they are treated
with fibrillar AB."*® The mechanism by which tau mediates
neurotoxicity has been identified in at least one of these studies
with an AD mouse model, in which it has been shown that tau
is required for the trafficking of Fyn kinase into postsynaptic
sites in the dendrites, where Fyn phosphorylates the NMDA
receptor thereby mediating Ap-induced exc1totox1c1ty de-
fects.'”" This new discovery has thus led to a “tau axis
hypothesis” that couples Af and tau pathology in the dendrite
as an important effector of neurodegeneration.’* First, the
excitotoxicity effects of Af are tau-dependent. Second, the
exposure of neurons to Af triggers hyperphosphorylation of
tau, and the enrichment of Tau—Fyn complexes in lipid rafts in
neurons.**® Phosphorylated tau has a hlgher affinity for Fyn;
incidentally, mutant forms of tau do also.””" This results in
higher levels of dendritic Fyn and greater toxicity effects,
thereby establishing an especially vicious feedback loop. This
new hypothesis awaits exhaustive testing.*’

Tau Aggregation Inhibitors as Candidate Drug
Molecules against Neurodegeneration. Promising candi-
date drug molecules that have emerged from the usage of
robust, high-throughput, biochemical and biophysical assays to
measure tau aggregation inhibition in vitro include anthraqui-
nones,”’> aminothienopyridazines (ATPZs),** phenothia-
zines,”®* and polyphenols and porphyrins.”®> In addition,
these compounds have been shown not to interfere with the
stability of MTs. Among these compounds, the mechanism of
aggregation inhibition has been determined for the phenothia-
zine methylene blue (MB)*°**”” and for the ATPZs,*” as the
oxidation of Cys residues and, hence, the conversion of 4R tau
(which contains two Cys residues) into a compact monomer
that cannot form fibrils. With reference to 3R tau (which
contains one Cys residue), the inhibitory effects of MB on
fibrillization manifest only at high concentrations (>100 yM)
with no significant effect at lower concentrations, while the
ATPZs promote fibrillization at lower concentrations by
promoting dimerization.”****” These results are consistent
with the observation that the formation of intermolecular
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dimers enhances aggregation of 3R tau in vitro, while the
formation of a compact monomer (intramolecular dimer)
inhibits aggregation of 4R tau.'*” Incidentally, MB as a drug
candidate has shown substantial promise in slowing the
progression of the disease in a one-year, multinational, phase
II clinical trial conducted on human AD patients,”*® and a
phase III clinical trial is currently underway. Studies in tau
transgenic mice have shown that although low concentrations
of MB reversed neuronal loss, cognitive improvements required
higher dosages (>470 uM), and this was correlated with a
decrease in soluble tau levels.*”® However, given the nature of
its selective inhibition of 4R tau aggregation in vitro, the efficacy
of MB might be as much because of its effect on multiple
targets,”'* including the enhancement of autophagic’'' and
proteosomal degradation of tau,*'” rather than purely
fibrillization inhibition. Nevertheless, it is heartening to note
that these drug candidates were originally identified through
biochemical and biophysical assays that measured aggregation
inhibition.

B CONCLUSION

The aggregation of the intrinsically disordered protein tau into
ordered amyloid fibrils is a feature of neurodegenerative
disorders such as Alzheimer’s disease and the tauopathies.
Understanding this process of aggregation is important from
the perspective of designing drugs that will abrogate neuro-
degeneration. Biochemical studies that utilize well-defined,
minimal conditions to decipher the mechanism of aggregation
from kinetic studies provide a potential entrée toward
understanding this puzzle of how aggregation contributes to
neuronal death and also provide the basis for high-throughput
drug screens. Mechanistic studies have shown, for example, that
aggregation intermediates such as soluble oligomers and
protofibrils form during the aggregation of tau in vitro,"*>'7
and that tau aggregation is characterized by fibril fragmentation
as a secondary pathway for fibril growth.'* These three
categories of structures (oligomers, protofibrils, and fibril
fragments) are in general known to be the structures
responsible for neurotoxicity during protein aggregation in
disease.’>*'5® Thus, the detection of these structures in vitro
may help explain counterintuitive results from cellular and
mouse models of tauopathies that show that cell death and
neuronal loss occur even in the absence of tau fibrils or
PHFs.'” Although the direct detection of neurotoxic soluble
oligomers, protofibrils, and fibril fragments in vivo is a challenge
for the future, the results from in vitro studies allow the
rationalization of results from in vivo models.

Another important goal of in vitro studies is to understand
the structural heterogeneity underlying the complex energy
landscape of tau aggregation. This necessitates the usage of
high-resolution biophysical probes such as EPR, NMR, and
UVRR spectroscopy to structurally characterize the aggregation
pathway of tau. Studies using EPR and NMR spectroscopy have
mapped the core of the tau fibril and determined that akin to
most other amyloidogenic proteins, the f-strands that compose
the tau fibril cross-f core are arranged in an in-parallel and in-
register fashion; in addition, these studies have provided
evidence of the existence of distinct tau fibril polymorphs.””*’
Dissecting the pathway(s) of tau aggregation leading to the
formation of specific tau fibril polymorphs is again important
from the perspective of rational drug design, geared toward
preventing fibrillization.
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Lastly, mechanistic studies of tau aggregation in vitro have
informed our understanding of how neurodegenerative disease
symptoms appear progressively in brain regions that are trans-
synaptically connected. There is a growing body of evidence of
the prion-like behavior of tau when it spreads from cell to cell
in both cell culture and in transgenic mouse models of
tauopathy.'®* Tt appears likely that this spread of neuro-
degeneration is connected with the “seeding” of aggregation in
naive brain areas; results from biochemical studies have led to
the hypothesis that the “seeds” are fibril fragments and/or
soluble oligomers and protofibrils.'**'® In the future, it is
expected that the dissection of the aggregation mechanism of
tau both in wvitro and in vivo with higher-resolution
spectroscopic and microscopic probes, respectively, will provide
a fuller picture of how tau aggregation leads to neurotoxicity.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: jayant@ncbs.res.in. Telephone: 91-80-23666150. Fax:
91-80-23636662.

Funding

This work was funded by the Tata Institute of Fundamental
Research and the Department of Biotechnology, Government
of India. G.R. was a recipient of the S. P. Mukherjee fellowship
from the Council of Scientific and Industrial Research,
Government of India, at the time of this work. J.B.U. is a
recipient of the J. C. Bose National Fellowship from the
Government of India.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

AFM images shown in Figures 3, 6, and 7c and the TEM image
shown in Figure 3 were acquired at the Central Imaging Facility
of the National Centre for Biological Sciences.

B ABBREVIATIONS

MAP, microtubule-associated protein; MAPT, MAP tau; MT,
microtubule; IDP, intrinsically disordered protein; CNS, central
nervous system; CD, circular dichroism; NMR, nuclear
magnetic resonance; SAXS, small-angle X-ray scattering;
FRET, fluorescence resonance energy transfer; AD, Alzheimer’s
disease; Af, amyloid f; NFT, neurofibrillary tangle; FTDP-17,
frontotemporal dementia and parkinsonism linked to chromo-
some 17; CBD, corticobasal degeneration; PSP, progressive
supranuclear palsy; PHF, paired helical filament; SF, straight
filament; AFM, atomic force microscopy; TEM, transmission
electron microscopy; FTIR, Fourier transform infrared; EPR,
electron paramagnetic resonance; ssNMR, solid-state NMR;
NDP, nucleation-dependent polymerization; ThT, thioflavin T;
ThR, thiazine red; ATPZ, aminothienopyridazines; MB,
methylene blue; UVRR, ultraviolet resonance Raman.

B REFERENCES

(1) Weingarten, M. D., Lockwood, A. H., Hwo, S. Y., and Kirschner,
M. W. (1975) A protein factor essential for microtubule assembly.
Proc. Natl. Acad. Sci. US.A. 72, 1858—1862.

(2) Cassimeris, L., and Spittle, C. (2001) Regulation of microtubule-
associated proteins. Int. Rev. Cytol. 210, 163—226.

(3) Cleveland, D. W.,, Hwo, S. Y., and Kirschner, M. W. (1977)
Purification of tau, a microtubule-associated protein that induces
assembly of microtubules from purified tubulin. J. Mol. Biol. 116, 207—
228S.

dx.doi.org/10.1021/bi400209z | Biochemistry 2013, 52, 4107—4126


mailto:jayant@ncbs.res.in

Biochemistry

(4) Cleveland, D. W.,, Hwo, S. Y., and Kirschner, M. W. (1977)
Physical and chemical properties of purified tau factor and the role of
tau in microtubule assembly. J. Mol. Biol. 116, 227—247.

(5) Neve, R. L., Harris, P., Kosik, K. S., Kurnit, D. M., and Donlon, T.
A. (1986) Identification of cDNA clones for the human microtubule-
associated protein tau and chromosomal localization of the genes for
tau and microtubule-associated protein 2. Brain Res. 387, 271—280.

(6) Andreadis, A., Brown, W. M., and Kosik, K. S. (1992) Structure
and novel exons of the human tau gene. Biochemistry 31, 10626—
10633.

(7) Gu, Y., Oyama, F., and Thara, Y. (1996) Tau is widely expressed
in rat tissues. J. Neurochem. 67, 1235—1244.

(8) Trojanowski, J. Q. Schuck, T., Schmidt, M. L., and Lee, V. M.
(1989) Distribution of tau proteins in the normal human central and
peripheral nervous system. J. Histochem. Cytochem. 37, 209—21S.

(9) Migheli, A., Butler, M., Brown, K., and Shelanski, M. L. (1988)
Light and electron microscope localization of the microtubule-
associated tau protein in rat brain. J. Neurosci. 8, 1846—1851.

(10) LoPresti, P., Szuchet, S., Papasozomenos, S. C., Zinkowski, R. P.,
and Binder, L. . (1995) Functional implications for the microtubule-
associated protein tau: Localization in oligodendrocytes. Proc. Natl.
Acad. Sci. US.A. 92, 10369—10373.

(11) Goedert, M., Wischik, C. M., Crowther, R. A., Walker, J. E., and
Klug, A. (1988) Cloning and sequencing of the cDNA encoding a core
protein of the paired helical filament of Alzheimer disease:
Identification as the microtubule-associated protein tau. Proc. Natl.
Acad. Sci. US.A. 85, 4051—4055.

(12) Lee, G.,, Cowan, N., and Kirschner, M. (1988) The primary
structure and heterogeneity of tau protein from mouse brain. Science
239, 285-288.

(13) Himmler, A., Drechsel, D., Kirschner, M. W., and Martin, D. W.,,
Jr. (1989) Tau consists of a set of proteins with repeated C-terminal
microtubule-binding domains and variable N-terminal domains. Mol.
Cell. Biol. 9, 1381—1388.

(14) Goedert, M., and Jakes, R. (1990) Expression of separate
isoforms of human tau protein: Correlation with the tau pattern in
brain and effects on tubulin polymerization. EMBO J. 9, 4225—4230.

(15) Gustke, N., Trinczek, B., Biernat, ], Mandelkow, E. M., and
Mandelkow, E. (1994) Domains of tau protein and interactions with
microtubules. Biochemistry 33, 9511—9522.

(16) Steiner, B., Mandelkow, E. M., Biernat, J., Gustke, N., Meyer, H.
E., Schmidt, B., Mieskes, G., Soling, H. D., Drechsel, D., Kirschner, M.
W., et al. (1990) Phosphorylation of microtubule-associated protein
tau: Identification of the site for Ca**-calmodulin dependent kinase
and relationship with tau phosphorylation in Alzheimer tangles. EMBO
J. 9, 3539—-3544.

(17) Vallee, R. B, and Borisy, G. G. (1977) Removal of the
projections from cytoplasmic microtubules in vitro by digestion with
trypsin. J. Biol. Chem. 252, 377—382.

(18) Hirokawa, N., Shiomura, Y., and Okabe, S. (1988) Tau proteins:
The molecular structure and mode of binding on microtubules. J. Cell
Biol. 107, 1449—1459.

(19) Goedert, M., Spillantini, M. G., Potier, M. C., Ulrich, J,, and
Crowther, R. A. (1989) Cloning and sequencing of the cDNA
encoding an isoform of microtubule-associated protein tau containing
four tandem repeats: Differential expression of tau protein mRNAs in
human brain. EMBO J. 8, 393—399.

(20) Mukrasch, M. D., Bibow, S. Korukottu, J,, Jeganathan, S,
Biernat, J., Griesinger, C., Mandelkow, E., and Zweckstetter, M. (2009)
Structural polymorphism of 441-residue tau at single residue
resolution. PLoS Biol. 7, e34.

(21) Schweers, O., Schonbrunn-Hanebeck, E., Marx, A, and
Mandelkow, E. (1994) Structural studies of tau protein and Alzheimer
paired helical filaments show no evidence for f-structure. J. Biol. Chem.
269, 24290—-24297.

(22) Mylonas, E., Hascher, A, Bernado, P. Blackledge, M,
Mandelkow, E., and Svergun, D. L. (2008) Domain conformation of
tau protein studied by solution small-angle X-ray scattering.
Biochemistry 47, 10345—10353.

(23) Fitzkee, N. C., and Rose, G. D. (2004) Reassessing random-coil
statistics in unfolded proteins. Proc. Natl. Acad. Sci. U.S.A. 101, 12497—
12502.

(24) Jicha, G. A, Bowser, R., Kazam, L. G., and Davies, P. (1997) Alz-
50 and MC-1, a new monoclonal antibody raised to paired helical
filaments, recognize conformational epitopes on recombinant tau. J.
Neurosci. Res. 48, 128—132.

(25) Carmel, G., Mager, E. M., Binder, L. I, and Kuret, J. (1996) The
structural basis of monoclonal antibody AlzS50’s selectivity for
Alzheimer’s disease pathology. J. Biol. Chem. 271, 32789—32795.

(26) Jeganathan, S., von Bergen, M., Brutlach, H., Steinhoff, H. J., and
Mandelkow, E. (2006) Global hairpin folding of tau in solution.
Biochemistry 45, 2283—2293.

(27) Elbaum-Garfinkle, S., and Rhoades, E. (2012) Identification of
an aggregation-prone structure of tau. J. Am. Chem. Soc. 134, 16607—
16613.

(28) Goode, B. L., and Feinstein, S. C. (1994) Identification of a
novel microtubule binding and assembly domain in the devel-
opmentally regulated inter-repeat region of tau. J. Cell Biol. 124,
769—-782.

(29) Butner, K. A, and Kirschner, M. W. (1991) Tau protein binds
to microtubules through a flexible array of distributed weak sites. J. Cell
Biol. 115, 717—730.

(30) Makrides, V., Massie, M. R,, Feinstein, S. C., and Lew, J. (2004)
Evidence for two distinct binding sites for tau on microtubules. Proc.
Natl. Acad. Sci. US.A. 101, 6746—6751.

(31) Duan, A. R, and Goodson, H. V. (2012) Taxol-stabilized
microtubules promote the formation of filaments from unmodified
full-length tau in vitro. Mol. Biol. Cell 23, 4796—4806.

(32) Ackmann, M., Wiech, H., and Mandelkow, E. (2000)
Nonsaturable binding indicates clustering of tau on the microtubule
surface in a paired helical filament-like conformation. J. Biol. Chem.
27§, 30335—30343.

(33) Goode, B. L., Denis, P. E., Panda, D., Radeke, M. J., Miller, H.
P., Wilson, L., and Feinstein, S. C. (1997) Functional interactions
between the proline-rich and repeat regions of tau enhance
microtubule binding and assembly. Mol. Biol. Cell 8, 353—365.

(34) Mukrasch, M. D., von Bergen, M., Biernat, J., Fischer, D.,
Griesinger, C., Mandelkow, E., and Zweckstetter, M. (2007) The
“jaws” of the tau-microtubule interaction. J. Biol. Chem. 282, 12230—
12239.

(35) Panda, D, Miller, H. P, and Wilson, L. (1999) Rapid
treadmilling of brain microtubules free of microtubule-associated
proteins in vitro and its suppression by tau. Proc. Natl. Acad. Sci. U.S.A.
96, 12459—12464.

(36) Panda, D., Samuel, J. C., Massie, M., Feinstein, S. C., and
Wilson, L. (2003) Differential regulation of microtubule dynamics by
three- and four-repeat tau: Implications for the onset of neuro-
degenerative disease. Proc. Natl. Acad. Sci. US.A. 100, 9548—9553.

(37) Hoh, J. H. (1998) Functional protein domains from the
thermally driven motion of polypeptide chains: A proposal. Proteins 32,
223-228.

(38) Mandelkow, E. M., and Mandelkow, E. (2012) Biochemistry
and cell biology of tau protein in neurofibrillary degeneration. Cold
Spring Harbor Perspect. Med. 2, a006247.

(39) Chen, J., Kanai, Y., Cowan, N. J., and Hirokawa, N. (1992)
Projection domains of MAP2 and tau determine spacings between
microtubules in dendrites and axons. Nature 360, 674—677.

(40) Dixit, R, Ross, J. L., Goldman, Y. E., and Holzbaur, E. L. (2008)
Differential regulation of dynein and kinesin motor proteins by tau.
Science 319, 1086—1089.

(41) Morris, M., Maeda, S., Vossel, K., and Mucke, L. (2011) The
many faces of tau. Neuron 70, 410—426.

(42) Dunker, A. K, Silman, I, Uversky, V. N., and Sussman, J. L.
(2008) Function and structure of inherently disordered proteins. Curr.
Opin. Struct. Biol. 18, 756—764.

(43) Brandt, R, Leger, J., and Lee, G. (1995) Interaction of tau with
the neural plasma membrane mediated by tau’s amino-terminal
projection domain. J. Cell Biol. 131, 1327—1340.

dx.doi.org/10.1021/bi400209z | Biochemistry 2013, 52, 4107—4126



Biochemistry

(44) Fulga, T. A, Elson-Schwab, I, Khurana, V., Steinhilb, M. L,
Spires, T. L., Hyman, B. T., and Feany, M. B. (2007) Abnormal
bundling and accumulation of F-actin mediates tau-induced neuronal
degeneration in vivo. Nat. Cell Biol. 9, 139—148.

(45) Whiteman, I. T., Gervasio, O. L., Cullen, K. M., Guillemin, G. J.,
Jeong, E. V., Witting, P. K, Antao, S. T., Minamide, L. S., Bamburg, J.
R, and Goldsbury, C. (2009) Activated actin-depolymerizing factor/
cofilin sequesters phosphorylated microtubule-associated protein
during the assembly of Alzheimer-like neuritic cytoskeletal striations.
J. Neurosci. 29, 12994—13008.

(46) Reynolds, C. H., Garwood, C. J., Wray, S., Price, C., Kellie, S.,
Perera, T., Zvelebil, M., Yang, A., Sheppard, P. W,, Varndell, 1. M,
Hanger, D. P., and Anderton, B. H. (2008) Phosphorylation regulates
tau interactions with Src homology 3 domains of phosphatidylinositol
3-kinase, phospholipase Cyl, Grb2, and Src family kinases. J. Biol.
Chem. 283, 18177—18186.

(47) Leugers, C. J.,, and Lee, G. (2010) Tau potentiates nerve growth
factor-induced mitogen-activated protein kinase signaling and neurite
initiation without a requirement for microtubule binding. J. Biol. Chem.
285, 19125—-19134.

(48) Rouzier, R, Rajan, R., Wagner, P., Hess, K. R,, Gold, D. L, Stec,
J., Ayers, M,, Ross, J. S., Zhang, P., Buchholz, T. A,, Kuerer, H., Green,
M, Arun, B, Hortobagyi, G. N., Symmans, W. F., and Pusztai, L.
(2005) Microtubule-associated protein tau: A marker of paclitaxel
sensitivity in breast cancer. Proc. Natl. Acad. Sci. US.A. 102, 8315—
8320.

(49) Sultan, A, Nesslany, F., Violet, M., Begard, S., Loyens, A,
Talahari, S, Mansuroglu, Z., Marzin, D., Sergeant, N., Humez, S,
Colin, M., Bonnefoy, E., Buee, L., and Galas, M. C. (2011) Nuclear
tau, a key player in neuronal DNA protection. J. Biol. Chem. 286,
4566—4575.

(50) Petrucelli, L., Dickson, D., Kehoe, K., Taylor, J., Snyder, H,,
Grover, A., De Lucia, M., McGowan, E., Lewis, J., Prihar, G., Kim, J.,
Dillmann, W. H., Browne, S. E., Hall, A, Voellmy, R., Tsuboj, Y,
Dawson, T. M., Wolozin, B., Hardy, J., and Hutton, M. (2004) CHIP
and Hsp70 regulate tau ubiquitination, degradation and aggregation.
Hum. Mol. Genet. 13, 703—714.

(51) Shimura, H., Schwartz, D., Gygi, S. P., and Kosik, K. S. (2004)
CHIP-Hsc70 complex ubiquitinates phosphorylated tau and enhances
cell survival. J. Biol. Chem. 279, 4869—4876.

(52) Tint, L, Slaughter, T., Fischer, L, and Black, M. M. (1998) Acute
inactivation of tau has no effect on dynamics of microtubules in
growing axons of cultured sympathetic neurons. J. Neurosci. 18, 8660—
8673.

(53) Harada, A., Oguchi, K., Okabe, S., Kuno, J., Terada, S., Ohshima,
T., Sato-Yoshitake, R., Takei, Y., Noda, T., and Hirokawa, N. (1994)
Altered microtubule organization in small-calibre axons of mice lacking
tau protein. Nature 369, 488—491.

(54) Dawson, H. N,, Ferreira, A., Eyster, M. V., Ghoshal, N., Binder,
L. L, and Vitek, M. P. (2001) Inhibition of neuronal maturation in
primary hippocampal neurons from tau deficient mice. J. Cell Sci. 114,
1179-1187.

(55) Tucker, K. L, Meyer, M., and Barde, Y. A. (2001)
Neurotrophins are required for nerve growth during development.
Nat. Neurosci. 4, 29—37.

(56) Muramatsu, K., Hashimoto, Y., Uemura, T., Kunii, M., Harada,
R, Sato, T., Morikawa, A., and Harada, A. (2008) Neuron-specific
recombination by Cre recombinase inserted into the murine tau locus.
Biochem. Biophys. Res. Commun. 370, 419—423.

(57) Roberson, E. D., Scearce-Levie, K., Palop, J. J,, Yan, F., Cheng, L.
H., Wy, T,, Gerstein, H,, Yu, G. Q. and Mucke, L. (2007) Reducing
endogenous tau ameliorates amyloid p-induced deficits in an
Alzheimer’s disease mouse model. Science 316, 750—754.

(58) Yuan, A., Kumar, A., Peterhoff, C., Duff, K,, and Nixon, R. A.
(2008) Axonal transport rates in vivo are unaffected by tau deletion or
overexpression in mice. J. Neurosci. 28, 1682—1687.

(59) Ikegami, S. Harada, A, and Hirokawa, N. (2000) Muscle
weakness, hyperactivity, and impairment in fear conditioning in tau-
deficient mice. Neurosci. Lett. 279, 129—132.

4122

(60) Ittner, L. M., and Gotz, J. (2011) Amyloid-f and tau: A toxic pas
de deux in Alzheimer’s disease. Nat. Rev. Neurosci. 12, 65—72.

(61) Takei, Y., Teng, J., Harada, A, and Hirokawa, N. (2000) Defects
in axonal elongation and neuronal migration in mice with disrupted
tau and maplb genes. J. Cell Biol. 150, 989—1000.

(62) Garcia, M. L., and Cleveland, D. W. (2001) Going new places
using an old MAP: Tau, microtubules and human neurodegenerative
disease. Curr. Opin. Cell Biol. 13, 41—48.

(63) Kang, J., Lemaire, H. G., Unterbeck, A., Salbaum, J. M., Masters,
C. L., Grzeschik, K. H., Multhaup, G., Beyreuther, K., and Muller-Hill,
B. (1987) The precursor of Alzheimer’s disease amyloid A4 protein
resembles a cell-surface receptor. Nature 325, 733—736.

(64) Brion, J. P., Couck, A. M., Passareiro, E., and Flament-Durand, J.
(1985) Neurofibrillary tangles of Alzheimer’s disease: An immunohis-
tochemical study. J. Submicrosc. Cytol. 17, 89—96.

(65) Grundke-Igbal, I, Igbal, K, Tung, Y. C, Quinlan, M,
Wisniewski, H. M., and Binder, L. 1. (1986) Abnormal phosphor-
ylation of the microtubule-associated protein tau (tau) in Alzheimer
cytoskeletal pathology. Proc. Natl. Acad. Sci. U.S.A. 83, 4913—4917.

(66) Arriagada, P. V., Growdon, J. H.,, Hedley-Whyte, E. T., and
Hyman, B. T. (1992) Neurofibrillary tangles but not senile plaques
parallel duration and severity of Alzheimer’s disease. Neurology 42,
631—-639.

(67) Wilcock, G. K., and Esiri, M. M. (1982) Plaques, tangles and
dementia. A quantitative study. J. Neurol. Sci. 56, 343—356.

(68) Hutton, M., Lendon, C. L., Rizzu, P., Baker, M., Froelich, S.,
Houlden, H., Pickering-Brown, S., Chakraverty, S., Isaacs, A., Grover,
A., Hackett, J.,, Adamson, J., Lincoln, S., Dickson, D., Davies, P.,
Petersen, R. C., Stevens, M., de Graaff, E.,, Wauters, E., van Baren, J.,
Hillebrand, M., Joosse, M., Kwon, J. M., Nowotny, P., Che, L. K,
Norton, J., Morris, J. C,, Reed, L. A, Trojanowski, J., Basun, H,,
Lannfelt, L., Neystat, M., Fahn, S., Dark, F., Tannenberg, T., Dodd, P.
R.,, Hayward, N., Kwok, J. B,, Schofield, P. R., Andreadis, A., Snowden,
J., Craufurd, D., Neary, D., Owen, F., Oostra, B. A,, Hardy, J.,, Goate,
A, van Swieten, J., Mann, D., Lynch, T., and Heutink, P. (1998)
Association of missense and 5’-splice-site mutations in tau with the
inherited dementia FTDP-17. Nature 393, 702—70S.

(69) Poorkaj, P., Bird, T. D., Wijsman, E., Nemens, E., Garruto, R.
M., Anderson, L., Andreadis, A., Wiederholt, W. C., Raskind, M., and
Schellenberg, G. D. (1998) Tau is a candidate gene for chromosome
17 frontotemporal dementia. Ann. Neurol. 43, 815—825.

(70) Spillantini, M. G., Murrell, J. R, Goedert, M., Farlow, M. R,
Klug, A., and Ghetti, B. (1998) Mutation in the tau gene in familial
multiple system tauopathy with presenile dementia. Proc. Natl. Acad.
Sci. US.A. 95, 7737—=7741.

(71) Goedert, M. (2005) Tau gene mutations and their effects. Mov.
Disord. 20 (Suppl. 12), S45—S52.

(72) Hasegawa, M., Smith, M. J, and Goedert, M. (1998) Tau
proteins with FTDP-17 mutations have a reduced ability to promote
microtubule assembly. FEBS Lett. 437, 207—210.

(73) Hong, M., Zhukareva, V., Vogelsberg-Ragaglia, V., Wszolek, Z.,
Reed, L., Miller, B. I, Geschwind, D. H,, Bird, T. D., McKeel, D.,
Goate, A, Morris, J. C., Wilhelmsen, K. C, Schellenberg, G. D,
Trojanowski, J. Q, and Lee, V. M. (1998) Mutation-specific functional
impairments in distinct tau isoforms of hereditary FTDP-17. Science
282, 1914—1917.

(74) Zhong, Q., Congdon, E. E., Nagaraja, H. N, and Kuret, J.
(2012) Tau isoform composition influences rate and extent of filament
formation. J. Biol. Chem. 287, 20711-20719.

(75) Pittman, A. M., Fung, H. C,, and de Silva, R. (2006) Untangling
the tau gene association with neurodegenerative disorders. Hum. Mol.
Genet. 15 (Spec. No.2), R188—R195.

(76) Corder, E. H., Saunders, A. M., Strittmatter, W. J., Schmechel,
D. E,, Gaskell, P. C,, Small, G. W,, Roses, A. D., Haines, J. L., and
Pericak-Vance, M. A. (1993) Gene dose of apolipoprotein E type 4
allele and the risk of Alzheimer’s disease in late onset families. Science
261, 921-923.

dx.doi.org/10.1021/bi400209z | Biochemistry 2013, 52, 4107—4126



Biochemistry

(77) Neale, B. M., and Sham, P. C. (2004) The future of association
studies: Gene-based analysis and replication. Am. J. Hum. Genet. 75,
353-362.

(78) Niblock, M., and Gallo, J. M. (2012) Tau alternative splicing in
familial and sporadic tauopathies. Biochem. Soc. Trans. 40, 677—680.

(79) von Bergen, M., Barghorn, S., Biernat, J., Mandelkow, E. M,, and
Mandelkow, E. (2005) Tau aggregation is driven by a transition from
random coil to f sheet structure. Biochim. Biophys. Acta 1739, 158—
166.

(80) Yu, Y, Run, X, Liang, Z, Li, Y, Liu, F., Liu, Y, Igbal, K,
Grundke-Igbal, I, and Gong, C. X. (2009) Developmental regulation
of tau phosphorylation, tau kinases, and tau phosphatases. J.
Neurochem. 108, 1480—1494.

(81) Arendt, T., Stieler, J,, Strijkstra, A. M., Hut, R. A, Rudiger, ],
Van der Zee, E. A, Harkany, T., Holzer, M., and Hartig, W. (2003)
Reversible paired helical filament-like phosphorylation of tau is an
adaptive process associated with neuronal plasticity in hibernating
animals. J. Neurosci. 23, 6972—6981.

(82) Planel, E., Richter, K. E., Nolan, C. E., Finley, J. E., Liu, L., Wen,
Y., Krishnamurthy, P., Herman, M., Wang, L., Schachter, J. B., Nelson,
R. B, Lau, L. F, and Duff, K. E. (2007) Anesthesia leads to tau
hyperphosphorylation through inhibition of phosphatase activity by
hypothermia. J. Neurosci. 27, 3090—3097.

(83) Kosik, K. S., Joachim, C. L., and Selkoe, D. J. (1986)
Microtubule-associated protein tau (tau) is a major antigenic
component of paired helical filaments in Alzheimer disease. Proc.
Natl. Acad. Sci. US.A. 83, 4044—4048.

(84) Kidd, M. (1963) Paired helical filaments in electron microscopy
of Alzheimer’s disease. Nature 197, 192—193.

(85) Crowther, R. A. (1991) Straight and paired helical filaments in
Alzheimer disease have a common structural unit. Proc. Natl. Acad. Sci.
US.A. 88, 2288—2292.

(86) Pollanen, M. S., Markiewicz, P., Bergeron, C., and Goh, M. C.
(1994) Twisted ribbon structure of paired helical filaments revealed by
atomic force microscopy. Am. J. Pathol. 144, 869—873.

(87) Moreno-Herrero, F., Perez, M., Baro, A. M., and Avila, J. (2004)
Characterization by atomic force microscopy of Alzheimer paired
helical filaments under physiological conditions. Biophys. J. 86, 517—
528.

(88) Wegmann, S., Jung, Y. J., Chinnathambji, S., Mandelkow, E. M.,
Mandelkow, E. and Muller, D. J. (2010) Human tau isoforms
assemble into ribbon-like fibrils that display polymorphic structure and
stability. J. Biol. Chem. 285, 27302—27313.

(89) Wischik, C. M., Novak, M., Edwards, P. C., Klug, A.,, Tichelaar,
W., and Crowther, R. A. (1988) Structural characterization of the core
of the paired helical filament of Alzheimer disease. Proc. Natl. Acad. Sci.
U.S.A. 85, 4884—4888.

(90) von Bergen, M., Friedhoff, P., Biernat, J., Heberle, J,
Mandelkow, E. M., and Mandelkow, E. (2000) Assembly of tau
protein into Alzheimer paired helical filaments depends on a local
sequence motif ((306)VQIVYK(311)) forming /3 structure. Proc. Natl.
Acad. Sci. US.A. 97, 5129—-5134.

(91) Li, L., von Bergen, M., Mandelkow, E. M,, and Mandelkow, E.
(2002) Structure, stability, and aggregation of paired helical filaments
from tau protein and FTDP-17 mutants probed by tryptophan
scanning mutagenesis. J. Biol. Chem. 277, 41390—41400.

(92) Berriman, J., Serpell, L. C., Oberg, K. A, Fink, A. L., Goedert,
M., and Crowther, R. A. (2003) Tau filaments from human brain and
from in vitro assembly of recombinant protein show cross-f structure.
Proc. Natl. Acad. Sci. U.S.A. 100, 9034—9038.

(93) von Bergen, M., Barghorn, S., Li, L, Marx, A, Biernat, J,
Mandelkow, E. M., and Mandelkow, E. (2001) Mutations of tau
protein in frontotemporal dementia promote aggregation of paired
helical filaments by enhancing local f-structure. J. Biol. Chem. 276,
48165—48174.

(94) von Bergen, M., Barghorn, S, Muller, S. A., Pickhardt, M.,
Biernat, J., Mandelkow, E. M., Davies, P., Aebi, U., and Mandelkow, E.
(2006) The core of tau-paired helical filaments studied by scanning

4123

transmission electron microscopy and limited proteolysis. Biochemistry
45, 6446—6457.

(95) Congdon, E. E,, Kim, S., Bonchak, J., Songrug, T., Matzavinos,
A, and Kuret, J. (2008) Nucleation-dependent tau filament formation:
The importance of dimerization and an estimation of elementary rate
constants. J. Biol. Chem. 283, 13806—13816.

(96) Margittai, M., and Langen, R. (2004) Template-assisted filament
growth by parallel stacking of tau. Proc. Natl. Acad. Sci. US.A. 101,
10278—10283.

(97) Margittai, M., and Langen, R. (2006) Side chain-dependent
stacking modulates tau filament structure. J. Biol. Chem. 281, 37820—
37827.

(98) Andronesi, O. C, von Bergen, M., Biernat, J, Seidel, K,
Griesinger, C., Mandelkow, E., and Baldus, M. (2008) Characterization
of Alzheimer’s-like paired helical filaments from the core domain of tau
protein using solid-state NMR spectroscopy. J. Am. Chem. Soc. 130,
5922—-5928.

(99) Daebel, V., Chinnathambi, S., Biernat, J., Schwalbe, M.,
Habenstein, B, Loquet, A., Akoury, E., Tepper, K, Muller, H,
Baldus, M., Griesinger, C., Zweckstetter, M., Mandelkow, E., Vijayan,
V., and Lange, A. (2012) f-Sheet Core of Tau Paired Helical
Filaments Revealed by Solid-State NMR. ]. Am. Chem. Soc. 134,
13982—13989.

(100) Jeganathan, S., von Bergen, M., Mandelkow, E. M, and
Mandelkow, E. (2008) The natively unfolded character of tau and its
aggregation to Alzheimer-like paired helical filaments. Biochemistry 47,
10526—10539.

(101) Mocanu, M. M., Nissen, A., Eckermann, K., Khlistunova, I,
Biernat, J., Drexler, D., Petrova, O., Schonig, K, Bujard, H,
Mandelkow, E., Zhou, L., Rune, G., and Mandelkow, E. M. (2008)
The potential for fS-structure in the repeat domain of tau protein
determines aggregation, synaptic decay, neuronal loss, and coassembly
with endogenous tau in inducible mouse models of tauopathy. J.
Neurosci. 28, 737—748.

(102) Khlistunova, I, Pickhardt, M., Biernat, ], Wang, Y,
Mandelkow, E. M., and Mandelkow, E. (2007) Inhibition of tau
aggregation in cell models of tauopathy. Curr. Alzheimer Res. 4, 544—
546.

(103) Inouye, H. Sharma, D., Goux, W. J,, and Kirschner, D. A.
(2006) Structure of core domain of fibril-forming PHF/tau fragments.
Biophys. ]. 90, 1774—1789.

(104) Sawaya, M. R, Sambashivan, S., Nelson, R., Ivanova, M. L,
Sievers, S. A., Apostol, M. I, Thompson, M. J., Balbirnie, M., Wiltzius,
J. J., McFarlane, H. T., Madsen, A. O., Riekel, C., and Eisenberg, D.
(2007) Atomic structures of amyloid cross-f spines reveal varied steric
zippers. Nature 447, 453—457.

(105) Goux, W. J., Kopplin, L., Nguyen, A. D., Leak, K., Rutkofsky,
M., Shanmuganandam, V. D., Sharma, D., Inouye, H., and Kirschner,
D. A. (2004) The formation of straight and twisted filaments from
short tau peptides. J. Biol. Chem. 279, 26868—2687S.

(106) Moore, C. L., Huang, M. H., Robbennolt, S. A., Voss, K. R,
Combs, B, Gamblin, T. C.,, and Goux, W. J. (2011) Secondary
nucleating sequences affect kinetics and thermodynamics of tau
aggregation. Biochemistry 50, 10876—10886.

(107) Harper, J. D., and Lansbury, P. T, Jr. (1997) Models of
amyloid seeding in Alzheimer’s disease and scrapie: Mechanistic truths
and physiological consequences of the time-dependent solubility of
amyloid proteins. Annu. Rev. Biochem. 66, 385—407.

(108) Frieden, C. (2007) Protein aggregation processes: In search of
the mechanism. Protein Sci. 16, 2334—2344.

(109) Morris, A. M., Watzky, M. A., and Finke, R. G. (2009) Protein
aggregation kinetics, mechanism, and curve-fitting: A review of the
literature. Biochim. Biophys. Acta 1794, 375—397.

(110) Bernacki, J. P, and Murphy, R. M. (2009) Model
discrimination and mechanistic interpretation of kinetic data in
protein aggregation studies. Biophys. J. 96, 2871—2887.

(111) Ferrone, F. (1999) Analysis of protein aggregation kinetics.
Methods Enzymol. 309, 256—274.

dx.doi.org/10.1021/bi400209z | Biochemistry 2013, 52, 4107—4126



Biochemistry

(112) Erickson, H. P., and Pantaloni, D. (1981) The role of subunit
entropy in cooperative assembly. Nucleation of microtubules and
other two-dimensional polymers. Biophys. J. 34, 293—309.

(113) Bishop, M. F, and Ferrone, F. A. (1984) Kinetics of
nucleation-controlled polymerization. A perturbation treatment for
use with a secondary pathway. Biophys. J. 46, 631—644.

(114) Roberts, C. J. (2007) Non-native protein aggregation kinetics.
Biotechnol. Bioeng. 98, 927—938.

(115) Oosawa, F., and Kasai, M. (1962) A theory of linear and helical
aggregations of macromolecules. J. Mol. Biol. 4, 10—21.

(116) Teplow, D. B. (2006) Preparation of amyloid f-protein for
structural and functional studies. Methods Enzymol. 413, 20—33.

(117) Kuret, J., Congdon, E. E,, Li, G, Yin, H,, Yu, X,, and Zhong, Q.
(2005) Evaluating triggers and enhancers of tau fibrillization. Microsc.
Res. Tech. 67, 141—158.

(118) Crowther, R. A,, Olesen, O. F., Smith, M. J., Jakes, R,, and
Goedert, M. (1994) Assembly of Alzheimer-like filaments from full-
length tau protein. FEBS Lett. 337, 135—138.

(119) Wille, H., Drewes, G., Biernat, J., Mandelkow, E. M., and
Mandelkow, E. (1992) Alzheimer-like paired helical filaments and
antiparallel dimers formed from microtubule-associated protein tau in
vitro. J. Cell Biol. 118, 573—584.

(120) Crowther, R. A, Olesen, O. F., Jakes, R.,, and Goedert, M.
(1992) The microtubule binding repeats of tau protein assemble into
filaments like those found in Alzheimer’s disease. FEBS Lett. 309, 199—
202.

(121) Barrantes, A., Sotres, J., Hernando-Perez, M., Benitez, M. J., de
Pablo, P. ], Baro, A. M, Avila, J,, and Jimenez, J. S. (2009) Tau
aggregation followed by atomic force microscopy and surface plasmon
resonance, and single molecule tau-tau interaction probed by atomic
force spectroscopy. J. Alzheimer’s Dis. 18, 141—151.

(122) Friedhoff, P., Schneider, A, Mandelkow, E. M., and
Mandelkow, E. (1998) Rapid assembly of Alzheimer-like paired
helical filaments from microtubule-associated protein tau monitored
by fluorescence in solution. Biochemistry 37, 10223—10230.

(123) Wilson, D. M., and Binder, L. L (1997) Free fatty acids
stimulate the polymerization of tau and amyloid f peptides. In vitro
evidence for a common effector of pathogenesis in Alzheimer’s disease.
Am. ]. Pathol. 150, 2181—-2195.

(124) Goedert, M., Jakes, R., Spillantini, M. G., Hasegawa, M., Smith,
M. ], and Crowther, R. A. (1996) Assembly of microtubule-associated
protein tau into Alzheimer-like filaments induced by sulphated
glycosaminoglycans. Nature 383, 550—553.

(125) Kampers, T., Friedhoff, P., Biernat, J., Mandelkow, E. M., and
Mandelkow, E. (1996) RNA stimulates aggregation of microtubule-
associated protein tau into Alzheimer-like paired helical filaments.
FEBS Lett. 399, 344—349.

(126) Chirita, C. N., Necula, M., and Kuret, J. (2003) Anionic
micelles and vesicles induce tau fibrillization in vitro. J. Biol. Chem. 278,
25644—25650.

(127) Elbaum-Garfinkle, S., Ramlall, T., and Rhoades, E. (2010) The
role of the lipid bilayer in tau aggregation. Biophys. J. 98, 2722—2730.

(128) Santa-Maria, I, Hernandez, F., Martin, C. P., Avila, J., and
Moreno, F. J. (2004) Quinones facilitate the self-assembly of the
phosphorylated tubulin binding region of tau into fibrillar polymers.
Biochemistry 43, 2888—2897.

(129) Santa-Maria, I, Hernandez, F., Moreno, F. J.,, and Avila, J.
(2007) Taurine, an inducer for tau polymerization and a weak
inhibitor for amyloid-$-peptide aggregation. Neurosci. Lett. 429, 91—94.

(130) Konno, T. Oiki, S, Hasegawa, K, and Naiki, H. (2004)
Anionic contribution for fibrous maturation of protofibrillar assemblies
of the human tau repeat domain in a fluoroalcohol solution.
Biochemistry 43, 13613—13620.

(131) Montejo de Garcini, E., and Avila, J. (1987) In vitro conditions
for the self-polymerization of the microtubule-associated protein, tau
factor. J. Biochem. 102, 1415—1421.

(132) Barghorn, S., and Mandelkow, E. (2002) Toward a unified
scheme for the aggregation of tau into Alzheimer paired helical
filaments. Biochemistry 41, 14885—14896.

4124

(133) Necula, M., and Kuret, J. (2004) A static laser light scattering
assay for surfactant-induced tau fibrillization. Anal. Biochem. 333, 205—
21S.

(134) Chirita, C. N., Congdon, E. E,, Yin, H., and Kuret, J. (2005)
Triggers of full-length tau aggregation: A role for partially folded
intermediates. Biochemistry 44, 5862—5872.

(135) Chirita, C. N, and Kuret, J. (2004) Evidence for an
intermediate in tau filament formation. Biochemistry 43, 1704—1714.

(136) Gray, E. G., Paula-Barbosa, M., and Roher, A. (1987)
Alzheimer’s disease: Paired helical filaments and cytomembranes.
Neuropathol. Appl. Neurobiol. 13, 91—110.

(137) King, M. E,, Ahuja, V., Binder, L. I, and Kuret, J. (1999)
Ligand-dependent tau filament formation: Implications for Alzheimer’s
disease progression. Biochemistry 38, 14851—14859.

(138) Ramachandran, G., and Udgaonkar, J. B. (2011) Under-
standing the kinetic roles of the inducer heparin and of rod-like
protofibrils during amyloid fibril formation by tau protein. J. Biol
Chem. 286, 38948—38959.

(139) Sibille, N., Sillen, A., Leroy, A., Wieruszeski, J. M., Mulloy, B.,
Landrieu, I, and Lippens, G. (2006) Structural impact of heparin
binding to full-length tau as studied by NMR spectroscopy.
Biochemistry 45, 12560—12572.

(140) Zhuy, H. L., Fernandez, C., Fan, J. B,, Shewmaker, F., Chen, J.,
Minton, A. P., and Liang, Y. (2010) Quantitative characterization of
heparin binding to tau protein: Implication for inducer-mediated tau
filament formation. J. Biol. Chem. 285, 3592—3599.

(141) Friedhoff, P., von Bergen, M., Mandelkow, E. M., Davies, P.,
and Mandelkow, E. (1998) A nucleated assembly mechanism of
Alzheimer paired helical filaments. Proc. Natl. Acad. Sci. US.A. 95,
15712—-15717.

(142) Kauret, J., Chirita, C. N., Congdon, E. E., Kannanayakal, T, Li,
G., Necula, M,, Yin, H, and Zhong, Q. (2005) Pathways of tau
fibrillization. Biochim. Biophys. Acta 1739, 167—178.

(143) Ramachandran, G., and Udgaonkar, J. B. (2012) Evidence for
the Existence of a Secondary Pathway for Fibril Growth during the
Aggregation of Tau. J. Mol. Biol. 421, 296—314.

(144) Carlson, S. W., Branden, M., Voss, K., Sun, Q., Rankin, C. A,,
and Gamblin, T. C. (2007) A complex mechanism for inducer
mediated tau polymerization. Biochemistry 46, 8838—8849.

(145) Combs, B, and Gamblin, T. C. (2012) FTDP-17 Tau
Mutations Induce Distinct Effects on Aggregation and Microtubule
Interactions. Biochemistry 51, 8597—8607.

(146) Morris, A. M., Watzky, M. A, Agar, J. N, and Finke, R. G.
(2008) Fitting neurological protein aggregation kinetic data via a 2-
step, minimal/”Ockham’s razor” model: The Finke-Watzky mecha-
nism of nucleation followed by autocatalytic surface growth.
Biochemistry 47, 2413—2427.

(147) Ruschak, A. M., and Miranker, A. D. (2007) Fiber-dependent
amyloid formation as catalysis of an existing reaction pathway. Proc.
Natl. Acad. Sci. US.A. 104, 12341—12346.

(148) Hall, D., and Edskes, H. (2004) Silent prions lying in wait: A
two-hit model of prion/amyloid formation and infection. J. Mol. Biol.
336, 775—786.

(149) Collins, S. R, Douglass, A., Vale, R. D., and Weissman, J. S.
(2004) Mechanism of prion propagation: Amyloid growth occurs by
monomer addition. PLoS Biol. 2, e321.

(150) Xue, W. F., Homans, S. W.,, and Radford, S. E. (2008)
Systematic analysis of nucleation-dependent polymerization reveals
new insights into the mechanism of amyloid self-assembly. Proc. Natl.
Acad. Sci. US.A. 105, 8926—8931.

(151) Librizzi, F., and Rischel, C. (200S) The kinetic behavior of
insulin fibrillation is determined by heterogeneous nucleation
pathways. Protein Sci. 14, 3129—3134.

(152) Caughey, B., and Lansbury, P. T. (2003) Protofibrils, pores,
fibrils, and neurodegeneration: Separating the responsible protein
aggregates from the innocent bystanders. Annu. Rev. Neurosci. 26, 267—
298.

dx.doi.org/10.1021/bi400209z | Biochemistry 2013, 52, 4107—4126



Biochemistry

(153) Xue, W. F., Hellewell, A. L., Gosal, W. S, Homans, S. W,,
Hewitt, E. W., and Radford, S. E. (2009) Fibril fragmentation enhances
amyloid cytotoxicity. J. Biol. Chem. 284, 34272—34282.

(154) Barghorn, S., Zheng-Fischhofer, Q., Ackmann, M., Biernat, J.,
von Bergen, M, Mandelkow, E. M, and Mandelkow, E. (2000)
Structure, microtubule interactions, and paired helical filament
aggregation by tau mutants of frontotemporal dementias. Biochemistry
39, 11714—11721.

(155) Gamblin, T. C,, King, M. E., Dawson, H,, Vitek, M. P., Kuret,
J., Berry, R W,, and Binder, L. I. (2000) In vitro polymerization of tau
protein monitored by laser light scattering: Method and application to
the study of FTDP-17 mutants. Biochemistry 39, 6136—6144.

(156) Goedert, M., Jakes, R, and Crowther, R. A. (1999) Effects of
frontotemporal dementia FTDP-17 mutations on heparin-induced
assembly of tau filaments. FEBS Lett. 450, 306—311.

(157) Nacharaju, P., Lewis, J., Easson, C., Yen, S., Hackett, J., Hutton,
M., and Yen, S. H. (1999) Accelerated filament formation from tau
protein with specific FTDP-17 missense mutations. FEBS Lett. 447,
195-199.

(158) Chang, E.,, Kim, S., Yin, H., Nagaraja, H. N,, and Kuret, J.
(2008) Pathogenic missense MAPT mutations differentially modulate
tau aggregation propensity at nucleation and extension steps. J.
Neurochem. 107, 1113—1123.

(159) de Calignon, A., Polydoro, M., Suarez-Calvet, M., William, C.,,
Adamowicz, D. H., Kopeikina, K. J., Pitstick, R., Sahara, N., Ashe, K.
H., Carlson, G. A., Spires-Jones, T. L, and Hyman, B. T. (2012)
Propagation of tau pathology in a model of early Alzheimer’s disease.
Neuron 73, 685—697.

(160) Lewis, J., McGowan, E., Rockwood, J., Melrose, H., Nacharaju,
P, Van Slegtenhorst, M., Gwinn-Hardy, K., Paul Murphy, M., Baker,
M, Yu, X, Duff, K, Hardy, J., Corral, A, Lin, W. L., Yen, S. H,,
Dickson, D. W., Davies, P., and Hutton, M. (2000) Neurofibrillary
tangles, amyotrophy and progressive motor disturbance in mice
expressing mutant (P301L) tau protein. Nat. Genet. 25, 402—405.

(161) Haass, C., and Selkoe, D. J. (2007) Soluble protein oligomers
in neurodegeneration: Lessons from the Alzheimer’s amyloid p-
peptide. Nat. Rev. Mol. Cell Biol. 8, 101—112.

(162) Maeda, S., Sahara, N., Saito, Y., Murayama, M., Yoshiike, Y.,
Kim, H. Miyasaka, T., Murayama, S., lkai, A, and Takashima, A.
(2007) Granular tau oligomers as intermediates of tau filaments.
Biochemistry 46, 3856—3861.

(163) Santacruz, K., Lewis, J., Spires, T., Paulson, J., Kotilinek, L.,
Ingelsson, M., Guimaraes, A., DeTure, M., Ramsden, M., McGowan,
E,, Forster, C., Yue, M., Orne, J., Janus, C., Mariash, A., Kuskowski, M.,
Hyman, B., Hutton, M., and Ashe, K. H. (2005) Tau suppression in a
neurodegenerative mouse model improves memory function. Science
309, 476—481.

(164) Andorfer, C., Acker, C. M., Kress, Y., Hof, P. R,, Duff, K, and
Davies, P. (2005) Cell-cycle reentry and cell death in transgenic mice
expressing nonmutant human tau isoforms. J. Neurosci. 25, 5446—
5454.

(165) Lasagna-Reeves, C. A., Castillo-Carranza, D. L., Sengupta, U,,
Clos, A. L., Jackson, G. R, and Kayed, R. (2011) Tau oligomers impair
memory and induce synaptic and mitochondrial dysfunction in wild-
type mice. Mol. Neurodegener. 6, 39.

(166) Maeda, S., Sahara, N., Saito, Y., Murayama, S., Ikai, A, and
Takashima, A. (2006) Increased levels of granular tau oligomers: An
early sign of brain aging and Alzheimer’s disease. Neurosci. Res. 54,
197-201.

(167) Sahara, N., Maeda, S., Yoshiike, Y., Mizoroki, T., Yamashita, S.,
Murayama, M., Park, J. M, Saito, Y., Murayama, S., and Takashima, A.
(2007) Molecular chaperone-mediated tau protein metabolism
counteracts the formation of granular tau oligomers in human brain.
J. Neurosci. Res. 85, 3098—3108.

(168) Xu, S., Brunden, K. R,, Trojanowski, J. Q., and Lee, V. M.
(2010) Characterization of tau fibrillization in vitro. Alzheimer’s
Dementia 6, 110—117.

4125

(169) Peterson, D. W., Zhou, H., Dahlquist, F. W., and Lew, J.
(2008) A soluble oligomer of tau associated with fiber formation
analyzed by NMR. Biochemistry 47, 7393—7404.

(170) Patterson, K. R, Remmers, C., Fu, Y., Brooker, S., Kanaan, N.
M, Vana, L., Ward, S., Reyes, J. F., Philibert, K., Glucksman, M. J., and
Binder, L. I. (2011) Characterization of prefibrillar tau oligomers in
vitro and in Alzheimer disease. J. Biol. Chem. 286, 23063—23076.

(171) Kumar, S., and Udgaonkar, J. B. (2010) Mechanisms of
amyloid fibril formation by proteins. Curr. Sci. 98, 639—656.

(172) Goldsbury, C., Frey, P., Olivieri, V., Aebi, U., and Muller, S. A.
(2005) Multiple assembly pathways underlie amyloid-f fibril poly-
morphisms. J. Mol. Biol. 352, 282—298.

(173) Wiltzius, J. J., Landau, M., Nelson, R., Sawaya, M. R., Apostol,
M. L, Goldschmidt, L., Soriaga, A. B., Cascio, D., Rajashankar, K., and
Eisenberg, D. (2009) Molecular mechanisms for protein-encoded
inheritance. Nat. Struct. Mol. Biol. 16, 973—978.

(174) Gosal, W. S., Morten, L J.,, Hewitt, E. W., Smith, D. A,
Thomson, N. H,, and Radford, S. E. (2005) Competing pathways
determine fibril morphology in the self-assembly of $2-microglobulin
into amyloid. J. Mol. Biol. 351, 850—864.

(175) Sievers, S. A., Karanicolas, J., Chang, H. W, Zhao, A,, Jiang, L.,
Zirafi, O., Stevens, J. T., Munch, J., Baker, D., and Eisenberg, D.
(2011) Structure-based design of non-natural amino-acid inhibitors of
amyloid fibril formation. Nature 475, 96—100.

(176) Bancher, C., Brunner, C., Lassmann, H., Budka, H., Jellinger,
K, Wiche, G, Seitelberger, F., Grundke-Igbal, I, Igbal, K, and
Wisniewski, H. M. (1989) Accumulation of abnormally phosphory-
lated tau precedes the formation of neurofibrillary tangles in
Alzheimer’s disease. Brain Res. 477, 90—99.

(177) Mena, R, Edwards, P. C., Harrington, C. R, Mukaetova-
Ladinska, E. B., and Wischik, C. M. (1996) Staging the pathological
assembly of truncated tau protein into paired helical filaments in
Alzheimer’s disease. Acta Neuropathol. 91, 633—641.

(178) Galvan, M., David, J. P., Delacourte, A., Luna, J., and Mena, R.
(2001) Sequence of neurofibrillary changes in aging and Alzheimer’s
disease: A confocal study with phospho-tau antibody, AD2. J.
Alzheimer’s Dis. 3, 417—425.

(179) Braak, E., Braak, H., and Mandelkow, E. M. (1994) A sequence
of cytoskeleton changes related to the formation of neurofibrillary
tangles and neuropil threads. Acta Neuropathol. 87, 554—567.

(180) Igbal, K, Zaidi, T., Thompson, C. H, Merz, P. A, and
Wisniewski, H. M. (1984) Alzheimer paired helical filaments: Bulk
isolation, solubility, and protein composition. Acta Neuropathol. 62,
167—-177.

(181) Yoshiyama, Y., Higuchi, M., Zhang, B., Huang, S. M., Iwata, N.,
Saido, T. C., Maeda, J., Suhara, T., Trojanowski, J. Q., and Lee, V. M.
(2007) Synapse loss and microglial activation precede tangles in a
P301S tauopathy mouse model. Neuron 53, 337—351.

(182) Kaminski Schierle, G. S, van de Linde, S. Erdelyi, M,
Esbjorner, E. K, Klein, T., Rees, E., Bertoncini, C. W., Dobson, C. M,,
Sauer, M., and Kaminski, C. F. (2011) In situ measurements of the
formation and morphology of intracellular f-amyloid fibrils by super-
resolution fluorescence imaging. J. Am. Chem. Soc. 133, 12902—12905.
(183) Aguzzi, A., and Rajendran, L. (2009) The transcellular spread
of cytosolic amyloids, prions, and prionoids. Neuron 64, 783—790.
(184) Polymenidou, M., and Cleveland, D. W. (2012) Prion-like
spread of protein aggregates in neurodegeneration. J. Exp. Med. 209,
889—893.

(185) Frost, B., Jacks, R. L., and Diamond, M. 1. (2009) Propagation
of tau misfolding from the outside to the inside of a cell. J. Biol. Chem.
284, 12845—12852.

(186) Clavaguera, F., Bolmont, T., Crowther, R. A., Abramowski, D.,
Frank, S., Probst, A., Fraser, G., Stalder, A. K., Beibel, M., Staufenbiel,
M,, Jucker, M., Goedert, M., and Tolnay, M. (2009) Transmission and
spreading of tauopathy in transgenic mouse brain. Nat. Cell Biol. 11,
909-913.

(187) Liu, L., Drouet, V., Wu, J. W., Witter, M. P., Small, S. A,
Clelland, C., and Duff, K. (2012) Trans-synaptic spread of tau
pathology in vivo. PLoS One 7, €31302.

dx.doi.org/10.1021/bi400209z | Biochemistry 2013, 52, 4107—4126



Biochemistry

(188) Kfoury, N., Holmes, B. B., Jiang, H., Holtzman, D. M., and
Diamond, M. . (2012) Trans-cellular propagation of tau aggregation
by fibrillar species. J. Biol. Chem. 287, 19440—19451.

(189) Wu, J. W.,, Herman, M,, Liu, L., Simoes, S., Acker, C. M,,
Figueroa, H., Steinberg, J. I, Margittai, M., Kayed, R., Zurzolo, C., Di
Paolo, G., and Duff, K. E. (2013) Small misfolded tau species are
internalized via bulk endocytosis and anterogradely and retrogradely
transported in neurons. J. Biol. Chem. 288, 1856—1870.

(190) Frost, B., Ollesch, J., Wille, H., and Diamond, M. L. (2009)
Conformational diversity of wild-type tau fibrils specified by templated
conformation change. J. Biol. Chem. 284, 3546—3551.

(191) Ittner, L. M., Ke, Y. D., Delerue, F., Bi, M., Gladbach, A., van
Eersel, J.,, Wolfing, H., Chieng, B. C., Christie, M. J., Napier, L. A,
Eckert, A, Staufenbiel, M., Hardeman, E. and Gotz, J. (2010)
Dendritic function of tau mediates amyloid-f toxicity in Alzheimer’s
disease mouse models. Cell 142, 387—397.

(192) Roberson, E. D., Halabisky, B., Yoo, J. W., Yao, J., Chin, J., Yan,
F., Wu, T., Hamto, P., Devidze, N,, Yu, G. Q, Palop, J. J., Noebels, J.
L., and Mucke, L. (2011) Amyloid-f3/Fyn-induced synaptic, network,
and cognitive impairments depend on tau levels in multiple mouse
models of Alzheimer’s disease. J. Neurosci. 31, 700—711.

(193) Spires-Jones, T. L., Kopeikina, K. J., Koffie, R. M., de Calignon,
A., and Hyman, B. T. (2011) Are tangles as toxic as they look? J. Mol.
Neurosci. 45, 438—444.

(194) Berger, Z., Roder, H., Hanna, A., Carlson, A., Rangachari, V.,
Yue, M., Wszolek, Z., Ashe, K., Knight, J.,, Dickson, D., Andorfer, C,,
Rosenberry, T. L., Lewis, J, Hutton, M, and Janus, C. (2007)
Accumulation of pathological tau species and memory loss in a
conditional model of tauopathy. J. Neurosci. 27, 3650—3662.

(195) Hoover, B. R, Reed, M. N,, Su, J., Penrod, R. D., Kotilinek, L.
A., Grant, M. K, Pitstick, R., Carlson, G. A., Lanier, L. M., Yuan, L. L.,
Ashe, K. H., and Liao, D. (2010) Tau mislocalization to dendritic
spines mediates synaptic dysfunction independently of neurodegener-
ation. Neuron 68, 1067—1081.

(196) de Calignon, A., Fox, L. M,, Pitstick, R., Carlson, G. A., Bacskai,
B. J., Spires-Jones, T. L., and Hyman, B. T. (2010) Caspase activation
precedes and leads to tangles. Nature 464, 1201—1204.

(197) Sydow, A., Van der Jeugd, A., Zheng, F., Ahmed, T., Balschun,
D., Petrova, O., Drexler, D., Zhou, L., Rune, G., Mandelkow, E.,
D’Hooge, R, Alzheimer, C., and Mandelkow, E. M. (2011) Tau-
induced defects in synaptic plasticity, learning, and memory are
reversible in transgenic mice after switching off the toxic tau mutant. J.
Neurosci. 31, 2511-2525.

(198) Hardy, J., and Selkoe, D. J. (2002) The amyloid hypothesis of
Alzheimer’s disease: Progress and problems on the road to
therapeutics. Science 297, 353—356.

(199) Rapoport, M., Dawson, H. N, Binder, L. L, Vitek, M. P., and
Ferreira, A. (2002) Tau is essential to p-amyloid-induced neuro-
toxicity. Proc. Natl. Acad. Sci. US.A. 99, 6364—6369.

(200) Williamson, R,, Usardi, A., Hanger, D. P., and Anderton, B. H.
(2008) Membrane-bound f-amyloid oligomers are recruited into lipid
rafts by a fyn-dependent mechanism. FASEB J. 22, 1552—1559.

(201) Bhaskar, K, Yen, S. H, and Lee, G. (2005) Disease-related
modifications in tau affect the interaction between fyn and tau. J. Biol.
Chem. 280, 35119—35125.

(202) Pickhardt, M., Gazova, Z., von Bergen, M., Khlistunova, I,
Wang, Y., Hascher, A., Mandelkow, E. M., Biernat, J., and Mandelkow,
E. (2005) Anthraquinones inhibit tau aggregation and dissolve
Alzheimer’s paired helical filaments in vitro and in cells. J. Biol.
Chem. 280, 3628—363S5.

(203) Crowe, A, Huang, W., Ballatore, C., Johnson, R. L., Hogan, A.
M., Huang, R, Wichterman, J., McCoy, J., Huryn, D, Auld, D. S,
Smith, A. B., III, Inglese, J., Trojanowski, J. Q,, Austin, C. P., Brunden,
K. R, and Lee, V. M. (2009) Identification of aminothienopyridazine
inhibitors of tau assembly by quantitative high-throughput screening.
Biochemistry 48, 7732—7745.

(204) Wischik, C. M., Edwards, P. C,, Lai, R. Y., Roth, M., and
Harrington, C. R. (1996) Selective inhibition of Alzheimer disease-like

4126

tau aggregation by phenothiazines. Proc. Natl. Acad. Sci. US.A. 93,
11213—-11218.

(205) Taniguchi, S., Suzuki, N., Masuda, M., Hisanaga, S., Iwatsubo,
T., Goedert, M., and Hasegawa, M. (2005) Inhibition of heparin-
induced tau filament formation by phenothiazines, polyphenols, and
porphyrins. J. Biol. Chem. 280, 7614—7623.

(206) Akoury, E., Pickhardt, M., Gajda, M., Biernat, J., Mandelkow,
E., and Zweckstetter, M. (2013) Mechanistic Basis of Phenothiazine-
Driven Inhibition of Tau Aggregation. Angew. Chem., Int. Ed. S2,
3511-351S.

(207) Crowe, A, James, M. ], Lee, V. M, Smith, A. B, IIJ,
Trojanowski, J. Q., Ballatore, C., and Brunden, K. R. (2013)
Aminothienopyridazines and Methylene Blue Affect Tau Fibrillization
via Cysteine Oxidation. J. Biol. Chem. 288, 11024—11037.

(208) Gura, T. (2008) Hope in Alzheimer’s fight emerges from
unexpected places. Nat. Med. 14, 894.

(209) O’Leary, J. C,, 111, Li, Q., Marinec, P., Blair, L. J., Congdon, E.
E., Johnson, A. G,, Jinwal, U. K, Koren, J,, III, Jones, J. R, Kraft, C,,
Peters, M., Abisambra, J. F., Duff, K. E., Weeber, E. J., Gestwicki, J. E.,
and Dickey, C. A. (2010) Phenothiazine-mediated rescue of cognition
in tau transgenic mice requires neuroprotection and reduced soluble
tau burden. Mol. Neurodegener. S, 4S.

(210) Schirmer, R. H., Adler, H., Pickhardt, M., and Mandelkow, E.
(2011) Lest we forget you—methylene blue... Neurobiol. Aging 32,
2325.7-2325.e16.

(211) Congdon, E. E, Wu, J. W,, Myeku, N., Figueroa, Y. H,,
Herman, M., Marinec, P. S., Gestwicki, J. E., Dickey, C. A,, Yu, W. H,,
and Duff, K. E. (2012) Methylthioninium chloride (methylene blue)
induces autophagy and attenuates tauopathy in vitro and in vivo.
Autophagy 8, 609—622.

(212) Jinwal, U. K., Miyata, Y., Koren, J., III, Jones, J. R, Trotter, J.
H., Chang, L., O’Leary, J, Morgan, D., Lee, D. C, Shults, C. L,
Rousaki, A.,, Weeber, E. J, Zuiderweg, E. R, Gestwicki, J. E., and
Dickey, C. A. (2009) Chemical manipulation of hsp70 ATPase activity
regulates tau stability. J. Neurosci. 29, 12079—12088.

dx.doi.org/10.1021/bi400209z | Biochemistry 2013, 52, 4107—4126



