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Abstract

Since the discovery of phenothiazines as tau protein aggregation inhibitors, many additional small
molecule inhibitors of diverse chemotype have been discovered and characterized in biological
model systems. Although direct inhibition of tau aggregation has shown promise as a potential
treatment strategy for depressing neurofibrillary lesion formation in Alzheimer’s disease, the
mechanism of action of these compounds has been unclear. However, recent studies have found
that tau aggregation antagonists exert their effects through both covalent and non-covalent means,
and have identified associated potency and selectivity driving features. Here we review small-
molecule tau aggregation inhibitors with a focus on compound structure and inhibitory
mechanism. The elucidation of inhibitory mechanism has implications for maximizing on-target
efficacy while minimizing off-target side effects.
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INTRODUCTION

Neurofibrillary lesions composed of tau protein are a defining pathology of AD [1, 2]. The
most commonly analyzed and modeled neurofibrillary lesion is the neurofibrillary tangle
(NFT), which corresponds to tau deposited in cell bodies. However, the overwhelming
majority of cortical tau deposits in AD appear within neuronal processes in the form of
dystrophic neurites and neuropil threads [3]. The substantial increase in bulk tau levels that
accompanies lesion formation results primarily from accumulation of insoluble tau
aggregates [4], most likely because they or their misfolded precursors evade endogenous
clearance mechanisms [5, 6]. In addition to serving as markers for differential diagnosis and
staging of disease [7], tau aggregates can foster disease propagation (reviewed in [8]) and
serve as direct sources of toxicity [9, 10]. Although the tau species that mediate toxicity and
the mechanisms through which they act are not established (reviewed in [11]), work in
model systems suggests several possibilities. First, mathematical modeling experiments
predict that bulk accumulation of cytoplasmic aggregates in cell bodies can depress neuronal
energy metabolism through molecular crowding effects once a critical threshold level is
exceeded [12]. The effect of molecular crowding on the physiology of neuronal processes
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(where most tau deposition occurs) is unknown. Second, in addition to homotypic
aggregation, tau can co-aggregate with other proteins [13], including microtubule associated
proteins [14, 15], potentially depressing their levels. Although loss of normal tau protein is
well tolerated in animal models (reviewed in [16]), simultaneous depletion of different
classes of microtubule associated proteins has severe consequences [17, 18]. Finally, certain
tau aggregates can directly disrupt membrane integrity [19]. For these reasons, and because
tau aggregation is a purely pathological process unrelated to normal tau function, diverse
strategies for inhibiting tau misfolding and aggregation are being investigated as potential
therapies against neurofibrillary lesion formation and disease progression (reviewed in [20]).

Here we focus on direct inhibition of tau aggregation with small molecules as one approach
for depressing and potentially reversing neurofibrillary lesion formation. The strategy is
limited to early stages of disease before aggregates become irreversibly insoluble through
crosslinking [21]. It also faces technological hurdles, including the natively unfolded
structure of the tau target, which limits the potential for identifying high-affinity ligand
binding sites, and the relatively large surface areas that mediate tau-tau interactions in
disease, which could require impractically large molecules for direct antagonism (reviewed
in [22]). Nonetheless, since the feasibility of inhibiting tau aggregation was established [23],
hundreds of seemingly unrelated small-molecule inhibitors of tau aggregation have been
disclosed [24-31]. One inhibitor, methylene blue (a phenothiazine), has shown promise for
slowing dementia progression in a clinical study [32]. But methylene blue has diverse
biological activities, and the role of tau aggregation inhibition in its clinical profile is not
established (reviewed in [33]). To clarify the utility of tau aggregation inhibition in clinical
or biological studies, a new generation of high-affinity and selective compounds are needed.
The challenge is to elucidate mechanisms through which tau protein-protein interactions can
be inhibited while preserving molecular characteristics of inhibitors appropriate for brain
uptake, and ideally, oral administration.

THE TAU TARGET

Tau protein is abundant in brain tissue (low micromolar bulk concentration) where it
functions in monomeric form as a microtubule-associated protein (reviewed in [34]).
However, in AD brain it dissociates from microtubules and forms filamentous, cytoplasmic
inclusions. Part of the attraction of tau aggregation as a drug discovery target stems from its
selective association with disease and its irrelevance for normal function. Nonetheless, tau is
an unusually complicated drug target owing to its structural features. First, monomeric tau is
not a single entity, but a mixture of six isoforms that arise from alternative splicing of exons
2, 3, and 10 from MAPT gene transcripts (reviewed in [35]). Exons 2 and 3 encode 29-
residue acidic inserts in the N-terminal projection domain of tau, whereas exon 10 encodes a
31-residue microtubule binding repeat in the C-terminal domain (Fig. 1). An efficacious
aggregation inhibitor should interact with all six tau species ranging from 352 — 441 amino
acids in length.

Second, tau is an intrinsically disordered protein that lacks the higher order structure
normally associated with high-affinity ligand binding. In addition to fostering
conformational flexibility, disordered structure exposes the majority of serine, threonine,
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and lysine residues to solvent where they can engage modification enzymes. For example,
post-translational modification of tau in the form of phosphorylation exceeds 9 mol/mol
stoichiometry in AD tissue distributed over dozens of sites (reviewed in [36]). Acetylation
and methylation of lysine residues also has been reported although the stoichiometry of
these modifications has not [37-40]. Disordered structure also exposes hydrophobic and
nucleophilic cysteine residues to solvent (one in 3R forms, two in 4R forms; Fig. 1) where
they can oxidize to form adducts with electrophilic compounds or disulfide cross links
among or within tau proteins. In fact, both tau cysteines are flanked by basic lysine residues
that maximize sulfhydryl reactivity [41]. The combination of differing post-translational
modifications and sulfhydryl contents confer additional structural heterogeneity on tau
proteins.

Finally, in disease, tau enters aggregation pathways that yield mature filaments containing
cross-p-sheet structure as well as a range of smaller aggregate forms. The core of AD-tissue
derived tau filaments is composed of at least three microtubule binding repeats [42], which
in synthetic filaments adopts parallel in-register 3-sheet structure [43, 44]. The repeat region
contains two hexapeptide motifs, 2/°VQIINK?280 (termed PHF6*) and 396vQIVYK311
(termed PHF6) that are essential for fibril formation [45] (Fig. 1). In vitro, one pathway to
mature filaments leverages a nucleation-elongation mechanism [46, 47], where the rate-
limiting nucleation event corresponds to dimerization (Fig. 2A), and the efficient elongation
phase corresponds to addition of monomers to the ends of growing polymers. This
mechanism is ideal for generating a limited number of aggregates that achieve long length.
A pathway involving isodesmic assembly of small aggregates constitutes an alternative route
to these stable structures [48-50] (Fig. 2B). Small aggregates can be SDS-stable, with some
forms involving disulfide bonds, and others that do not [51]. Regardless of aggregation
mechanism, the toxicity associated with aggregates in biological models correlates inversely
with aggregate size (reviewed in [52]). Although the structural basis of aggregate toxicity is
not clear, these data indicate that small-molecule antagonists of aggregation ideally should
depress the formation of a range of aggregated species associated with tau misfolding in
disease.

AGGREGATION ASSAY METHODS

Identification and analysis of tau aggregation inhibitors relies primarily on assays conducted
in vitro with recombinant human tau proteins. These assays leverage exogenous anionic
inducers such as heparin [53] or anionic surfactants [54] to increase the rate and extent of
tau aggregation. Aggregation propensity can be further increased by employing tau
fragments comprising the microtubule binding repeat region instead of full-length protein
[55-57]. Nonetheless, aggregation assays still require 2 — 20 micromolar tau protein to
support measurable aggregate products over tractable incubation times. Primary assays that
directly detect aggregation products include ultracentrifugation [25], thioflavin dye-based
fluorescence [25, 58], ultrafiltration [59, 60], solid-phase immunoassay [26], and electron
microscopy [61, 62] approaches. Recently developed cell-based methods will likely prove
useful as well [63, 64]. Fluorescence-based assays have the greatest throughput, and so are
well suited for primary screens, whereas electron microscopy approaches provide more
detailed information regarding product morphology, quantity, and composition [62].
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Regardless of modality, tau aggregation assays have limited ability to refine structure
activity relationships because of the high tau concentrations needed to support aggregation.
For inhibitors that interact stoichiometrically with tau monomers, it is not possible to resolve
inhibitory potency below the concentration of target [65]. As a result, more progress has
been made in identifying scaffold classes and mechanism of action than in optimizing
inhibitor potency to the levels of traditional, receptor-targeted agents (reviewed in [66]).

Secondary assay methods detect tau-ligand interactions rather than inhibitory activity, and
can in principle be applied over a wider range of tau concentrations and employ higher
resolution methodology than primary assays. For example, NMR spectroscopy can detect
direct interactions between ligand and tau protein at amino acid resolution [67]. Interactions
between small molecules and monomeric f-amyloid [68] and a-synuclein [69-71] have been
reported as well. However, this approach requires high-micromolar to low-millimolar
concentrations of ligand, and therefore is limited to highly soluble ligands. Also, it is not
clear that the detected interactions are maintained at pharmacologically relevant
concentrations. In contrast, centrifugation assays coupled with immunoblot detection have
much lower information content, but detect complex formation at significantly lower tau
concentrations [72]. Intrinsic fluorescence methods have been applied to a-synuclein for
detection of conformational changes accompanying complex formation [73-75] and may be
applicable to tau as well. However, these approaches have the same limitations for structure
activity relationship refinement as the primary assays discussed above.

Finally, in silico methods leverage three-dimensional models of tau aggregates elucidated by
X-ray crystallographic or NMR spectroscopic methods to discover candidate inhibitor
binding sites. One approach involves co-crystallizing tau fragments with ligands, then
computationally refining resolved binding pockets or surfaces [76]. Novel ligands can be
docked into the binding site identified in the model and optimized for interaction energy [77,
78]. The approach requires high-resolution atomic models, which for tau is limited to short
peptide fragments that form steric zippers [79]. Also, the current binding poses appear
heavily influenced by crystal contacts (i.e., the packing of ligand with protein during
crystallization), and so may not recapitulate interactions with full-length tau under more
physiological conditions.

A second in silico method again leverages three-dimensional tau aggregate models, but
focuses on computational detection of solvent-exposed hydrogen bonds termed dehydrons
(reviewed in [80]). Dehydrons are markers for protein-protein interactions because their
sequestration from surrounding water can strengthen and stabilize otherwise exposed H-
bonds by nearly two orders of magnitude. Therefore, ligand-mediated shielding of
dehydrons is predicted to decrease the driving force for protein-protein interactions and also
foster disaggregation. Potential interactions between dehydrons of a f-amyloid dimer and
curcumin (a naturally occurring phenol in the Indian spice turmeric [81]) have been
investigated by molecular dynamics simulations [82]. Application of this discovery
approach to tau aggregates will depend on the availability of atomic models. However,
unlike other computational approaches, its structural needs can be satisfied with models of
tau aggregates alone rather than of aggregate-ligand complexes.
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COVALENT TAU AGGREGATION INHIBITORS

Tau aggregation inhibitors identified to date fall into two broad mechanistic classes. The
first class corresponds to agents that either covalently modify tau directly or foster formation
of covalent bonds within or between tau proteins to yield aggregation-incompetent products.
Covalent inhibitors can attack any or all species in an aggregation pathway, but appear to be
especially efficacious modifiers of tau monomer, from which all aggregated species
ultimately derive. For example, oleocanthal (Fig. 3), a natural product aldehyde, reacts with
epsilon amino groups of lysine residues [83-85], including residues residing in the
microtubule binding repeat region, to form imines (i.e., Schiff base formation). In contrast,
a,f-unsaturated aldehydes such as cinnamaldehyde (Fig. 3) are electrophilic Michael
acceptors that undergo nucleophilic attack by cysteine residues of tau [86]. Other a,p-
unsaturated aldehydes, such as asperbenzaldehyde [60], may interact with tau in a similar
manner. The electrophile need not be an aldehyde, as this moiety can be replaced with other
electron withdrawing groups (reviewed in [87]). Nor is electrophilic character limited to
Michael acceptors, as shown by the anti-aggregation activity of compounds containing
electrophilic chloroacetyl moieties [88]. Furthermore, the electrophilic character of ligands
can change during the course of experimentation, and unmask latent inhibitory activity. For
example, baicalein, a polyalcohol flavonoid, can oxidize to quinone form, which then
dominates the reaction as a covalent inhibitor [89] (Fig. 3). Generation of electrophiles
through oxidation is of special concern because tau aggregation conditions used in many
laboratories employ protracted incubation (=8 h) in the absence of reducing agents that
could otherwise slow compound oxidation and electrophilic addition [24, 90, 91]. Covalent
inhibitors may be expected to nonspecifically interact with and disrupt the normal functions
of off-target proteins as well. Nonetheless, dimethylfumarate, an electrophile capable of
reacting covalently with cysteine sulfhydryls, recently was approved for oral treatment of
multiple sclerosis [92], indicating that electrophilic compounds acting through covalent
inhibitory mechanisms can be useful therapeutic agents.

When left unprotected during incubation (i.e., by avoiding addition of exogenous reducing
agents), the cysteine sulfhydryls of tau spontaneously oxidize to form inter- and intra-
molecular disulfide bonds [51]. Depending on tau isoform, these products can support or
inhibit tau aggregation [56]. Therefore, compounds that accelerate disulfide bond formation
in the absence of reducing agent can appear to possess tau aggregation inhibitory activity.
Aminothienopyridazines (ATPZs) are thought to inhibit tau aggregation through this
mechanism [93]. Other redox-active compounds, including the phenothiazine methylene
blue, also can modulate cysteine oxidation when incubated in the absence of exogenous
reducing agents for extended incubation periods [93, 94]. Because a reducing intracellular
environment is normally maintained by high concentrations of reduced sulfhydryl groups in
the form of glutathione [95], it is likely that compounds acting solely through this
mechanism will have low potency and efficacy in vivo.

NON-COVALENT TAU AGGREGATION INHIBITORS

The second broad class of aggregation inhibitor interacts with tau species noncovalently at
various points in the aggregation pathway. These inhibitors are structurally diverse [66, 96,
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97] and appear to act through multiple mechanisms that alone or in concert depress the
aggregation propensity of tau-ligand complexes. For example, small molecules can interact
directly with tau monomers. It has been proposed that even transient interactions could
depress entry into aggregation pathways by altering the rate at which natively unfolded
polypeptides adopt aggregation competent conformations [98]. The latter are characterized
in part by solvent-exposed patches of hydrophobic residues. Theoretically, a rapid rate of
interconversion between aggregation competent and incompetent conformations (i.e., the
reconfiguration rate) should depress formation of stable intermolecular interactions with
partner peptides by minimizing solvent exposure of hydrophobic residues that favor
intermolecular association. The concept has been demonstrated with a-synuclein as the
natively unfolded protein substrate and curcumin as the aggregation inhibitor [74].
Curcumin increased a-synuclein reconfiguration rate 15-fold at stoichiometric ligand
concentration and 30-fold at 1.5:1 curcumin:peptide ratio while completely depressing stable
protein-protein interactions. This mechanism of inhibition has the potential to halt
aggregation at its earliest stages (i.e., before the formation of oligomers or mature fibrils)
while favoring maintenance of soluble monomer. Because tau aggregation is sensitive to
curcumin conjugates [99], this mechanism may be relevant for tau as well. However, it is
unclear whether curcumin or other ligand could be optimized to interact with a specific
molecular target relative to other natively unfolded peptides. In fact, ~50% of proteins
contain long stretches of unfolded structure (reviewed in [100]), which could potentially
cross react with inhibitors that target such regions.

Another class of ligand, termed molecular tweezers, interacts with natively unfolded tau
monomers by selectively binding lysine side chains [101]. The ability of stoichiometric
levels of lead molecular tweezer CLRO1 to inhibit tau fibril formation has been shown in
vitro [102]. Lower CLRO1:protein ratios were required for inhibition of tau versus AB
aggregation, suggesting that some target selectivity can be achieved. Although inhibition of
tau aggregation may be direct through binding and sterically blocking lysine residues in the
microtubule binding repeat region, recent experiments with a-synuclein indicate that CLR01
also may lower aggregation propensity by increasing reconfiguration rate [75]. CLRO1 was
tested in a triple-transgenic mouse model of early-onset AD (PSEN1 mutant M146V; APP
mutant KM670/671NL; tau mutant P301L) with 40mg/kg/d CLRO1 in saline for 28 days
[102]. Despite its large size and fixed negative charge, CLRO1 crossed the blood brain
barrier. Immunohistochemistry showed a 33% decrease in amyloid as well as phospho-tau,
however bulk tau levels were unchanged. It remains to be seen whether molecular tweezers
can be optimized to interact with specific targets relative to other lysine-rich proteins such as
histones.

Noncovalent tau aggregation inhibitors also may act by blocking formation of steric zipper
structures common to cross-p-sheet forming peptides. Short segments of amyloidogenic
sequences have been crystallized in forms that exhibit similar properties as their full-length
counterparts, including diameter and helical pitch of fibril, diffraction pattern, and ability to
bind dyes [78]. Co-crystals grown from KLVFFA segment of AP protein (10 mM) along
with the small dye molecule Orange-G (1 mM) diffract to 1.8 A resolution. The resulting
three dimensional model revealed that the dye bound within the steric zipper of KLVFFA
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while making electrostatic interactions with lysine in an adjacent zipper. Orange-G as well
as 1,1-dicyano-2-[6-(dimethylamino)naphthalen-2-yl]propene (DDNP) and curcumin also
were co-crystallized with a peptide corresponding to the PHF6 motif of tau. Orange-G
wedged itself into the steric zipper by shifting the interdigitation of the peptide side chains
whereas DDNP and curcumin bound to cylindrical cavities formed by crystal contacts. This
structure shows that small molecules could potentially interfere with stabilizing protomer
interactions occurring perpendicular to fibril axes. It has been proposed that interference
with wt-stacking of aromatic side chains resident in many aggregation motifs, including
PHF6 and PHF6* of tau protein, may inhibit protomer interactions occurring parallel to the
fibril axis as well [103]. It is not clear whether such interactions occur in dilute solution in
the absence of crystal contacts.

Finally, tau filament formation can be inhibited by sequestering tau in the form of stable off-
pathway oligomers. For example, phthalocyanine tetrasulfonate (PcTS; a cyclic tetrapyrrole)
interacts directly with tau monomers to form SDS-stable oligomers [67]. At high ligand and
protein concentrations, binding is mediated by aromatic residues Y310, F346, and F378
(Fig. 1) with lesser involvement of Y197 and Y394, suggesting that interactions between the
aromatic rings of inhibitor and amino acid sidechains play an important role in PcTS
binding. Despite conversion into an oligomeric state, tau protomers did not adopt
appreciable secondary structure in the form of a-helix or -sheet. This was consistent with
further EPR data showing that the nature of this PcTS-tau oligomeric complex was dynamic
in nature. The size of the oligomeric complex increased with PcTS:tau ratio, varying from
5-11 tau molecules at equal ratios to >20 tau molecules at 15:1 PcTS:tau ratios. PcTS
inhibited tau aggregation in neuroblastoma N2a cells almost completely at 50 pM
concentration, suggesting that the oligomeric products are more efficiently cleared from
cells than filamentous tau.

SDS-stable oligomers composed of full-length tau also rapidly form at low micromolar
concentrations in the presence of cyanine, triarylmethine, rhodanine, and phenothiazine
aggregation inhibitors [72, 90]. Although some triarylmethines and rhodanines have
electrophilic character [104, 105], the rank order of tau aggregation inhibitory potency in the
presence of excess sulfhydryl reagent (i.e., dithiothreitol) does not correlate well with
electrophilicity. For example, the triarylmethine crystal violet is a weak electrophile [104],
but an efficacious aggregation inhibitor [27]. At low micromolar tau concentrations,
oligomer formation required the presence of aggregation inducer, suggesting that species
residing along or off the aggregation pathway are substrates for inhibitor binding [72].
Furthermore, intact PHF6 and PHF6* hexapeptide motifs were not required for interaction
with cyanine, indicating that species formed subsequent to filament nucleation (Fig. 2A) are
not required for inhibitory activity. Brain permeable compounds acting through this
mechanism could have therapeutic utility. First, cyanine inhibitors depress tau aggregation
in ex vivo mouse models of tauopathy without inducing apoptotic responses associated with
toxicity [27, 106]. Although oligomer formation has been linked to toxicity in some
biological models [107], the physical characteristics of inhibitor-stabilized oligomers differ
[67]. Second, the mechanism supports interaction with both 3R and 4R isoforms as well as
missense tauopathy mutants, suggesting it could be broadly applicable to both AD and
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frontotemporal lobar degeneration diseases. Third, its depletion of aggregation competent
monomers fosters endwise disaggregation of mature filaments [108], including those formed
from filament-stabilizing pseudophosphorylation mutants [109]. Finally, it does not interact
with natively unfolded tau monomer [72], which is an important binding partner of
microtubules. In terms of compound optimization, tau oligomerization provides a secondary
assay for interaction at the low tau concentrations and short incubation times needed to
refine the structure activity relationships of high-potency inhibitors.

STRUCTURAL COMMONALITIES AMONG NONCOVALENT INHIBITORS

Despite commonalities in inhibitory mechanism, noncovalent inhibitors differ markedly in
structure, and traditional structure activity analysis focused on sterics has identified only
those features that drive potency within a series [91, 110]. However, many aggregation
inhibitors share the absorbance characteristics of dyes (i.e., they absorb electromagnetic
radiation in the visible spectrum), a property that stems from delocalized n-electron
distribution [111]. For example, certain thiacarbocyanine, phenothiazine, and triarylmethine
derivatives are among the most potent tau aggregation inhibitors reported [27], and all share
a centrosymmetric structure with extensive delocalization of their fixed cationic charge (Fig.
4). The resulting structures are planar and highly “polarizable”, meaning that electron
density can easily shift about the molecule when exposed to an external electric field, such
as an adjacent dipole or ion. These properties are ideal for supporting van der Waals
interactions with protein binding partners containing their own highly polarizable moieties,
such as aromatic side chains [112, 113]. The resulting interactions are nearly electrostatic in
strength [114]. In particular, they rationalize the selective association of ligands with the
aromatic amino acid side chains of tau [67] and other aggregating proteins [82]. Although
such interactions may be nonspecific at high tau and ligand concentrations, their dependence
on inducer at low tau concentrations [72] suggests that protein conformation also may
contribute to binding affinity. Identification of these conformations in the context of tau
protein could help speed optimization of aggregation inhibitors.

High polarizability is not limited to diffuse lipophilic cations such as cyanines,
phenothiazines, and triarylmethines: it is a property shared by compounds containing highly
conjugated -electron networks, and includes uncharged aggregation inhibitors such as
curcumin. As noted above, certain curcumin derivatives are capable of directly inhibiting tau
aggregation [99], and curcumin itself has been investigated extensively as an inhibitor of AR
and a-synuclein aggregation where it binds protein monomers directly [115], acts on
monomers to increase reconfiguration rate [74], stabilizes oligomeric species [116], and
shields dehydrons potentially involved in amyloidogenic interactions [82]. Thus curcumin
can act at least in part through the noncovalent inhibitory mechanisms summarized above.
Although structure activity relationship analysis of curcumin analogs has been interpreted in
terms of sterics [117] or electrophilicity [118], it is also consistent with ligand polarizability
as being a descriptor of binding affinity. For example, curcumin can adopt keto or enol
tautomeric forms (Fig. 5A). The enol form, which is more stable than the keto form by ~20
kJ/mol [119], is more polarizable in the ground state and presents a flat surface for
interaction with binding partners. In contrast, the keto form has reduced resonance owing to
breakage of electronic delocalization [120]. These characteristics appear as a more even
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distribution of surface electrostatic potential and electronic density in the enol form versus
the keto form (Fig. 5BC). The enol form of curcumin strongly binds Ap aggregates, whereas
the keto form binds only weakly [121, 122]. The enol form also binds prion fibrils as
evidenced by an induced circular dichroism signal that does not appear upon curcumin
interaction with a-helical intermediates [123]. In this example, binding is proposed to inhibit
aggregation by blocking fibril elongation. The various mechanisms of action reported for
curcumin likely results from the electronic configuration and geometry of its tautomeric
species.

Structure activity relationship analysis indicates that ligand polarizability can be maximized
in two ways. The first is to position electron donating and withdrawing groups adjacent to
the conjugated m-electron network. For example, the rank order of inhibitory potency of
diffuse lipophilic cations parallels the strengths of constituent electron donor moieties [27,
72]. This strategy has the potential to maximize polarizability while minimizing ligand size,
and therefore to facilitate blood-brain barrier penetration [124]. High polarizability can also
be supported by increasing the size of the conjugated m-electron network. This approach
may rationalize the reported activities of polyene, porphyrin, PcTS, and other large
inhibitors of tau aggregation [67, 90]. It also illustrates how a common descriptor of potency
can rationalize the activity of seemingly disparate structures.

CONCLUSIONS

Recent mechanistic insights have helped categorize the many small-molecule tau
aggregation inhibitors reported in the literature and have provided insights into directions for
their future development. Covalent inhibition is mediated primarily by electrophilic moieties
resident in compounds or generated by them during extended incubation periods. These can
foster adduct formation with the cysteine residues found in all tau isoforms. Whereas
nucleophlic cysteine residues are buried in typical globular proteins [125], they appear to be
unusually accessible in tau protein owing to its natively unfolded structure. Noncovalent
inhibition is mediated in part by interaction with highly polarizable phenylalanine and
tyrosine residues that can influence aggregation phenomena in multiple ways, including the
stabilization of off-aggregation pathway oligomers. The potential contribution of tau
conformation to inhibitory potency suggests a route toward selectivity, and an important
target for future structural studies. Finally, identification of descriptors of inhibitory potency
may provide a rational approach to compound optimization. Combined with new sensitive
assay methods, this approach could extend structure activity relationship analysis to better
identify high-affinity inhibitors for biological testing.
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Fig. 1.
Tau protein primary structure. Human central nervous system tau is composed of six

isoforms derived from alternatively splicing of exons E2, E3 and E10. Each isoform consists
of an N-terminal projection domain containing up to two alternative segments (n1 and n2),
and a C-terminal microtubule binding domain containing three or four imperfect repeats (r1
—r4; mapped on the basis of sequence homology as in [126]). They also contain one or two
cysteine residues (triangles) that are prone to oxidation and adduct formation. Tau
aggregation leading to filament formation is mediated by hexapeptide motifs (PHF6 and
PHF6%*) located in the microtubule binding domain. All tau isoforms also contain eight
aromatic residues (squares), five of which (Y197, Y310, F346, F378, and Y394) engage in
complex formation with non-covalent aggregation inhibitor PcTS [67] . Sequence
numbering corresponds to the human 2N4R isoform (National Center for Biotechnology
Information accession number NP_005901).
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Fig. 2.
Aggregation pathways leading to tau filament formation in vitro. A, nucleation — dependent

pathway, where natively unfolded monomer (1) adopts an aggregation competent
conformation (2) in the presence of aggregation inducer. For heparin inducer, this
conformation is associated with monomer compaction [127]. Nucleation corresponds to
dimerization of this species (3), whereas elongation is mediated by monomer addition to
yield mature filaments (4). This pathway dominates in vitro for certain tau constructs and
inducers [46, 47, 49]. B, oligomerization pathway, where natively unfolded monomer (1)
interacts with aggregation inducer to form oligomers (3a) that can self associate
isodesmically to form mature filaments (4). This pathway dominates in vitro for certain tau
truncation constructs in the presence of heparin inducer [49]. Secondary pathways involving
filament fragmentation and secondary nucleation that can contribute to aggregation kinetic
profile [128] are not shown.
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Fig. 3.
Covalent tau aggregation inhibitors. These typically undergo either imine formation, where

tau lysines attack their electrophilic aldehyde or ketone moieties (e.g, 5), or Michael
addition, where tau cysteines attack their a,p-unsaturated electrophilic moieties (e.g., 6;
box). Conversion of baicalein (7) to its quinone (8) through oxidation exemplifies how
electrophlic character can change with protracted incubation. Arrows indicate potential sites
of nucleophilic attack.
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Fig. 4.
Non-covalent tau aggregation inhibitors. Models of representative members of cyanine (9),

phenothiazine (10), and triarylmethine (11) inhibitor chemotypes were generated at the
B3LYP/6-311++G(d,p) level of theory and visualized in GaussView 4.1.2 as described
previously [129]. The semi-transparent electrostatic potential surface, color-coded red
(=33.2 kcal/mol) to blue (33.2 kcal/mol), overlays compound ball and stick atoms (carbon,
grey; hydrogen, white; nitrogen, blue; oxygen, red; and sulfur, yellow). Calculated dipole
moments are depicted as arrows. All three compounds share delocalized electronic structure.
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Fig. 5.
Electronic structures of curcumin tautomers. A, the enol and keto tautomers of curcumin are

both electrophiles (electrophilic a,B-unsaturated ketone moieties are marked by boxes,
whereas the points of nucleophilic attack are marked with arrows) that can react with tau
sulfhydryls. The enol tautomer binds Ap aggregates more avidly then does the keto form
[121] despite being a weaker electrophile. B, electrostatic surface potential maps for enol
(12a) and keto (12b) tautomers were generated at the B3LYP/6-311++G(d,p) level of theory
and visualized in GaussView 4.1.2. The semi-transparent electrostatic potential surface,
color-coded red (-33.2 kcal/mol) to blue (33.2 kcal/mal), overlays compound ball and stick
atoms. Calculated dipole moments are depicted as black arrows. In both tautomers, methoxy
groups serve as electron donors whereas the bridge oxygens serve as electron acceptors. C,
maps of electron density differences between the ground (Sg) and lowest identified singlet
excited states (S1), where green contours represent the accumulation of electron density in
the S excited state and red contours depict loss of electron density from the S ground state.
Gas-phase calculations were performed in Turbomole and visualized in UCSF Chimera
Alpha Version 1.5 (build 31329) as described previously [129] with iso-contour values
normalized to + 0.002 a.u. Relative to the keto form, the planar enol form of curcumin is
more polarizable (81.1 A3 versus 57.7 A3), presents a more even distribution of surface
electrostatic potential in the ground state (reflected in a lower dipole moment), and more
evenly redistributes electron density across the length of the molecule on excitation to the S;
state.
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