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ABSTRACT: The aggregation of misfolded tau into neurotoxic fibrils is
linked to the progression of Alzheimer’s disease (AD) and related
tauopathies. Disease-associated conformations of filamentous tau are
characterized by hydrophobic interactions between side chains on unique
and distant β-strand modules within each protomer. Here, we report the
design and diversity-oriented synthesis of β-arch peptide macrocycles
composed of the aggregation-prone PHF6 hexapeptide of tau and the
cross-β module specific to the AD tau fold. Termed “β-bracelets”, these
proteomimetics assemble in a sequence- and macrocycle-dependent
fashion, resulting in amyloid-like fibrils that feature in-register parallel β-
sheet structure. Backbone N-amination of a selected β-bracelet affords
soluble inhibitors of tau aggregation. We further demonstrate that the N-
aminated macrocycles block the prion-like cellular seeding activity of
recombinant tau as well as mature fibrils from AD patient extracts. These studies establish β-bracelets as a new class of cross-β
epitope mimics and demonstrate their utility in the rational design of molecules targeting amyloid propagation and seeding.

■ INTRODUCTION
Fibrillar amyloid deposits composed of β-sheet-rich protein
assemblies are a hallmark of several neurodegenerative
diseases.1,2 A common feature of these fibrils is the presence
of cross-β interactions, wherein a steric zipper is formed by
interdigitation of side chains from opposing β-strands that are
aligned perpendicular to the fibril axis.3 Intermonomer H-
bonding along the strand edges leads to the growth of toxic
fibrils composed of misfolded proteins. Tau is an intrinsically
disordered microtubule-associated protein that can transition
to cross-β amyloid structure following aberrant post-transla-
tional modification or mutations in the MAPT gene.4−8 Tau
plays a role in maintaining neuronal microtubule dynamics,
cellular signaling, and mRNA translation; however, its
misfolding is strongly linked to Alzheimer’s disease (AD),
corticobasal degeneration (CBD), progressive supranuclear
palsy (PSP), and several other tauopathies. Additionally, tau
oligomers and fibrils secreted from diseased neurons are
capable of seeding the aggregation of tau within healthy cells in
a prion-like manner.9−12 Molecules designed to probe tau
propagation and seeding could shed light on the mechanisms
of tauopathic progression and aid in the development of
diagnostic or disease-modifying ligands.
There are currently no tau-targeted therapies approved for

clinical use, though many groups have worked to develop
direct inhibitors of tau aggregation based on small molecules,
dyes, and peptides.13−16 Targeting tau interactions with

peptide derivatives offers certain advantages, due in part to
their ability to contact a large surface interface and mimic the
β-strand secondary structure characteristic of amyloids.17
Computationally aided de novo design and phage display
library screening have afforded several peptide-based tau
inhibitors.18−27 Considerable effort has also been devoted to
mimicry of the aggregation-driving 275VQIINK280 (PHF6*)
and 306VQIVYK311 (PHF6) hexapeptides located in the second
and third microtubule-binding repeat domains of tau.28−30

Incorporation of PHF6 motifs into macrocyclic β-hairpin31,32
and cyclotide scaffolds33 resulted in compounds that inhibit
the aggregation of the hexapeptide PHF6 tau model. More
recently, structure-guided residue substitution of PHF6 and
PHF6* motifs afforded peptides that inhibit the aggregation of
full-length tau and block the cellular seeding activity of patient-
derived tau extracts.34−36 Of note, all the aforementioned tau
mimetic approaches present a single recognition strand, and
several rely on auxiliary strands or templates to present this
module in the appropriate extended conformation.
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Within the past decade, advances in cryo-EM and software-
aided fibril reconstruction have afforded unprecedented insight
into the structure of pathogenic amyloids.2,37 These studies are
revealing remarkable polymorphism in patient-derived tau
extracts and suggest that the conformation of filamentous tau
varies by disease.38−41 An important consequence of this
structural diversity is that the PHF6* and PHF6 strands can
engage in cross-β interactions with distinct hexapeptide
modules, depending on the tauopathy. In some amyloidogenic
proteins, the accepted aggregation-prone modules are sepa-
rated from their interacting cross-β sequences by short,
naturally occurring loops composed of 3−7 residues. This
feature has allowed for the design of peptide-based mimics of
human islet amyloid polypeptide (hIAPP) and β-amyloid
(Aβ).42,43 However, in several tau strains the key aggregation-
driving PHF6 motif interacts with cross-β modules that are
distant in primary sequence (Figure 1).38,44,45,40

We hypothesized that complete cross-β epitopes, harboring
two H-bonding edges and opposing β-strand modules, may
serve as conformational mimics of disease-associated tau
misfolds. In addition, we envisioned that such mimics could
guide the structure-based design of more efficacious tau
aggregation inhibitors. Here, we describe a diversity-oriented
approach toward peptide macrocycles, termed “β-bracelets”,
that feature both the aggregation-prone PHF6 sequence and
the cross-β interacting modules observed in solid-state
structures of tau. Using a combination of biophysical
techniques, we demonstrate that an AD tau-based β-bracelet
forms higher-order assemblies reminiscent of those in the
pathological fold. Moreover, we show that these macrocycles
can serve as useful templates for the design of soluble
inhibitors of tau aggregation. Backbone-substituted derivatives
of an AD tau β-bracelet were found to block aggregation as
well as cellular seeding induced by both full-length
recombinant proteins and fibrils extracted from AD patient
tissue. The described approach represents a new modality to
mimic amyloidogenic cross-β epitopes and lays the ground-

work for targeting other protein interactions that span a β-
solenoid edge.

■ RESULTS
Design and Synthesis of β-Bracelets Derived from

the AD Tau Fold. The assembly of repeating amyloidogenic
proteins is driven largely by in-register, intermolecular H-
bonds between parallel β-strand edges.3 The resulting β-arch
conformation is further stabilized by hydrophobic interactions
at the interface of cross-β motifs within the same protomer.
This is distinct from β-hairpin conformations, wherein
intramolecular edge-to-edge H-bonding occurs between
antiparallel strands that are connected through β-turns. The
strands in β-arches are instead linked through β-arcs spanning
2−7 residues.46,47 Although turn and arc conformations often
interconvert, Kajava and co-workers observed that arcs
composed of 2 or 3 residues do not readily accommodate
the 180° reversal required for tight cross-β packing of nearby
strands (Figure 2A).46 The wider strand angle associated with

these shorter connectors is frequently observed in β-helix folds
as well as in the more common antiparallel β-hairpin
conformation. To allow for the cross-β packing observed in
fibrillar tau strains, we sought to incorporate a longer β-arc into
our proteomimetic design (Figure 2B). To further stabilize the
β-arch conformation, we also introduced terminal staples
featuring diverse linkers. Effective mimicry of tau epitopes was
expected to afford macrocycles that undergo amyloid-like
assembly. Conversely, backbone amide substitution would
render tau mimics incapable of fibrilization, potentially
affording inhibitors of tau propagation.
Tau mimetic peptides based on the high-resolution structure

of the AD fibril fold were synthesized on Rink amide MBHA

Figure 1. Cryo-EM structures of filaments derived from heparin-
induced recombinant tau (“snake” fold; PDB 6QJH) as well as tau
extracts from Alzheimer’s disease (AD paired filament; PDB 5O3L),
corticobasal degeneration (CBD type I; PDB 6TJO), and progressive
supranuclear palsy (PSP; PDB 7P65) patient-derived brain tissue. The
aggregation-driving PHF6 hexapeptide (blue) and cross-β interacting
module (green) are highlighted.

Figure 2. (A) Illustration of the equilibrium between antiparallel β-
arch and β-hairpin conformations for a strand−loop−strand peptide.
(B) Design of “β-bracelets” stabilized by hydrophobic side-chain
packing, larger β-arc motif, and terminal staple. Also depicted are the
proposed self-assembly of β-bracelets and conversion into soluble tau
inhibitors through backbone amide substitution.
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resin using standard Fmoc solid-phase peptide synthesis
protocols (Scheme 1). These macrocycles feature the PHF6

hexapeptide module in addition to the 373THKLTF378 cross-β
motif in the AD tau cryo-EM structure.38 The β-strands were
connected using a 5-residue β-arc recently described by
Gellman and Woolfson.48 This “RaSHa” sequence (where a =
D-Ala) is based on bioinformatic analysis of motifs that bridge
antiparallel strands in known β-solenoid structures and has
been shown to accommodate the conformational and distance
requirements of an interlayer linker in a mini-amyloid model
system. We also appended Gly-Cys dipeptides to the termini to
enable bisalkylation with dihalide electrophiles. This diversity-
oriented approach would allow us to evaluate several linkers for
their ability to accommodate the desired cross-β structure
starting from a single linear substrate.
Characterization of β-Bracelet Tau Mimics by ThT

Assay and TEM. The ability of macrocyclic tau mimics to
undergo amyloid-like self-assembly was first investigated by a
thioflavin T (ThT) fluorescence assay. ThT is an amyloid-
specific fluorescent dye that binds to channels along the long
axis of fibrils composed of β-sheets. We first dissolved each
peptide to a final concentration of 25 μM in aq PBS and
incubated the samples for 2 d at 37 °C in the presence of 10
μM ThT. Endpoint fluorescence readings from a linear control
sequence (linear-AD) and 5 macrocyclic analogues showed
that the incorporation of terminal tethers results in enhanced
ThT signal (Figure 3A). Moreover, ThT in the presence of the
p-biphenyl- and m-xylyl-linked macrocycles (biPh-AD and
mxyl-AD) gave rise to considerably higher fluorescence
relative to the linear sequence. Interestingly, the p-xylyl-linked
AD macrocycle (pxyl-AD) resulted in fluorescence ∼5-fold
lower than that of its isomeric mxyl-AD analogue, suggesting
that subtle changes in the linker geometry can significantly
impact fibrilization and ThT binding. We also synthesized a
scrambled analogue of the m-xylyl macrocycle (scrm-AD), in
which the terminal Cys residues, aryl linker, and β-arc were
maintained but residues within the β-strand modules were
swapped across the register (Figure S1). In the presence of
ThT, this analogue resulted in the lowest fluorescence within
the series.

While most of the macrocycles exhibited higher ThT
fluorescence relative to linear-AD immediately upon dis-
solution in PBS buffer, we found that heating a stock solution
of mxyl-AD in water to 90 °C was effective in reducing the
initial ThT-positive fluorescence. Time-course experiments
with mxyl-AD diluted with aq PBS revealed a short lag phase
as well as a concentration-dependent increase in maximum
fluorescence over 7 h (Figure 3B). The presence of a buffer
was critical for aggregation. A sample of mxyl-AD incubated in
unbuffered water did not exhibit fluorescence but could be
induced to aggregate upon addition of aq PBS during the
course of the assay (Figure S2).
Transmission electron microscopy (TEM) was then used to

verify the growth of fibrils after 4 days of incubation of mxyl-
AD at 50 μM in aq PBS. Consistent with the ThT assay, we
observed the formation of filaments within networks of fibrils
(Figure 4). In contrast, incubation of linear-AD and scrm-AD
resulted in only sparsely distributed amorphous aggregates, as
determined by TEM. Taken together, these data suggest that
fibrilization of our tau mimics is sequence-, macrocycle-, and
linker-dependent. Interestingly, macrocyclization with the m-
xylyl linker also enhanced the self-assembly of mimics in which
the AD-derived 373THKLTF378 motif was replaced with cross-β
sequences from recombinant and corticobasal degeneration tau
folds (Figure S3). In these cases, we also observed high ThT
fluorescence relative to linear controls and dense networks of
mature fibrils by TEM (Figures S4 and S5).

Characterization of mxyl-AD by Circular Dichroism.
Although the N-terminally acetylated PHF6 hexapeptide is
known to assemble into cross-β fibrils in vitro, we sought to
characterize the conformational transition of the mxyl-AD

Scheme 1. Solid-Phase Synthesis and Macrocyclization of β-
Bracelet Tau Mimics

Figure 3. (A) Endpoint ThT fluorescence of AD tau mimics at 25 μM
in aq PBS after 48 h. (B) Time and concentration dependence of
mxyl-AD fibrilzation in aq PBS, monitored by ThT fluorescence
(fluorescence intensity is normalized to the maximum fluorescence
observed for 200 μM mxyl-AD).
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macrocycle upon aggregation by far-UV circular dichroism
(CD) spectroscopy. Incubation of mxyl-AD in aq PBS resulted
in the formation of insoluble aggregates that made it difficult to
obtain a clear CD spectrum following self-assembly. However,
a sample of mxyl-AD dissolved directly in unbuffered water
exhibited a random coil structure, as determined by CD
(Figure 5). We then collected the insoluble fraction of mxyl-

AD following fibrilization in aq PBS and redissolved the pellet
in water. The CD spectrum of this solution exhibited a clear β-
sheet signature with a pronounced minimum at 221 nm. This
indicates that, similar to PHF6 and full-length tau, mxyl-AD
transitions to a β-sheet-rich conformation upon fibrilization in
buffered aqueous solution.
The mxyl-AD macrocycle incorporates a β-arc solenoid

linker in addition to the natural cross-β module from AD tau.
Our design was thus expected to favor a mini-amyloid structure
featuring intermolecular parallel β-sheet interactions, in
contrast to the intramolecular edge−edge interactions between
antiparallel strands connected through β-turns. Although
accurate estimation of parallel versus antiparallel β-sheet
structure has been difficult to achieve with CD, Kardos and
co-workers recently reported a secondary structure prediction
algorithm (BeStSel) to distinguish between topologically

distinct β-rich proteins and amyloid fibrils.49 Using BeStSel
in conjunction with post-fibrillar mxyl-AD CD data yielded an
estimated parallel β-sheet content of 70%. This secondary
structure component far outweighed predicted contributions
from α-helical (23%) and antiparallel β-sheet (7%) structures.
Qualitatively, the red-shifted minimum band (221 nm) in the
CD spectrum of mxyl-AD after fibrilization is also consistent
with other theoretically calculated and experimentally
determined parallel β-sheet structures.49−51

Characterization of mxyl-AD by Two-Dimensional
Infrared Spectroscopy. To further support our proposed
model of supramolecular association for mxyl-AD, we
employed two-dimensional infrared (2D IR) spectroscopy.
When combined with isotope labeling, 2D IR spectroscopy
provides a means to differentiate between parallel and
antiparallel β-sheet interactions involving the backbone
carbonyl groups (Figure 6A).52 A 13C/18O vibrational probe
placed on a single peptide residue yields a considerable
frequency shift, isolating it from the rest of the amide-I
vibrational region. These individual isotope labels, when
aligned in a parallel β-sheet, can couple together to form a
linear chain of oscillators, red-shifting the label frequency down
from the uncoupled values of 1585−1595 cm−1.53
We selected the central V17 residue in mxyl-AD

(corresponding to V309 in tau) for isotope labeling and
synthesized the 13C/18O-mxyl-AD derivative for comparison
by 2D IR spectroscopy. As shown in Figure 6B, the unlabeled
mxyl-AD spectrum exhibits an amide-I peak at 1619 cm−1

(pump frequency), signifying predominantly amyloid β-sheet
structure.54 Figure 6C shows the Val-labeled 13C/18O-mxyl-
AD spectrum with new peaks appearing at 1573 and 1595
cm−1. The 1595 cm−1 peak is consistent with uncoupled labels,
while the 22 cm−1 shift down to 1575 cm−1 suggests a coupling
constant of about 11 cm−1. This value is consistent with the
interstrand coupling of an in-register parallel β-sheet.53,55 The
presence of an uncoupled 1595 cm−1 peak suggests that some
population of the macrocycle either is unaggregated or adopts
an alternative structure in the aggregated state. Although a
conformational ensemble of fibrillar states cannot be ruled out,
2D IR clearly demonstrates that mxyl-AD can form parallel β-
sheet assemblies, reminiscent of larger amyloid proteins.

Design and Synthesis of Aggregation-Resistant
Backbone-Aminated Derivatives of mxyl-AD. The data
above support the hypothesis that the mxyl-AD macrocycle
can engage in native-like hydrophobic cross-β interactions and
self-assembly along the fibril axis. We next sought to employ
mxyl-AD as a template for the design of soluble β-bracelet tau
seeding inhibitors that can cap tau fibril growth and block
propagation. This required us to incorporate a chemical
modification onto mxyl-AD that would preclude its ability to
self-assemble without disrupting its capacity to adopt the
conformation required to bind tau. We therefore designed two
backbone N-amino peptide (NAP) derivatives of our tau
mimic, mxyl-NAP1 and mxyl-NAP2 (Scheme 2). Each of
these analogues features a backbone amide substitution that
precludes canonical β-sheet H-bonding along one edge of the
macrocycle while leaving the other edge intact to engage the
tau protein. We previously demonstrated that backbone N-
amination within strand regions of hairpin peptide model
systems can enhance β-sheet-like conformation and convert
aggregation-prone sequences into soluble, aggregation-resistant
peptidomimetics.56,57,36 Both mxyl-NAP1 and mxyl-NAP2,
which feature a single backbone N-amino group within the

Figure 4. Representative TEM images of mxyl-AD, linear-AD, and
scrm-AD after 4 days of incubation at 50 μM in aq PBS (scale bars =
500 nm).

Figure 5. CD spectra of mxyl-AD dissolved directly in H2O (blue) or
following fibrilization in aq PBS, pelleting, and resuspension in H2O
(red).
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amyloidogenic PHF6 module, were prepared on a solid
support starting from Fmoc-protected N-amino dipeptides.
As anticipated, both compounds exhibited enhanced solubility
in DMSO and aq PBS relative to mxyl-AD and did not form
mature fibrils, as judged by the ThT assay (Figure S6).
Inhibition of Full-Length Tau Aggregation by mxyl-

NAPs in a ThT Assay. To test whether mxyl-NAPs effectively
inhibit the growth of tau fibrils, we expressed and purified the
P301L mutant of 0N4R tau (tauP301L) for evaluation in ThT

assays. TauP301L (5 μM) aggregated upon incubation with
heparin over the course of 2 days, leading to a high ThT
fluorescence. This fluorescence was significantly attenuated in
the presence of 10 μM mxyl-NAP1 or mxyl-NAP2 (Figure 7A
and B). We also synthesized linear and scrambled controls
corresponding to each of the NAP inhibitors (Figure S7). In
the case of mxyl-NAP1, neither of the controls (linear-NAP1
or scrm-NAP1) showed a significant effect on tauP301L
aggregation at 10 μM. Incubation with scrm-NAP2 led to a

Figure 6. (A) Depiction of the transition from random coil to β-hairpin or β-arch assemblies for macrocyclic bracelets (a linear chain of aligned
oscillators for an isotope-labeled carbonyl group is shown for the parallel bracelet conformer). 2D IR spectra of (B) 250 μM unlabeled mxyl-AD
and (C) V17 13C/18O-labeled macrocycle (13C/18O-mxyl-AD) in deuterated aq PBS buffer. Scaling (8.5×) is provided to increase the visibility of
the contour plots. The dashed line marks the diagonal of the spectrum (ωpump = ωprobe), and the panels to the right of each spectrum show a
diagonal cut of the spectrum taken along the dotted line. Zoomed inset (in C) reveals the 1573 cm−1 peak that appears in the labeled spectrum
(boxed in pink).

Scheme 2. Synthesis of mxyl-NAP1 and mxyl-NAP2
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modest reduction of tau aggregation by ThT but was still far
less effective than that with mxyl-NAP2.
We then examined whether mxyl-NAP1 and mxyl-NAP2

could effectively inhibit tauP301L aggregation at sub-stoichio-
metric concentrations. Both compounds exhibited a clear
concentration-dependent effect on heparin-induced tauP301L
aggregation, including significant inhibition at 0.5× concen-
tration relative to protein (Figure 7C and D). Mxyl-NAP2
appeared to be the more effective inhibitor, showing clear
reduction of aggregation even at 0.25× tauP301L concentration
and approximately 90% inhibition at 1× tauP301L concentration.
Interestingly, the lowest concentrations of mxyl-NAP1 tested
resulted in a slight enhancement of ThT fluorescence,
indicating a possible templating effect. However, mxyl-NAP1
concentrations of 2.5 μM and above were still effective at
suppressing the aggregation of tauP301L.
A pelleting assay was used to confirm the association of

mxyl-NAP2 with tau fibrils. An aliquot of heparin-induced
tauP301L fibrils was incubated with mxyl-NAP2 and pelleted
using ultracentrifugation. Depletion of mxyl-NAP2 in the
supernatant relative to control vials lacking tauP301L indicated
interaction of the inhibitor with structured tau fibrils or proto-
fibrils (Figure S8). We observed no binding isotherm upon
titration of mxyl-NAP2 into a solution of monomeric tauP301L
(Figure S9). Despite its capacity to self-assemble into ThT-
positive fibrils, we also tested whether the mxyl-AD bracelet,
lacking the backbone N-amino group, was capable of inhibiting
tauP301L aggregation. Here, we observed a significant enhance-
ment (∼350%) of ThT fluorescence in mxyl-AD-treated wells
(Figure S10), indicating that N-amination is required to
convert the macrocyclic AD tau epitope mimic into an
inhibitor of aggregation.
Inhibition of Full-Length Tau Fibrilization by mxyl-

NAPs in TEM. To confirm the results from ThT assays, we
used TEM to visualize tauP301L fibrils in the absence or
presence of synthesized NAPs. As expected, heparin-induced
tauP301L formed dense networks of mature fibrils (Figure S11).

Incubation of 5 μM tauP301L in the presence of heparin and 10
μM mxyl-NAP1 afforded no elongated fibrils and only sparse
areas containing small protofibrillar structures (Figure 8). No
fibrils were found in the presence of mxyl-NAP2. In contrast,
linear-NAP1, scrm-NAP1, linear-NAP2, and scrm-NAP2 had
little effect on the fibrilization of tauP301L, as judged by TEM.
Each of the samples treated with these control compounds

Figure 7. TauP301L (5 μM) aggregation in the presence of heparin (5 μM), ThT (10 μM), and synthesized compounds. (A) Relative ThT
fluorescence of heparin-induced tauP301L alone or in the presence of 10 μM myxl-NAP1, linear NAP-1, or scrm-NAP1. (B) Relative ThT
fluorescence of heparin-induced tauP301L alone or in the presence of 10 μM myxl-NAP2, linear NAP-2, or scrm-NAP2. (C, D) Dose-dependent
effects of mxyl-NAP1 and mxyl-NAP2 on tauP301L aggregation at sub-stoichiometric inhibitor concentrations. Fluorescence intensities for each
experiment are normalized to the maximum fluorescence in wells containing only tauP301L and heparin.

Figure 8. TEM images of heparin-induced tauP301L (5 μM) in the
presence of 10 μM mxyl-NAP1, mxyl-NAP2, and corresponding
controls (scale bar = 500 nm).
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showed mature fibrils similar to those in the untreated wells.
Results from TEM are thus in agreement with ThT
fluorescence assays and demonstrate that the inhibitory effect
of mxyl-NAPs is both macrocycle- and sequence-dependent.
Mxyl-NAPs Inhibit the Seeding Capacity of Full-

Length Tau in a Biosensor Cell Assay. The ability to halt
the prion-like spread of tau fibrils from diseased to healthy cells
using designed molecules remains a considerable challenge.
While several compounds demonstrate inhibitory activity
against the aggregation of tau (or short peptides derived
from tau) in vitro, smaller oligomeric forms of tau may still be
able to nucleate the growth of endogenous fibrils once taken
up by cells. To test whether mxyl-NAPs could block this
seeding activity, we treated HEK293 biosensor cells that
express a tau yellow fluorescent protein fusion (tau-RD[LM]-
YFP)11,58 with tauP301L incubated in the presence or absence of
inhibitors. Heparin-induced fibrils of tauP301L grown in the
absence of mxyl-NAPs led to strong intracellular fluorescence,
resulting from endogenous tau-RD(LM)-YFP aggregation.
Quantitative brightness threshold-based analysis of puncta
within the biosensor cells provided a positive baseline for seed-
competent recombinant tau fibrils. For these experiments, we
found that tauP301L fibrils grown for 4 days with low-molecular-
weight heparin yielded the most active seeds (∼60,000
puncta/15,000 cells upon treatment with 190 nM tauP301L;
Figure S12). Remarkably, 95 nM mxyl-NAP1 almost totally
blocked the seeding activity of tauP301L when added in the fibril
growth stage (Figures 9 and 10). Moreover, linear-NAP1 and

scrm-NAP1 at the same concentration had no effect on the
seeding capacity of heparin-induced tauP301L, as measured by
fluorescent punctate counting. Mxyl-NAP2 similarly exhibited
potent inhibition of tauP301L seeding activity at 95 nM, with
control analogues displaying modest or no activity in the
biosensor cell assay.
We then established the dose-dependent anti-seeding

activity of both mxyl-NAP1 and mxyl-NAP2. TauP301L (190
nM) treated with either 2 equiv (380 nM) or 0.5 equiv (95
nM) of each inhibitor exhibited significantly reduced ability to
seed endogenous tau-RD(LM)-YFP, while lower concentra-
tions were less effective (Figure 11). Data from biosensor
cellular assays demonstrate that mxyl-NAPs not only impair

mature tau fibril growth but also abrogate the formation of
smaller seed-competent tau oligomers that may be critical for
templated tau propagation across cells.

Mxyl-NAPs Inhibit the Seeding Capacity of AD Tau
Derived from Patient Samples. Given that our macrocyclic
NAPs were designed based on the amyloidogenic cross-β
structure within the tau AD fold, we examined whether these
compounds could inhibit the seeding activity of AD tau fibrils.
This assay would also assess whether mxyl-NAPs are able to
cap mature tau fibrils that have already adopted the

Figure 9. Inhibition of tauP301L (190 nM) seeding activity in HEK293
biosensor cells by 95 nM (A) mxyl-NAP1, (B) mxyl-NAP2, and the
corresponding control NAPs. Puncta counts are normalized to the
maximum number from cells treated with only tauP301L fibrils.

Figure 10. Endogenous tau-RD(LM)-YFP aggregation seeded by 190
nM tauP301L in the presence or absence of 95 nM mxyl-NAPs.
Representative fluorescence microscopy images of HEK293 biosensor
cells at 20× magnification under the FITC channel (scale bars = 200
μm).

Figure 11. Dose-dependent anti-seeding activity of mxyl-NAP1 and
mxyl-NAP2 against 190 nM tauP301L. Puncta counts are normalized to
the maximum number from cells treated with only tauP301L fibrils.
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conformation observed in high-resolution structures of AD
patient samples. Recapitulating the pathological folds encoun-
tered in brain tissue using a recombinant protein remains a
major challenge. Recent reports described the characterization
of an AD tau fold in fibrils grown in vitro from a truncated
tau297−391 construct (dGAE).59,60 We expressed and purified
dGAE and confirmed its aggregation at various concentrations
by ThT (Figure S13). However, attempts to seed endogenous
tau-RD(LM)-YFP within the biosensor cells with pre-formed
dGAE fibrils under various conditions were unsuccessful.
We then turned to post-mortem brain extracts of sarkosyl-

insoluble tau from AD patients (Figure 12A). We screened

four different patient samples for consistent seeding activity in
the biosensor cells and selected the strongest patient seed
extract to perform experiments with varying concentrations of
mxyl-NAPs (Figure S14). While the untreated AD-associated
tau fibrils induced ∼13,000 puncta/15,000 cells, we observed
strong inhibition of seeding activity upon incubation with 23.8
and 47.6 μM of mxyl-NAP1 (Figures 12B and S15).
Treatment of 2 μL of patient-derived AD tau extract with
lower concentrations of mxyl-NAP1 (11.9 or 5.9 μM) resulted
in less effective inhibition of intracellular tau-RD(LM)-YFP
aggregates. Mxyl-NAP2 exhibited similar dose-dependent
reduction of AD tau seeding activity, with >50% inhibitory
efficacy at 11.3 μM (Figure 12C). Although we did not observe
any qualitative changes in cell morphology upon treatment
withmxyl-NAPs, we also sought to ensure that the compounds
were not inhibiting seeding due to cytotoxicity. MTT assay
using HEK293 (biosensor) treated with mxyl-NAPs demon-
strated >90% cell viability up to 50 μM (Figure S16). These
macrocycles exhibited only minimal toxicity toward SH-SY5Y
(neuroblastoma) cells at 50 μM and no apparent toxicity at 10
μM.

■ DISCUSSION
Amyloid folds often feature side-chain interdigitation of β-
strand modules that are interspersed throughout each
protomer. While the self-assembly of β-sheet-rich amyloids is
driven by backbone H-bonding, desolvation and hydrophobic
collapse can generate tightly packed core motifs that stabilize
amyloid folds in a manner analogous to globular proteins.61,62,3
Outward-facing side chains may also engage in favorable, in-
register π stacking or amide ladder interactions with adjacent
protomers along the fibril axis.63−66 In the current study, we
leveraged the naturally occurring cross-β interactions found in
the AD fold of tau to design cross-β epitope mimics with
amyloidogenic properties. The resulting β-bracelets are distinct
from single-strand mimics of the aggregation-prone PHF6
module in that they display additional strand edges and faces
to facilitate self-assembly and tau fold recognition.
In the case of AD tau, the PHF6 hexapeptide (residues 306−

311) is located distant in primary sequence from its
complementary β-strand module (residues 373−378).38 We
therefore sought to address two initial questions in our design:
(1) Can the intervening tau residues be replaced with a
synthetic β-arch-promoting motif to afford a minimal
amyloidogenic peptide, and (2) do the resulting cross-β
mimics engage in parallel β-sheet self-assembly similar to full-
length tau? Preliminary experiments indicated that a linear
cross-β mimic connected through a β-arc pentapeptide did not
readily form aggregates or mature fibrils, as monitored by ThT
fluorescence or TEM. However, fibril formation was enhanced
upon incorporation of select macrocyclic tethers at the peptide
termini. We hypothesize that Cys bis-alkylation facilitates
adoption of the desired cross-β fold. The fact that a similar
enhancement of aggregation was observed with β-bracelets
derived from heparin-induced and CBD tau fibril folds suggests
that the m-xylyl linker supports β-arc conformation within
these macrocyclic peptides. Interestingly, even subtle mod-
ifications to the linker geometry or composition had a
significant impact on the aggregation propensity. This
highlights the utility of a divergent bis-alkylation approach
and suggests that screening a larger set of electrophiles may
yield more optimally constrained cross-β folds.
Our attempts to generate diffraction-quality crystals from m-

xylyl-linked β-bracelets proved unsuccessful. We obtained a
well-resolved 1H NMR spectrum of unaggregated mxyl-AD in
9:1 H2O:D2O and confirmed its random coil structure by CD
spectroscopy (Figure S17). However, the insolubility of
fibrillar mxyl-AD at concentrations suitable for NMR
precluded attempts to determine the solution structure of
the self-assembled state. A transition from a random coil to a
canonical β-sheet conformation was clearly evident from CD
spectroscopy carried out on fibillar mxyl-AD. Reported CD
spectra from fibrillar tau constructs as well as short peptides
derived from the PHF6 and PHF6* motifs can exhibit
significant contributions from other secondary structures.67−70

In contrast, mxyl-AD fibrils exhibit a dominant parallel sheet
conformation without the need for co-factor-mediated
induction. 2D IR spectroscopy with an isotopically labeled
derivative of mxyl-AD further supports its in-register parallel β-
sheet structure following fibrilization.
The PHF6 and PHF6* hexapeptides are required for tau

fibrilization and have long served as templates for the
structure-based design of tau aggregation inhibitors. Amyloid-
ogenic β-bracelets thus offer an opportunity to develop a new

Figure 12. (A) Extraction and cell-based seeding assays with AD tau.
Dose-dependent anti-seeding activity of (B) mxyl-NAP1 and (C)
mxyl-NAP2 against patient-derived extracts of AD tau. Puncta counts
are normalized to the maximum number from cells treated with only
AD tau fibrils.
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class of molecules to target tau propagation and seeding.
Incorporation of a single backbone N-amino group at the Val
or Ile residue in the PHF6 strand rendered the parent
macrocycle soluble and resistant to aggregation. The CD
spectra of mxyl-NAP1 and mxyl-NAP2 indicated a random
coil conformation similar to that of pre-fibrillar mxyl-AD
(Figure S18). This indicates that N-amination is sufficient to
block self-assembly but does not enforce the cross-β structure
on its own. It is therefore likely that the conformational
transition of mxyl-AD to a cross-β structure is more dependent
on H-bonding between monomers than cross-β side-chain
packing. Notably, our efforts to synthesize the analogous N-
methylated derivatives were met with poor coupling
efficiencies at the tertiary amide site and low crude purities.
Isolation of the desired N-methylated products was also
attended by the rapid formation of insoluble aggregates, thus
precluding their use in subsequent assays.
As with mxyl-AD, the tau mimetic properties of our N-

aminated derivatives were dependent on both their sequence
and their cyclic nature. For example, a striking absence of
mature tau fibrils was observed by TEM in the presence of
NAP bracelets, while dense networks of fibrils were evident in
the presence of sequence-scrambled and acyclic control NAPs.
A similar trend was observed in cellular propagation assays,
where recombinant tau was rendered incapable of seeding
endogenous tau in the presence of mxyl-NAP1 or mxyl-NAP2.
N-Aminated β-bracelets were effective inhibitors of recombi-
nant tau aggregation as well as cellular seeding activity, even at
sub-stoichiometric concentrations.
Elucidating the role of cell-to-cell tau fibril transmission in

pathogenesis will require chemical probes that can inhibit the
seeding activity of disease-associated folds. Toward this end,
tau seeds extracted from human brain tissue represent the gold
standard for evaluating such compounds in cell-based models.
We challenged AD patient-derived tau seeds with our NAP
bracelets and confirmed dose-dependent inhibition of intra-
cellular tau aggregation. The concentrations needed to block
patient-derived tau seeding were considerably higher than
those required for monomeric recombinant tau. However, in
contrast to purified recombinant tau, the accurate quantitation
of seed-competent fibrillar tau from patient samples presents a
challenge. Thus, the inhibitor:AD tau ratio required to block
propagation cannot be readily determined. Mature fibrils of
AD tau, particularly when sonicated prior to cell treatment,
produce an array of seed-competent fragments that can serve
as nucleation sites for endogenous fibril growth.34,35 Tau
extracted from brain tissue is also part of a complex milieu that
includes other forms of post-translationally modified and
truncated tau, additional sarkosyl-insoluble proteins, and
various biological co-factors. Nevertheless, low micromolar
concentrations of our NAP bracelets were sufficient to impair
the seeding capacity of AD tau. Additional studies are required
to determine if NAP bracelets can inhibit fibril transmission
induced by tau derived from patients with other tauopathies or
at different stages of disease.
Efforts to recapitulate pathological tau folds in vitro are

becoming increasingly important, given the structural diversity
of tau proteoforms. The scarcity of tau from patient samples
and the wide variability in seeding activity of human tau
isolates further underscore the need for functional mimics of
disease-relevant conformational strains.71,72 Encouraged by the
amyloidogenic properties of our β-bracelets, we examined the
seeding capacity of mxyl-AD fibrils in the biosensor cells but

did not observe the induction of endogenous tau aggregation.
Notably, fibrils of the dGAE construct of tau (residues 297−
391), which are purported to adopt an AD core fold in vitro,
also failed to seed endogenous tau in this cellular assay. A
possible explanation may lie in the construct of the recipient
tau-YFP fusion used in the HEK293 biosensor cells, which
feature C-terminal truncation (at residue 372) and lack the
cross-β module that is complementary to PHF6 in the AD
fold.11 Reporter cells expressing longer tau isoforms will be
useful for investigating the seeding potential of synthetic AD
tau mimics.73,74 The modularity of our β-bracelet approach
may also enable the development of seed-competent macro-
cycles based on other pathological tau strains.

■ CONCLUSION
Here, we describe the design, synthesis, and biological
evaluation of cross-β epitope mimics based on a pathological
fold of the tau protein. We utilized β-strand sequences that
define a hydrophobic interface within AD tau protomers and
appended β-arc linkages to generate a new class of mini-
amyloids that self-assemble into parallel β-sheet fibrils. We
further demonstrate that the resulting β-bracelets can serve as
templates for the design of soluble inhibitors of tau seeding.
Our approach lays the groundwork for the development of
ligands that recognize and block the propagation of disease-
associated conformational tau strains. Beyond targeting
tauopathic epitopes, we anticipate that a β-bracelet strategy
could be used to develop mimics of other amyloidogenic
proteins characterized by intramolecular cross-β interactions.
Such compounds could have broad utility as strain-selective
ligands, synthetic nucleators, or minimalist models of
physiologically relevant amyloid folds.
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