From aggregation to inhibition: N-amination converts amyloidogenic
tau peptides into soluble antagonists of cellular seeding
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ABSTRACT: The spread of neurofibrillary tangles resulting from tau protein aggregation is a hallmark of Alzheimer’s and related
neurodegenerative diseases. Early oligomerization of tau involves conformational reorganization into parallel 3-sheet structures and
supramolecular assembly into toxic fibrils. Despite the need for selective inhibitors of tau propagation, B-rich protein assemblies are
inherently difficult to target with small molecules. Here, we describe a minimalist approach to mimic the aggregation-prone modules
within tau. We carried out a backbone residue scan and show that amide N-amination completely abolishes the tendency of these
peptides to self-aggregate, rendering them soluble mimics of ordered B-strands from the tau R2 and R3 domains. Several N-amino
peptides (NAPs) inhibit disease-associated tau aggregation and prevent fibril formation in vitro. We further demonstrate that NAPs
12 and 13 are effective at blocking the cellular seeding of endogenous tau by interacting with both monomeric or fibrillar forms of
extracellular tau. Peptidomimetic 12 is serum stable, non-toxic to neuronal cells, and selectivity inhibits the aggregation of tau over
Aa2. Structural analysis of our lead NAPs shows considerable conformational constraint imposed by the N-amino groups. The en-
hanced rigidity and full complement of sidechains thus enables NAPs to recognize tau fibrils. The described backbone N-amination
approach provides a rational basis for the mimicry of other aggregation-prone peptides that drive pathogenic protein assembly.

INTRODUCTION study the structure and function of tau aggregates in vitro. Di-
rect inhibitors of tau fibrilization are largely limited to dyes and
other redox-active aromatic compounds.”’ The aggregation-
prone R2/R3 segments have more recently been used in the
structure-based design of modified peptides that inhibit the ag-
gregation of a PHF6 hexapeptide or truncated forms of recom-
binant tau.**** One group recently described a series of peptides
capable of blocking the aggregation of full-length tau and as
well as seeding in cells.*>*¢ Conformationally rigid and proteo-
lytically stable peptidomimetics may hold particular promise as

The higher-order assembly of proteins rich in  structure is
correlated with poor prognosis in several neurodegenerative
diseases.'* Intracellular accumulation of the tau protein into
neurofibrillary tangles (NFTs) is linked to cognitive dysfunc-
tion in over 20 disorders collectively termed ‘tauopathies’.>”
The normal function of tau is to stabilize microtubules (MTs),
the support structures in axons.'®!! Pathogenic misfolding and
aggregation can be caused by mutations in the MAPT gene that
encodes for tau or by aberrant post-translational modifica-
tions.'>1¢ While toxicity has been associated with various forms
of aggregated tau, current data supports oligomeric species as a A ’é . B3°6\('§F',\g;(3“
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ligands of tau and other amyloid proteins that are difficult to
target in a sequence-specific manner.

Despite examples of peptidomimetic disruptors of B-sheet-
mediated protein interactions, strategies to translate conforma-
tionally extended peptide leads into inhibitors remain lim-
ited.>”-* This is due in part to the flexibility of short peptide se-
quences, coupled with the large surface areas and diverse modes
of B-sheet interactions.** The propensity for conformationally
extended peptides to aggregate via exposed H-bonding edges
presents another significant challenge in the design of soluble
B-strand mimics.*’ Presentation of a B-strand epitope for protein
recognition typically relies on the templating effect of an auxil-
iary B-strand (as in linear and macrocyclic 3-hairpins), intra-
strand conformational restriction through covalent tethering, or
backbone amide N-alkylation to preclude strand self-aggrega-
tion. While backbone amide substitution allows for retention of
side chain information, N-methylation (or incorporation of Pro)
can promote main chain torsions incompatible with B-sheet
mimicry. We recently described an approach to f3-strand stabi-
lization based on peptide backbone N-amination (Figure 1C).*!
The conformational and non-aggregating characteristics of N-
amino peptides (NAPs) are consistent across distinct models of
B-sheet folding and are attributed to cooperative non-covalent
interactions involving the No-NH2 substituent. Here, we de-
scribe the design and synthesis of NAPs that block tau fibriliza-
tion and spread in a sequence-specific manner. Our N-amina-
tion strategy enables the use of tau filament structure to guide
the design of its own peptidomimetic ligands. Using biophysi-
cal and cellular propagation assays, we demonstrate the utility
of a minimalist B-strand mimicry approach to target B-rich am-
yloids.

RESULTS

Design and Synthesis of NAP-based Tau Ligands. The R3
306 VQIVYKs11 hexapeptide motif is widely accepted as the key
amyloidogenic core of tau because filaments formed from this
motif closely resemble those observed from Alzheimer’s dis-
ease tau.?’*>* However, recent crystal structures of the R2
275 VQIINK2s0 motif show tighter side chain packing and strand
interdigitation relative to the R3 hexapeptide, suggesting it to
be a more powerful driver of tau aggregation.® Since the spe-
cific contribution of individual residues in these sequences have
not yet been studied, we chose to perform a complete backbone
N-amino scan along the length of each hexapeptide. Our NAP-
based library included mono-, di-, and tri-N-aminated ana-
logues. We limited poly-N-amino peptides to those harboring
amide substitutions on a single H-bonding edge, thus retaining
a fully intact edge for interaction with tau.

We synthesized 14 NAP B-strand mimics on solid support as
described in Figure 2. We excluded analogues harboring N-
amino glutamine (aGln) or N-amino aspartigine (aAsn) residues
since these undergo rapid intraresidue cyclization via the hydra-
zide during cleavage.* Our strategy relied on incorporation of
orthogonally-protected N-amino dipeptide building blocks that
are available in 3 steps from the corresponding a-amino benzyl
esters. Notably, this dipeptide fragment approach allows for
Fmoc SPPS of NAPs using automated, microwave-assisted
HCTU/NMM condensation protocols on Rink amide MBHA
resin. In contrast to canonical dipeptide (or larger) fragments,
N-aminated building blocks are highly resistant to racemization
during activation owing to the electron-withdrawing NHBoc

substituent.* Following elongation, NAPs were cleaved from

the resin and purified by preparative RP-HPLC. All NAPs were
characterized by 'H NMR and HRMS. The parent unmodified
hexapeptides AcPHF6 and AcPHF6* were also synthesized for
comparison to backbone-aminated variants.

NAP Tau Mimics Inhibit Tau Fibrilization in Vitro. We
chose thioflavin T (ThT), an amyloid specific fluorescent dye
that binds to B-sheet assemblies, to first evaluate the effect of
NAPs on recombinant tau aggregation. For these studies we ex-
pressed and purified full-length tau featuring a P301L mutation
(Figure S1) frequently observed in patients with frontotemporal
dementia and parkinsonism linked to chromosome 17 (FTDP-
17).% This missense mutation leads to local structure destabili-
zation around the amyloid forming region resulting in faster ag-
gregation. Recombinant tauesoi aggregated in the presence of
equimolar heparin sulfate (ti2 = 6.5 + 0.4 h) starting with a very
short 0.5 h lag phase followed by a 24 h exponential growth
phase. Of the 14 NAPs tested, 6 were found to significantly re-
duce end-point ThT fluorescence of taursoi. when incubated at
2-fold molar excess (Figures 3A and S2A). Compounds 2 and
4 are mono- and di-aminated hexapeptides derived from the R2
PHF6* aggregation-prone sequence, whereas compounds 5, 6,
12, and 13 are each derived from the R3 PHF6 sequence. Sev-
eral other NAPs had no effect on end-point ThT fluorescence or
lacked consistent inhibition across repeated experiments (Fig-
ure S2B-C). In agreement with previous reports,*’*> we ob-
served significant aggregation of both the R2 and R3 parent
peptides (AcPHF6* and AcPHF6) when incubated alone in aq.
NaOAc buffer, as evidenced by intense ThT fluorescence after
48 h (Figure 3B). In contrast, the 6 NAP inhibitors mentioned
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cmpd sequence. [M+H]*ops
1 Ac-aVal-GlIn-lle-lle-Asn-Lys-NH,  770.4877
2 Ac-Val-GlIn-alle-lle-Asn-Lys-NH, ~ 770.4878
3 Ac-Val-GlIn-lle-alle-Asn-Lys-NH,  770.4879
4 Ac-aVal-GlIn-alle-lle-Asn-Lys-NH, 820.5045
5 Ac-aVal-GlIn-lle-Val-Tyr-Lys-NH, ~ 805.4930
6 Ac-Val-GlIn-alle-Val-Tyr-Lys-NH, ~ 805.4925
7 Ac-Val-GIn-lle-aVal-Tyr-Lys-NH,  805.4927
8 Ac-Val-GlIn-lle-Val-aTyr-Lys-NH, ~ 805.4927
9 Ac-Val-GlIn-lle-Val-Tyr-aLys-NH, ~ 805.4933
10 Ac-aVal-Gin-alle-Val-Tyr-Lys-NH, 820.5045
1" Ac-aVal-Gin-lle-Val-aTyr-Lys-NH, 820.5041
12 Ac-Val-GlIn-alle-Val-aTyr-Lys-NH, 820.5048
13 Ac-Val-GlIn-lle-aVal-Tyr-aLys-NH, 820.5039
14 Ac-aVal-Gin-alle-Val-aTyr-Lys-NH, 835.5115
AcPHF6* Ac-Val-GlIn-lle-lle-Asn-Lys-NH, 755.4775
AcPHF6 Ac-Val-Gin-lle-Val-Tyr-Lys-NH, 790.4833

Figure 2. N-Amino peptide scan of tau hexapeptides. (A) Aggregation-
prone tau parent sequences; (B) NAP analogues of PHF6 and PHF6* pre-
pared by SPPS.
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Figure 3. Inhibition of tau p3oiL aggregation and monomeric nature of in-
hibitors examined using thioflavin T fluorescence: (A) Incubation of 20 pM
inhibitors with 10 uM heparin-treated tauesoi significantly reduced ThT
fluorescence. (B) N-amino substitution completely abolished the aggrega-
tion propensity of AcPHF6 and AcPHF6* as determined by negligible ThT
fluorescence after 48 h.

above (2, 4-6, 12, and 13)exhibited no such fluorescence, sug-
gesting that evena single backbone N-amino group was suffi-
cient to confer resistance to self-aggregation.

To confirm the effect of NAPs on tau fibril growth, we used
transmission electron microscopy (TEM) to visualize the mor-
phology and maturity of fibrillar species. Heparin-induced
taursoiL fibrils were allowed to grow over 96 h in the presence
or absence of inhibitors. Untreated taursoiL afforded large, heli-
cal, amyloid-like filamentous fibrils. In contrast, we did not ob-
serve any elongated or mature fibrils in the presence of a two-
fold molar excess of the 6 NAP inhibitors mentioned above. Di-
N-aminated peptides 4, 12, and 13 were particularly effective at

tau + hep

tau (no hep)

tau + hep +4

blocking fibrilization, resulting in non-fibrillary amorphous ag-
gregates similar to control wells containing taupsoiL without
heparin (Figure 4). In the case of the mono-N-aminated peptides
(2,5, and 6) we observed short, immature rod-like fibrils, indic-
ative of a more modest effect on tau assembly (Figure S3).

Di-N-aminated Hexapeptides Block the Cellular Trans-
mission of Tau Fibrils. Recent studies show that extracellular
tau fibrils spread in a prion-like fashion from one cell to the
next.'8?* This mode of propagation is important for the spread
of NFTs, neuropil threads, and plaque-associated neurites — all
of which contribute to the progression of Alzheimer’s disease.
To test whether NAP inhibitors are able to block the seeding
activity of recombinant taursoiL, we employed HEK293 biosen-
sor cells that stably express a tau-yellow fluorescent protein fu-
sion (tau-RD(LM)-YFP).2!?> When we treated these cells with
preformed heparin-induced fibrils of taursoi. we observed a
large number of intracellular tau aggregates as indicated by
punctate fluorescence after 48 h. These wells exhibited a mean
of 38% aggregate-containing cells over 3 separate experiments,
demonstrating the ability for fibrillar taupsoiL to enter cells and
seed the aggregation of the endogenous tau-RD(LM)-YFP (Fig-
ure 5 and S4). Given their superior anti-fibrillar activity by
TEM and reduced peptide character, we elected to carry out cell
seeding experiments with di-N-aminated peptides 4, 12, and 13.
Pre-treatment of monomeric tauesoi. with 1.9 uM of di-NAPs
12 and 13 (derived from the R3 PHF6 motif) significantly re-
duced seeding capacity. This effect was less pronounced at
0.009 uM. Inhibitor 4, derived from the R2 domain PHF6* mo-
tif exhibited far weaker anti-seeding activity at both high and
low concentrations (Figures 5 and S4).

Given that pathogenic tau can be secreted from cells in vari-
ous forms (as oligomers, aggregates, or mature fibrils*), we
tested whether NAPs could cap pre-formed tau fibrils to block
cellular transmission. In this experiment NAPs were incubated
with mature tauesoiL fibrils for 36 h prior to treatment of cells
expressing tau-RD(LM)-YFP. Indeed, we found that com-
pounds 12 and 13 were able to effectively inhibit propagation
in a dose-dependent manner. We determined a fibril capping
ICso in cells in the 5 uM range across 3 repeated experiments
(Figures 6 and S5). These results demonstrate that our structure-
based NAP mimicry approach afford ligands with anti-seeding
activity irrespective of tau aggregation state.

Consistent with the seeding experiments above using mono-
meric taupsoiL, di-NAP 4 was generally ineffective at capping
pre-formed fibrils and blocking propagation (Figures 6 and S5).
We then considered the possibility that di-NAPs 12 and 13 may

tau + hep + 12 tau + hep + 13

Figure 4. Fibril morphology under transmission electron microscope. Left to right: Incubation of 10 uM tauesoi resulted in large, mature and filamentous
fibrils only in the presence of heparin. Addition of 20 uM of NAP inhibitors 4, 12, and 13 afforded non-fibrillary amorphous aggregates similar to control.
Scale bar represent a distance 500 nm in the tau+hep panel and 2 um in the other panels.
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Figure 5. Inhibition of taursoiL aggregation and seeding. Soluble mono-
meric taupsoi (0.19 uM) in the presence of heparin was co-incubated with
0.009 uM or 1.9 uM of inhibitors for 4 days, then added to HEK293 cells
stably expressing tau-RD (P301L/V337M)-YFP. Fibrillized taupsoiL can in-
duce aggregation of endogenous tau in cells seen as focal puncta with high
fluorescence. Shown here are representative images of cells, at 20x magni-
fication under FITC channel. Treatment with 1.9 uM of either 12 or 13 was
sufficient to prevent seeding, however 4 was found to be ineffective. Scale
bar represents 200 pm. Bar graphs show the number of intracellular fluo-
rescent punctates relative to control infection wells lacking inhibitor.

be entering cells and inhibiting seeding by interacting with en-
dogenous tau-RD(LM)-YFP, rather than capping extracellular
pre-formed fibrils. We thus repeated the experiment without the
36 h inhibitor + mature fibril co-incubation period. Both di-
NAPs 12 and 13 failed to inhibit endogenous tau aggregation in
this experiment, suggesting that the compounds interact with
extracellular taupsoiL to block cellular transmission (Figure S6).

Di-NAPs are Stable in Human Serum and Non-Toxic to
Neuronal Cells. Compounds 12 and 13 feature two hydrazide
bonds within the peptidomimetic backbone. Their utility as tau
ligands in cell-based experiments would benefit from resistance
to proteolytic degradation. We carried out stability studies in
human serum and monitored degradation by RP-HPLC (Figure
7A). Both 12 and 13 were found to be remarkably stable in 25%
human serum (> 83% intact after 24 h). In contrast, an eight-
residue control peptide was rapidly degraded over 24 h in the
same assay. Although the parent AcPHF6 peptide could not be
used as a control due to rapid self-aggregation, the stability of
12 and 13 demonstrates the ability of N-amination to protect
against peptide backbone degradation.

Cellular seeding experiments with taupsoiL in the presence or
absence of di-NAPs 12 and 13 did not result in detectable tox-
icity to HEK293 biosensor cells (Figure S7A). We carried out
MTT assay to ensure that inhibitors 12 and 13 are not toxic to
human neural cells. As shown in Figure 7B, 12 and 13 exhibited
no appreciable toxicity toward SH-SY5Y (human neuroblas-
toma) cells up to 50 uM, or 10-fold their anti-seeding ICso val-
ues.

N-Amination Imparts Backbone Conformational Con-
straint in Solution. Di-NAPs that cap mature tau fibrils are ex-
pected to adopt parallel B-sheet-like conformations. X-ray crys-
tallography of a model di-N-aminated tripeptide previously
demonstrated its self-association as a dimeric species with ex-
tended backbone geometries.*! To gain insight into the solution
structure of our lead tau ligands, we carried out 2D-NMR spec-
troscopy followed by simulated annealing. While AcPHF6 was
insoluble in water, we were able to obtain gCOSY, TOCSY,
and ROESY NMR spectra in 9:1 H20:D>O for 12 and 13. 'H
NMR spectra were remarkably well resolved and devoid of sig-
nificant minor rotamers despite the presence of two N-substi-
tuted amide bonds. Moreover, inter-residue NOEs were limited
to correlations consistent with an extended solution confor-
mation (CaH;—NH;+;). Though short linear peptides are ex-
pected to be highly flexible in solution, the absence of charac-
teristic turn correlations suggests conformational restriction im-
parted by the N-amino groups. Distance-restrained simulated
annealing and clustering based on backbone dihedral angles af-
forded ensembles of the three most populated conformers of 12
(Figure 8). These clusters revealed high convergence of ¢ and
v torsions within the GIn2 and Val4 residues to the -sheet re-
gion of Ramachandran space. In contrast, the N-aminated alle3
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Figure 6. Concentrations of NAP inhibitors required to cap pre-formed 0.19 uM taupsoiL fibrils and block seeding in HEK293 cells expressing tau-RD
(P301L/V337M)-YFP. Mature fibrils were treated with various concentrations of NAPs for 36 h, added to cells, and incubated for an additional 48 h. Punctate
fluorescence was quantified to derive % tau infection relative to fibrils untreated with NAPs.
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Figure 7. Serum stability and cytotoxicity of NAP inhibitors. (A) NAPs 12
and 13 remained >80% intact after 24 h incubation in 25% human serum,
whereas control peptide (H-LITRLENT-NH.) was rapidly degraded, as
measured by HPLC. (B) NAPs 12 and 13 did not exhibit any appreciable
toxicity toward human neuroblastoma (SH-SY5Y) cells at low (10 uM) or
high (50 uM) concentration after 48 h, as determined by MTT assay.

and aTyrS5 residues exhibit greater conformational heterogene-
ity. This pattern was also observed in the case of di-NAP 13
(Figure S8). To specifically parse the conformational impact of
N-amination, we carried out unrestrained conventional MD

simulations on 12 and AcPHF6. Ramachandran plots for the
400 ns simulation again showed that N-amination severely re-
stricts accessible backbone torsions of the preceding residue
(Figure S9). We previously showed that NAPs readily engage
in intraresidue C6 H-bonds between the N-NH2 donor and the
carbonyl O acceptor, even in protic solvent.*” Coupled with the
constraint imposed on the preceding residue, the hydrazide
bond thus may serve to further stabilize 3-sheet-like confor-
mations that recognize fibrilar tau.

Di-NAP 12 Does Not Inhibit ABs: Aggregation in Vitro.
Many small molecule protein aggregation inhibitors exhibit un-
desired promiscuity. A peptidomimetic approach to tau inhibi-
tion offers prospects for achieving selectivity over other amy-
loids rich in B structure. As a preliminary test, we selected our
best-performing aggregation-inhibitory tau mimic, 12, and de-
termined its effect on AP+ aggregation in vitro (Figure 9). In-
cubation of synthetic, full-length AB42 (40 uM) in the presence
of ThT and various concentrations of 12 resulted in strong flu-
orescence indicative of aggregation. Di-NAP 12 exhibited no
inhibitory effect on AB4> aggregation up to a 4-fold molar ex-
cess (160 uM). We similarly observed no effect on lag-time at
any of the concentrations tested. Compound 12 thus exhibits in
vitro selectivity for tau over A4, an amyloid whose parallel f3-
sheet assembly also driven by a hydrophobic hexapeptide core
motif.

CONCLUSION

We have described the design, synthesis, and biological eval-
uation of a novel class of B-strand mimics that block tau aggre-
gation and propagation. Using an amide-to-hydrazide replace-
ment strategy, we carried out a positional scan of aggregation-
prone peptide sequences derived from the R2 and R3 domain of
tau. Several NAP analogues inhibited the fibrilization of recom-
binant full-length tau as well as its seeding capacity in an in-cell
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Figure 8. Solution NMR-derived structureal ensemble of 12. (A) Sequential and medium to long-range NOEs observed in the ROESY spectrum along with
3 Jnw-carr coupling constant were used to derive distance and dihedral restraints for simulated annealing. About one hundred energy-minimized structures were
calculated and grouped into eighteen clusters. Structures of top three clusters are shown with their populations and average backbone RMSD relative to the
cluster average. B) Residue-wise Ramachandran plots for the solution-derived structural ensemble. Green lines mark the dihedral restraints derived from the

3JnH.cqn coupling constants.



aggregation assay. Key features of the described NAP inhibitors
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Figure 9. ThT flourescence assay with A4 in the presence or absence of
12 showed no inhibitory effect on ABaz aggregation.

include increased conformational rigidity, resistance toward
self-aggregation, and remarkable stability toward serum prote-
ases. Our most effective inhibitor of tau fibrilization and seed-
ing showed no effect on the in vitro aggregation of APs. Dis-
crimination between structurally related B-rich assemblies is
potentially enabled by NAPs, which exhibit a full complement
of side chains in a minimalist single-strand design. In using the
sequence of tau to guide the design of its own inhibitors, our
work sets the stage for the development of selective ligands of
other pathogenic amyloids. Given that disease-associated con-
formational strains of tau are known to propagate in vivo with
high fidelity, we also expect that a NAP-based strategy can be
used to target unique structural motifs within such poly-
morphs.>®>! The current study thus provides a rational basis for
the design of soluble B-strand mimics with high levels of spec-
ificity.
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