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ABSTRACT

There are currently no disease altering drugs
available for Tauopathies such as Alzheimer’s
disease, which alone is predicted to affect ~88
million people worldwide by 2050. As Tau
aggregation underpins its toxicity, aggregation
inhibitors are likely to have disease-modifying
potential. Guided by in-silico mutagenesis studies,
we developed a potent retro-inverso peptide
inhibitor of Tau aggregation, RI-AG03 [Ac-
reerrrrrGpkyk(ac)igvGr-NHz],  based  on  the
306yQIVYK3! hotspot. Aggregation of recombinant
Tau was reduced by >90% with equimolar RI-AG03
and no fibrils were observed by EM. When added
during the growth phase, RI-AG03 blocked seeded
aggregation. Fluorescein-tagged RI-AGO3 efficiently
penetrated HEK-293 cells over 24 hours and was
non-toxic at doses up to 30 uM. In transgenic
Drosophila,  RI-AGO3  significantly  improves
neurodegenerative and behavioural phenotypes
caused by expression of human Tau. Collectively
this shows that RI-AGO03 can effectively reduce Tau
aggregation in vitro and block aggregation-
dependent phenotypes in vivo, raising possibilities
for exploring its translational potential.

INTRODUCTION

There are currently ~54 million people with
dementia worldwide, and this figure is predicted to
increase to ~135 million by 2050 [1] [2]. Alzheimer’s
disease (AD) accounts for 60-70% of these cases.
The global societal cost of dementia was estimated
at US S1trillion in 2018 and is predicted to increase
to US $2 trillion by 2030 [3]. The average annual
cost of managing a person with dementia in the UK
is reported as £32,250 [4]. Despite this huge
economic burden, the only approved drugs for AD
act by modulating neurotransmission to provide
temporary symptomatic relief, as opposed to
substantially altering the disease course. These
drugs include three acetylcholinesterase inhibitors,
and an N-methyl-D-aspartate (NMDA) receptor
antagonist. This highlights the need to develop
improved disease-modifying therapies.

AD is regarded as a proteopathy, manifested
through the production of B-amyloid (AB) and
hyper-phosphorylated Tau proteins that misfold
and adopt a high B-sheet content. This initiates a
nucleation-dependent aggregation process to form
semi-soluble oligomers and eventually fibrils. These
fibrillar structures accumulate in the brain as
extracellular amyloid plaques, containing AB, and
intraneuronal neurofibrillary  tangles (NFTs),
composed of Tau [5] [6] [7] [8]. These protein
aggregates are damaging to cells, with the smaller
oligomers often being regarded as the most

neurotoxic forms of both Ap and Tau [9]. In the case
of Tau, protein monomers stack in register and
parallel to each other to form smaller soluble
oligomers and ultimately larger insoluble
protofilaments which associate in an anti-parallel
conformation to form protofibrils and eventually
paired helical filaments (PHFs) or straight filaments
found in NFTs and other Tau inclusions [10] [11]
[12] [13] [14].

There are six isoforms of Tau, dependent on
alternative mRNA splicing from the MAPT gene on
human chromosome 17. The absence or presence
of exon 10 determines if Tau has 3 or 4 microtubule-
binding repeats. This exon encodes the second
repeat, which includes the aggregation hotspot
273VQIINK?®. The other main hexapeptide sequence
involved in promoting aggregation is 3°°VQIVYK3!?,
found in the third repeat. These hexapeptides are
essential for aggregation [15] [16].

The ‘amyloid cascade’ hypothesis proposes that AB
deposition precedes and initiates NFT formation
and has been the mainstream model for AD
aetiology for the past two decades [7] and a wide
range of data support the notion that AB pathology
is ‘up-stream’ of Tau pathology [17] [18] [19]. To
date, all drugs targeting AR have failed stage 3
clinical trials [20] and this has placed more
emphasis on Tau. NFT formation in the brain
correlates more closely with the destruction of
neurones and deficits in memory function than
accumulation of AB [21]. There is also a move
towards combination therapies and a dual-
targeting treatment against AR and Tau may be
more effective than monotherapies [22]. The
current compounds investigated in clinical trials for
Tauopathies are AClI 35, LMTM, AADvac 1,
Davunetide, BIIBO76, BIIBO80, BIIB092, C2N 8E12,
JNJ-63733657, LY3303560, RO7105705,
Abeotaxane, UCB0107, CCT020312, Nilotinib,
AZP2006, MK-8719, Salsalate, Saracatinib,
ASN120290 and IVIg [23] [24] [25]. Only LMTM
(TauRx Therapeutics) is listed as a protein
aggregation inhibitor, and only NAPVSIPQ (NAP)
(Allon Therapeutics/Paladin Labs) as a peptide.
There are currently no peptide aggregation
inhibitors for Tau in clinical trials. Our research
group has previously developed aggregation
inhibitor peptides which target aggregation
“hotspots” in AB and amylin [26] [27] . Using a
similar rationale we designed peptide inhibitors to
target and mimic  aggregation  ‘hotspot’
306yQIVYK3™ in the tau protein sequence, while
avoiding peptide self-association and stimulation of
Tau aggregation via carefully chosen modifications
[28].
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RESULTS

In-silico investigations confirmed suitability of
targets in Tau through an informed guidance
approach. Aggrescan and Camsol intrinsic
algorithms highlighted 3°6vVQIVYK3!! as the region in
Tau having the lowest intrinsic solubility, whilst also
being prone to aggregation (Figures S1 and S2).

By conducting residue optimisation to the
hexapeptide, aggregation propensity can be b.
reduced to avoid peptide self-association whilst
maintaining target specificity. Table S3 highlights
residue optimisations in silico conducted on
VQIxYK, and VQxVYK, respectively, where ‘X’ was
systematically replaced with all possible amino acid
residues. Based on the Na4vSS value, Lysine was
highlighted as the optimum replacement for both
VQxKYK and VQIxYK. It reduced the aggregation
propensity to just below the aggregation threshold, c.
suggesting that target affinity would be retained,
(Figure S8). His replacement was rejected as its
intrinsic insolubility matched that of the native
peptide. VQIKYK retained some intrinsic insolubility
whereas VQKVYK did not, (Figure S7), so was
preferred. The substituted Lys was acetylated to
render it a hydrogen bond donor to enhance its
binding to 3%vVQIVYK3!! which is in a hydrogen bond
acceptor rich region [29] (Figure S8). d.

Experimental peptides were computationally
docked to Tau to see if they bound to their target
region. Figure 1 summarises the binding sites and

raw data for the average (n=3) of peptide docking Bound to superior portion of PHF

to Tausoe-37s. Based on the ICM score, the control ICM | H.Bond | Hydro- Van
peptide [VQIVYK] bound more strongly to the top of Ligand Score | Energy | phobicity | der Waals
the protofl!ament tha.n- modlfleq [VQIK(Ac)YK] did, VaIvyK 15.49 8.8 568 40.66
however with the additional proline, taken from the

native sequence, [VQIK(Ac)YKP] bound the Valk(Ac)YK -11.40 -4.41 -6.02 -31.54
strongest. When binding to the bottom of the VQIK(Ac)YKP | -18.90 | -10.88 -7.28 -39.04
protofilament however, [VQIK(Ac)YK] bound the

strongest.

Figure 1: Experimental peptides docked in parallel to the superior portion of PDB 503l PHF, demonstrating
preferential predicted binding to their complementary 3%vQIVYK3!! target (cyan). a: VQIVYK; b: VQIK(Ac)YK; c:
VQIK(Ac)YKP, notice the peptide extending to interact with the parallel B-sheet to 3°®VQIVYK3!!; d: Summary table
of the average computationally calculated values describing the docked compounds to Tauses-373. Lower scores
indicate more powerful the interactions. ICM score of < -32 indicates a very strong bind.
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Figure 2 demonstrates that [VQIVYK] binds in
parallel to its complementary sequence in Tau and
that it also binds to VQIINK. However [VQIK(Ac)YKP]
bound in anti-parallel to its complementary
sequence and bound in parallel to VQIINK (also seen
in Figure S9-S10). Table S4 shows that [VQIVYK] and
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Figure 2: Experimental peptides docked to PDB 6QJH
heparin-induced 2N4R Tau snake filament have two
predicted binding sites; 3%VQIVYK3!! and 275VQIINK?®, a:
Ac-VQIVYK-NH: binding in parallel to the filament, b: Ac-
VQIK(Ac)YKP-NH2 binding in anti-parallel to the filament
at 3%VQIVYK3! position and in parallel at the 27°VQIINK?&°
position.

[VQIK(AC)YKP] both docked to multiple Tau
structures from the PDB with similar intensity. The
most noteworthy difference in energy was that
[VQIK(Ac)YKP] bound almost twice as strongly to
the Fitzpatrick PHF structure [10] than native
[VQIVYK] did. For referenc e, both heparin and ThT
bind to Tau very strongly with ICM-scores of -34.73
and -28.45. A range of peptides (Table S5) were
designed and tested for their ability to self-
aggregate and to inhibit heparin-induced
aggregation of TauA1-250 in vitro (Figure 3). These
peptides have Ac-RG....GR-NH: flanking sequences
to aid solubility, a strategy employed in our
previous work [26] [27] [30] [31].

Peptides AGO1 [Ac-RG-VQIINK-GR-NH2] and AG02
[Ac-RG-VQIVYK-GR-NH2] self-aggregated, and so
were deemed to be poor choices as inhibitors
(Figure S11). VQIVYK based peptides were focused
on for development as this motif is present in all
Tau isoforms. Figure 3 demonstrates that
increasing solubility via the addition of up to three
consecutive Arginine residues inhibited aggregation

by an additional 20%, presumably through charge
effects and steric hindrance. In addition, the
inclusion of a total of 9 Arginine residues (AG0O2R9)
reduced aggregation further by an additional 10%.
As Tau aggregates intracellularly it is important that
the inhibitor has a cell penetrating sequence so R9
and TAT were tested as these are required to aid
cell and brain penetration [32]. Inclusion of the TAT
sequence (AGO2TAT) did not result in any additional
inhibitory benefits compared to AGO2R5 and
AGO2R9 self-associated less than AGO2TAT. The
termini these poly-Arginine chains were located on
did not greatly change peptide inhibitory action. No
additional benefit was observed when introducing
Proline to the end of the binding sequence
(AGO2PR5), however it was retained due to it being
found in the native VQIVYKP sequence. The
hypothesis was that angle change in concert with a
longer poly-Arginine chain would create additional
interference for other Tau molecules. AG02AI [Ac-
RG-VQK(Ac)VYK-GR-NH2]  demonstrated  self-
seeding ability which agreed with the docking
predictions. AG02AV [Ac-RG-VQIK(Ac)YK-GR-NH2]
suggested a tendency for self-aggregation.
However, AG03 [Ac-RG-VQIK(Ac)YKP-GRRRRRRRR]
this inhibited aggregation the most (~53%
inhibition), while  showing  minimal self-
aggregation. Thus, AG03 was selected as the ‘lead’
inhibitor for further development. The difference
between the binding sites of AG02 and AGO3
include the replacement of the second Valine with
Acetyllysine and adding Proline on the end for
AGO3.

AGO3 needed to be proteolytically stable so an N-
methylated (AGO3M) [Ac-RG-
V(m)QI(m)K(Ac)Y(m)KP(m)-GRRRRRRRR-NH:] and a
retro-inverted version (RI-AG03) [RI-RG03 = Ac-
rrrrrrrG-pkyk(ac)iqv-Gr-NHz2] were tested against
Tau aggregation. AGO3M showed no improvement
over its parent molecule, but RI-AG03 inhibited Tau
aggregation by ~94% at equimolar concentration
with an IC50 of 7.83 (Figure 3c). Octa-Arginine
[RRRRRRRR] and scrambled AGO3 [Ac-RG-
QPKIK(Ac)YV-GRRRRRRRR] controls which do not
include the binding region had no effect,
demonstrating that inhibition was not solely due to
charge effects and emphasizing that it is not the
presence of the amino acid residues, but also their
sequence, which endows the inhibitory properties.
Figure 3c demonstrates the dose-dependent
relationship of RI-AG03 against 20 pM TauA250
aggregation, with IC50 = 7.83 uM.
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Figure 3: Synergy2 End-point (24 hr) Thioflavin data aggregation of TauA1-250 20 pM. a: With different peptide
inhibitors (white, hatched) and attempted self-assembly of inhibitors without the presence of Tau (black). Key: AGO1
[RG-VQIINK-GR], AGO2 [RG-VQIVYK-GR], AGO2R4 [RRG-VQIVYKG-RR], AGO2R5 [RG-VQIVYK-GRRRR], AGR502 [RRRRG-
VQIVYK-GR], AGO2PR5 [RG-VQIVYKP-GRRRR], AGO2R9 [RG-VQIVYK-GRRRRRRRR], AGO2TAT [RG-VQIVYK-
GRYGRKKRRQRRR] , AGO02AlI [RG-VQK(AC)VYK-GR] , AGO02AV [RG-VQIK(Ac)YK-GR], AGO3 [RG-VQIK(Ac)YKP-
GRRRRRRRR]. b: With equimolar concentrations of either octa-arginine, scrambled AG03 peptide, AGO3, N-methylated
AGO3 or retro-inverso AG03. n=3, error bars reported as standard deviation. c: Dose dependent log10 scatter graph
employing a curve fitting algorithm to calculate the IC50 of 7.83 uM. * P <0.05, ** P <0.01, *** P < 0.001.

RI-AGO03 demonstrated efficacy at inhibiting seeded decreases over 5 hours to 48 % and 15 %,
aggregation when added one hour into the growth respectively, with an increase in B-sheet to 31 %
phase of aggregation and halting any further and a-helical content to 6 %. No further change
aggregation (Figure 4a).This confirmed that occurs between 5 and 24 hours. Incubation of Tau
previous inhibition of Tau aggregation was not with RI-AGO03 results in a similar native spectra and
caused by the inhibitor's positive charges estimated structure (disordered 57 %, turns 18 %,
sequestering heparin. The aggregation of Tau alone B-sheet 23 % and a-helical 2%) (Figure 4B blue).
and in the presence of the inhibitor RI-AG03 was This remains largely unchanged after 5 hours,
studied using time resolved circular dichroism. Tau (disordered 56 %, turns 17 %, B-sheet 22 %, and a-
filament formation is expected to coincide with a helical 5 %) with crucially, no increase in B-sheet
reduction in disordered structure and anincrease in structures as seen for the untreated tau. This
B-sheet content [33]. The specific construct used in suggests that RI-AG03 impairs Tau self-assembly by
this study has previously been shown to follow this stabilising the Tau in a structure close to its native
transition with heparin induced aggregation [34] form. When TauA1-250 was incubated with heparin
[35]. Secondary structure estimation from the CD for 24 hours, insoluble fibrils typical of amyloid
spectra using the Bestsel algorithm [36] [37] reveals were distributed evenly across the TEM surface
this Tau construct has a predominantly disordered (length and diameter). However, in the presence of
native structure (56 %), with the rest made up of equimolar RI-AGO03 these fibrils were not observed,
turns (18 %), and B-sheet (26 %) (Figure 4B red). and only very small spherical structures, with mean
Upon incubation under aggregation inducing diameter ~36 nm, were present (Figure 4e).

conditions, the unstructured content and turns
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Figure 4: ThT Kinetics, CD spectroscopy and EM data a: Aggregation kinetics of TauA1-250 20 uM with RI-AG03 20uM added one
hour into the experiment. b: Incubation with heparin and RI-AG03 at 37°C for 5 hours; TauA1-250 20uM demonstrates a reduction
in B-sheet content (at 220 nm) compared to control; c: Secondary structure estimation analysis of 4b using BeStSel; d: Negative
stain TEM images using a JEOL JEM-1010 following aggregation of TauA1-250 20 uM at pH 7.4 in the presence of Tris buffer 30
mM, DTT 1 mM, heparin 5 uM incubated at 37°C for 24 hr, without (left) and with RI-AG03 20 uM (right). Note absence of fibrils
in the presence of RI-AG03. Repeats were performed in triplicate across independent experimental repeats; e: Table quantifying
area and diameter of 200 oligomeric-like structures seen in TEM images from Tau incubated with RI-AG03, using iTEM software.
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Unlike AGO03, RI-AG03 showed resistance to ﬂ)x
digestion with Trypsin over 24 hours, as shown by S o Q“’X-Q 66’3 VVGQ.
SDS-PAGE (Figure 5). RI-AGO3 penetrated HEK-293 &,\«@ ?VGQ ?,6 C\Q%\ X & Q%\&\
cells and was non-toxic even at doses up to 30 uM kDa < @ &d

over 24 hours (Figures 5a and b). This provides a
degree of confidence for the potential translational
utility of this peptide prior to experiments in vivo in
a Drosophila model of tauopathy. BLASTP 2.8.1+
shows no match for human Tau residues
273yQIINK?® and 3%vQIVYK3! in Drosophila Tau,
suggesting that RI-AG03 will not interfere with
endogenous Tau in this model.

26.6 — [a— PU—— PR

RI-AGO3 was fed to an established Drosophila
model of Tauopathy overexpressing full-length
human Tau (2N4R) in the eye using the eye-specific
GMR-Gal4 driver. These human-Tau overexpressing
flies undergo profound Tau-induced
neurodegeneration in the photoreceptors which is
reflected in a reduced eye-size compared to
controls (Figure 6). Eye-size was restored in Tau-
transgenics when treated with 40 uM RI-AGO3,
showing a statistical difference compared to the
untreated Tau flies (Figure 6b). SEM images of the
Tau-transgenics further displayed an array of fused
ommatidia and missing bristles in the anterior part
of the eye leading to the characteristic Tau-induced
“rough-eye” phenotype. RI-AGO3 treatment
partially rescued this “rough-eye” phenotype by
improving the number and morphology of bristles
and reducing the number of abnormal ommatidia
as seen by SEM (Figure 7). Inhibitor-treated
Drosophila appeared more like controls and
demonstrated a significant improvement in overall
eye-morphology and ommatidial organisation
when compared to untreated Tau-transgenics. 204

—— Cytotoxicity

80

60

40

LDH Cytoxicity (%)

Inhibitor Concentration (uM)

Figure 5: A: 15% SDS PAGE gels of AGO3 (100 uM) and RI-AGO03 (100 uM) treated with and without equimolar
Trypsin concentration for 24-hours at 37°C. AG03 has no signal in the presence of Trypsin whereas RI-AG03
has a strong signal in the presence of Trypsin. Densitometric analysis suggested a 19% reduction in signal
after equimolar incubation of RI-AG03 with Trypsin. B: Cellular uptake of FAM-RI-AGO03 (15uM) by HEK-293
cells over 24-hours. Almost no peptide is visible in the medium, suggesting that majority of the peptide was
taken up into the cells. C: Varying concentrations of RI-AG03 were co-incubated with HEK-293 cells and
cytotoxicity was analysed using an LDH cytotoxicity kit. Toxicity begins to increase at 40uM.
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a) GMR-hTau b) GMR-hTau + ¢) GMR-GAL4
40 uM RIAGO3

¢

Figure 7: Drosophila eye SEM data of (panels left to right) (a)

. ol healthy GMR-GAL4, (b) GMR-hTau treated with 20uM RI-AGO03
and (c) GMR-hTau without treatment. Upper panel (scale bar =
100 pum): The treatment with 20 uM RI-AGO3 restores the shape
and size of the Tau-induced rough eye in (b) compared to
untreated Tau transgenics (c). Lower panel (scale bar = 50 um):
Treatment with 20 puM RI-AGO3 restores the number of
ommatidiain GMR-hTau compared to untreated Tau transgenics

where fused ommatidia and missing bristles are visible.
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Figure 6: Shows experimental data of Drosophila over-
expressing Tau in the eye (GMR-hTau) treated with various
concentrations of RI-AG03 and healthy Drosophila control
(GMR-GAL4). Tau expression causes toxicity resulting in
morphological changes in the eye width at the middle of the
eye. Notice the increased width of the eye when the Tau fly
(a.) is treated with RI-AGO03 (b.), closer resembling GMR-
GAL4 (c.). Scale bar = 100 um. d: Width of the eye at the
middle increased with 40 uM treatment Data presented as
means (n=5/condition) and standard deviation. One factor
repeated measures ANOVA + Tukey post hoc statistical
analysis was conducted.
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To test whether this rescue of Tau-induced rough-
eye phenotype could be extended to ameliorate
Tau-induced neuronal dysfunctions in whole
organisms, the impact of RI-AGO03 on lifespan of flies
expressing 2N4R pan-neurally was assessed. Tau-
expressing (Elav/Tau) and control (Elav/Orer) flies
were reared on media containing either low-dose
(0.08 uM) or high-dose (0.8 uM) of the RI-AGO3
inhibitor and survival assays were performed [38].
Whilst the lifespan of control flies varied from 80 to
90 days and was unaltered by inhibitor treatment,
the lifespan of the Tau flies was significantly
improved by treatment with both high and low

flies increased from 26 to 35 days following
inhibitor treatment (p< 0.0005 n=100) whilst that of
controls was not significantly altered (67 to 70;
p>0.05 n=100). This suppression of two Tau-
induced phenotypes, known to be Tau aggregation-
dependent [39] suggests that RI-AG03 has efficacy
as a suppressor of tau-mediated toxicity in vivo.

Inhibitory properties of RI-AG03 were improved
when covalently attached to liposomes, reducing
TauA1-250 aggregation ThT fluorescence by ~94%
(Figure 9). Control samples of liposomes without RI-
AGO3 had no inhibitory properties.

dose of inhibitor (Figure 8). Median survival of Tau
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80 i
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Figure 8: Survival curves of Control (Elav-GAL4) and Tau overexpressing flies (Elav-hTau) in the presence and absence of low
(0.08 uM) and high (0.8 uM) doses of the RI-AGO3 respectively. a: Treatment with 0.08 uM and b: 0.8 uM RI-AGO3,
significantly increased the lifespan of hTau expressing flies by approximately 2 weeks, p = 0.0007 and 0.0004, respectively,
while that of treated controls remained unchanged p = 0.194 and 0.332, respectively (Log-Rank test n=100 per
genotype/treatment group). Median survival rates were increased from 26 in untreated Tau flies to 33 and 35 after the low
and high dose inhibitor treatment, respectively. In Elav controls the median survival rates remained unchanged after the low
and high dose inhibitor treatment (67 to 70).
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Figure 9 Thioflavin data using FlexStation 3. a: Heparin induced aggregation of TauA1-250 in the presence of equimolar
concentrations of either RI-AGO3 or RI-AG03 Liposomes (white) or without (black); b: Heparin induced aggregation of
TauA1-250 in the presence of equimolar concentrations of plain liposomes (white) and without (black). Concentration of
liposomes was calculated from the molecular mass of the components of the liposome.
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DISCUSSION

Deletion of 3%VQIVYK3! inhibits pathogenic
aggregation of Tau, whereas co-incubation of Tau
with this peptide stimulates aggregation [28]. This,
in concert with Aggrescan and Camsol results
(Figure S1-2) emphasises the importance of this
sequence in Tau aggregation as a target for
therapeutic action. We describe here the
development of one such peptide and show that it
potently inhibits tau aggregation in vitro and
significantly ameliorates aggregation-dependent
Tau phenotypes in vivo.

As VQIVYK stimulates aggregation, this sequence
was used for designing the aggregation-inhibiting
peptide. First, modifications were required to
prevent peptide self-association. Isoleucine3® and
Valine3® were chosen for mutagenesis because
they are hydrophobic amino acids within the core
of the hexapeptide known to influence aggregation
[33]. Tyrosine was not altered as it is useful as an
anchoring residue by aromatic stacking
interactions. Only one location in the hexapeptide
was changed to avoid losing target specificity.

Not all hydrophilic amino acid substitutions were
able to reduce the aggregation propensity. There is
a fine line between functional and pathogenic
protein behaviours, and it is logical to assume that
a Na4vsS value close to but below the aggregation
threshold would be desirable. The rationale was
that if the value was too low, then the inhibitor
would yield a weak interaction with its target, but
too high and it may seed aggregation. Isoleucine3%®
plays animportant role in hydrophobicinteractions,
supported by its sidechain B-carbon restricting its
conformations and involvement in binding
recognition [40]. In addition, Valine3® and
Isoleucine3® form an apolar dry interface with
Tyrosine3'® and pack tightly with the 4% repeat [10]
[40]. CH/mt interactions between Isoleucine and
Tyrosine in 3%VvQIVYK3!! are essential for dry
interface formation of steric zippers [41]. These
interactions were observed here through molecular
docking simulations.

Due to its bulky pyrrolidine ring, Proline is a B-sheet
breaker as it places steric conformational
constraints on preceding residues with its fixed
dihedral angle of -65° which is incompatible with B-
sheets [42] [43]. Substitution of Proline into the
sequence was not deemed appropriate as its
rigidity would interfere with hydrogen bonding
between the inhibitor and its target [44]. Instead,
Proline3*2 was included in its natural position in Tau.
This gives a ‘kink’ in the structure when poly-
Arginine is attached to the Proline side of the

molecule, which may be beneficial at repelling
interacting Tau molecules.

The peptide 3%VQIVYK3!! was favoured as it is
present in all Tau isoforms and shares similarity to
275yQIINK?® which might promote binding to both
targets [45]. Soft acid/base interactions are
important for recognition and assembly, however
acetylenic groups form CH/mt bonds on par with the
strength of classic hydrogen bonds [46]. For Tau
molecules to bind and form stable filaments, the
positive charges must be neutralised [42]. By
removing the positive charge on Lysine, interaction
between the inhibitor and Tau is encouraged [47].
The substituted acetylated Lysine also packed
tightly with the 2" repeat which houses the VQIINK
sequence [42]. Interference with this region may
provide additional disruption to the pathogenic
folding of Tau by interfering with how VQIINK folds.

Within the same B-sheet layer VQIVYK organises
into parallel face-to-face B-strands. Protofilaments
are then formed from mating identical anti-parallel
B-sheet layers [48] [49] [50]. In line with this,
VQIVYK docked in parallel to its complementary
sequence in Tau and the modified peptides
[VQIK(Ac)YK] and [VQIK(Ac)YKP], did as well (Figure
1).

Free VQIVYK peptides have been shown to form B-
sheets of parallel and anti-parallel strands which
stack and form disordered/irregular protofilaments
[51]. This may explain why VQIK(Ac)YKP docked in
an anti-parallel fashion as seen in Table 4. Peptides
promoting anti-parallel alignments result in slower
aggregation kinetics due to increased effort to mate
B-sheets [49] [52]. VQIK(Ac)YKP also bound to
VQIINK, perhaps due to the peptide sharing the
same VQIxxK sequence as these targets. VQIVYK
interacts with VQIINK to produce twisted PHF-like
filaments [53]. Asparagine?”® from VQIINK (which
can donate 2 hydrogen bonds) may form a
quadrupole moment by interacting with Tyrosine3°
from VQIVYK via polar-rtinteractions [54]. This anti-
parallel interaction may alter the aggregation
pathway. When VQIK(Ac)YKP targeted
3055yQIVYKP3?? it bound to residues Glycine3%,
Histidine374, Asparagine?®, Serine?®®, Glutamine?®,
whereas when it targeted 27*HVQIINKK?®! it bound
to Leucine?®?, Asparagine?”’, Tyrosine®®, Serine32®,
Interestingly these conformations bind to residues
found in both binding sites, specifically Histidine3
and Tyrosine®'? suggesting that the inhibitor may
interact with both VQIVYK and VQIINK
simultaneously. Using a combination of AG02Al and
AGO02AV was not favourable because this would
result in a loss of specificity by altering the
hydrophobicity and hexapeptide recognition
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sequence too much. Addition of Arginine residues
may enhance inhibition by causing steric
hinderance, similarly like N-methylation does.

Another peptide inhibitor developed by our group
which outcompetes monomers for the °KVLFF?°
region in AP and named OR-2 [H2N-RG-KLVFF-GR-
NH2], retained its ability to inhibit AP aggregation
when retro-inverted to RI-OR2 [Ac-rG-ffvlk-Gr-NH:],
but unlike the comparison between AGO3 and RI-
AGO03, was not a substantially better inhibitor [26]
[54]. Furthermore, when the amylin aggregation
inhibitor targeted at *ANFLVH!® and named 108
[H2N-RG-ANFLVH-GR-NH:] was converted to RI-I08
(Ac-rGhvifnaGr-NH2), this caused it to actually
promote amylin aggregation [27]. N-methylation of
I08 did not have any effect on inhibitory action
against amylin aggregation [27], which is what was
seen when comparing AG03 and AGO3M. It is not
predictable whether retro-inversion or N-
methylation will necessarily improve the inhibitory
effects of these peptide inhibitors. Changes to
charge based on the terminal domains and the
backbone of peptides can either promote seeding
or improve aggregation inhibition. L and D-amino
acids are optical isomers, however when peptide
sequences are retro-inverted, although their side
chains are in similar orientation, their backbones
are reversed. This means that the hydrogen bonds
formed are different. Amyloid fibre stability is
maintained through backbone interactions, so it is
striking that RI-AGO3 with a reverse backbone has
greatly improved activity. Also, terminal
modifications can generate new interaction
surfaces and enhance stability and activity. The
amide functional group when near valine may
enhance inhibitory properties by affecting local
hydrophobicity [55]. Capping the termini can
enhance aromatic interactions, which is useful for
the tyrosine residue in the inhibitor [56].

TauA250 control aggregated to from ordered
structures consisting of PHFs and straight fibrils.
However, in the presence of RI-AG03 no fibrils were
formed and instead, ~36nm diameter spherical
structures were seen. This size is compatible with
formation of large granular Tau oligomers (GTO)
[57]. It was suggested in a Drosophila model that
GTO’s are not toxic and may be neuroprotective
[58] [59]. Reduction of ThT signal suggests a
reduction of Tau B-sheet content, but this method
cannot detect the presence of oligomers. Through
secondary structure estimation analysis, RI-AG03
normalised B-sheet content to similar levels seen in
native Tau, as shown by CD spectroscopy [60] [61]
[62] [63].

Heparin induced 2N4R filaments adopt different
conformations including twister, snake, jagged and
hose filaments which all have a subtle 20°
difference to the backbone of the 3'°Tyrosine-
Lysine-Proline3'? residues, resulting in different
conformations of B-sheet packing. It is possible that
RI-AGO3 interferes with this specific region in Tau,
but the inhibitor was able to stop Tau aggregation
in the absence of heparin. Whether the GTO-like
structures are formed when the inhibitor blocks
‘seeded’ aggregation of Tau, in the absence of
heparin, remains to be seen.

When RI-AG03 was attached to liposomes it was ~
40 times more effective as an inhibitor because the
concentration of liposome drug was based on the
total lipid (not peptide) content. A 1:1 ratio of tau
to total lipid was used. RI-AGO3-C binds to DSPE-
PEG-MAL which is 5% of the lipid composition.
Assuming 50% of the DSPE-PEG-MAL faced inwards
and if 100% of the peptide bound, then lipids had
~2.5% peptide (0.5uM). This improvement when
attaching multiple copies of the inhibitory peptide
to lipid was also seen with RI-OR2 [26]. Similarly,
when AP peptide inhibitor RI-OR2-TAT was
attached covalently to the surface of liposomes, to
give a multivalent inhibitor, its potency as an
aggregation inhibitor for AR was greatly improved
[32]. When tested in vivo, AB oligomer and amyloid
plaque levels were reduced in the cerebral cortex of
10-month-old APPswe/PS1AE9 mice following daily
i.p. injections of RI-OR2-TAT over 21 days [31].

As anticipated, RI-AGO3 was resistant to proteolytic
digestion. D-amino acids are typically resistant to
proteolysis [26] and in RI-AGO03, the backbone of
the D-amino acids is reversed, resulting in an
altered conformation of the trypsin cleavage site.
Fluorescein-labelled RI-AG03 penetrated HEK cells,
perhaps via cell mediated endocytosis or
electrostatic processes. Polyarginine and other cell
penetrating peptides can easily cross cell
membranes without receptors [64] [65]. It is
postulated that octa-arginine translocation is not
limited to endocytosis but also through
electrostatic and hydrophilic interactions by making
hydrophilic holes in membranes [66] [67]. Direct
penetration has been suggested whereby
guanidinium side chains of Arginine nucleate
transient pore formation [68]. Macropinocytosis
may also be involved in the uptake of octa-Arginine,
especially the larger poly-Arginine [69]. To escape
endosomes, octa-Arginine may cause their
membranes to leak, or utilise counteranion-
mediated phase transfer [70]. Toxicity observed at
high concentrations in Figure 5b may be associated
with membrane leakage [71] [72].
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75% of the genes implicated in human diseases
have orthologues in Drosophila, this trait coupled
with its genetic tractability and complex
behavioural assays makes the fruit flies an
attractive model for the study of
neurodegenerative diseases and for screening
drugs like RI-AGO03. To test the efficacy of RI-AG03
in inhibiting Tau mediated phenotypes in vivo, a
Drosophila model was employed. This model of
tauopathy displays a characteristic “rough-eye”
phenotype that is caused by a massive loss of
underlying photoreceptor neurons induced by
human-Tau (hTau) overexpression,
hyperphosphorylation and aggregation [73] [39].
Importantly, this model has been used extensively
to identify enhancers and suppressors of hTau-
induced toxicity [74] [75] [76]. Our data suggests
that RI-AGO3 can suppress hTau mediated
degeneration in vivo as is evident in the dose-
dependent suppression of the “rough-eye”
phenotype of treated Tau-expressing flies
compared to age-matched untreated transgenics.

RI-AGO3 similarly suppressed other hTau mediated
phenotypes in Drosophila. Previous studies by co-
authors have shown that the pan-neuronal
expression of hTau decreases the lifespan of flies
[38] and this was significantly improved by RI-AGO03
treatment, at both low (0.08 uM) and high doses
(0.8 um) (Figure 8). Interestingly, this lifespan
extension was not observed in the inhibitor-treated
control lines, clearly due to the specificity of RI-
AGO03 in targeting monomeric and oligomeric
human Tau proteins in the hTau-expressing
transgenic flies. In addition, no decrease in lifespan
was observed , demonstrating that the inhibitor is
not toxic to Drosophila. As both the rough eye
phenotype and shortened lifespan are believed to
occur due to aggregation induced
neurodegeneration of human Tau in these
Drosophila models [39], this data collectively
suggests that RI-AG03 was reducing Tau mediated
aggregation in vivo in this model which manifested
in the improved phenotypes.

Conclusion:

With the failure of AP targeting drugs in clinical
trials, there is a renewed focus on Tau centric
targets in the Alzheimer field. As aggregation is
causally linked to most aspects of Tau toxicity,
inhibition of Tau aggregation is likely to be an
effective disease-modifying target. We therefore
designed and developed a series of novel Tau
aggregation inhibitors, of which, one RI-AG03 was
found to be the most potent. It displays cell
penetrability and is non-toxic both to cells in culture
and in vivo. Importantly, treatment with this

inhibitor potently suppresses Tau aggregation in
vitro and significantly ameliorates Tau phenotypes
in vivo. This collectively demonstrates the disease-
modifying potential of inhibiting Tau aggregation
and the utility of inhibitors such as RI-AGO3 as
therapeutic agents.

METHODS

Aggregation propensity: Aggrescan predicted
aggregation propensity of experimental peptides by
comparing the amino acid sequence to known hot
spot sequences from 57 amyloidogenic proteins
[77].

Intrinsic solubility: Camsol Intrinsic predicted the
intrinsic solubility profile of experimental peptides
[45] [78] by evaluating amino acid hydrophobicity,
aggregation propensity, charge and secondary
structure propensity [79].

Docking: Test peptides were docked onto Tau
structures from the Protein Data Bank using
Molsoft ICM-Pro (version 3.8-7). They did not
include cell penetrating sequences due to
applicability limitations in current protocols [80].
Water was kept tight and His, Pro, Asn, GIn and Cys
side chains were optimised to correct orientation
and H-bond network. Standard ICM-dock 3D grid
potential maps used 0.5 A grid spacing and docking
probes were placed on the outer chains [81] [82].
Ligand atom types and charges were assigned by
the Merck molecular force field. ‘Peptide docking
mode’ forcefield was used to dock ligands onto Tau
structures with maximum sampling effort factor
[83] [84]. Flexible ring sampling (2) and biased
probability Monte Carlo randomly selected
independent subspaces based on predefined
continuous probability distribution [85].

Recombinant protein expression: Expression
plasmid pRK-172 was transformed into E. coli
BL21(DE3) cells and expressed as described [86].
Taniguchi-Watanabe received 4R1N in pRK-172
from Dr. Michel Goedert [87].

Recombinant protein purification: Cells were
resuspended in lysis buffer (50 mM PIPES, 1 mM
EGTA, 1 mM DTT, 0.5 mM PMSF, 0.5 pg/ml
leupeptin, pH 6.8) and lysed via sonication.
Supernatant was supplemented with 1 % B-
mercaptoethanol, boiled for 5 minutes and
centrifuged at 27,000 x g. Supernatant was loaded
onto a sulphopropyl (SP) sepharose column, pre-
equilibrated in purification buffer (50 mM PIPES, 1
mM EGTA, 1 mM DTT, pH 6.8). TauA1-250 was
eluted with purification buffer + 0.35 M NacCl.
TauA1-250 was precipitated at 35% ammonium
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sulphate. Pellets were reconstituted in ddH20 and
dialysed against Tris (30 mM), pH 7.5.

Thioflavin-T  fluorescence:  Aggregation  mix
(Tau/peptide 20 uM, ThT 15 pM, dithiothreitol 1
mM, Tris 30 mM and heparin 5 UM pH 7.4) was
incubated at 37°C with 10 seconds of shaking every
10 minutes for 24 hours. Fluorescence was
measured (Aex=442 nm, Aem=483 nm) and data
was normalised.

TEM: 10 pL samples were loaded onto
Formvar/Carbon 300 mesh copper grids (Agar
Scientific) for 3 minutes and then negatively stained
with 10 pL of filtered 2% phosphotungstic acid, pH
2, for 2 minutes. Grids were examined using a JEOL
JEM-1010 transmission electron microscope and
were visualised and photographed at various
magnifications.

Circular dichroism: CD spectra were obtained using
a Chirascan plus qCD spectrometer (Applied
Photophysics) between 180 and 260 nm with a
bandwidth of 1 nm and a path length of 2mm.
Secondary structure estimation was conducted
using the BeStSel web server.

Peptide Liposomes: Peptide liposomes were
prepared as described [31]. Excess unbound RI-
AGO03-C was removed by centrifugation at 171,000
g for 1 hour and the peptide-liposomes were
resuspended in buffer. Peptide concentration was
determined with a BSA assay and the amount of
phospholipid was quantified using the Phospholipid
C test from Fujifilm WAKO diagnostics USA.

Statistics: Data are expressed as mean * standard
error of mean. ThT and Drosophila data was
analysed using one factor repeated measures
ANOVA with Tukey post hoc testing through IBM
SPSS Statistics 23. For the Drosophila survival data,
a Kaplan-Meier survival curve was plotted and a
Log-rank (Mantel-Cox) test was performed on the
data using GraphPad Prism [58].

Enzyme stability: RI-AG03 (20 uM) was incubated
at 37 °C for 24 hours with and without an equimolar
concentration of Trypsin and run on SDS-PAGE gels.

Cell culture: HEK-293 cell were maintained at 37 °C,
5% CO2 in Dulbecco's Modified Eagle
Medium/Ham’s F12 (DMEM/F12) at 1:1
supplemented with 10% FBS and 1% antibiotics
(Streptomycin and Penicillin at 1:1).

Cellular uptake: Sterile VWR pcs Cover Glass 13 mm
were placed flat into wells of a 12 well plate. HEK-
293 cells were seeded into individual wells at
20,000 cells, supplemented with 5(6)-
carboxyfluorescein and incubated for 24 hours.

Cells were fixed using 4% formaldehyde, washed
with TBS and mounted to microscope slides using
ProLong™ Gold Antifade Mountant. Samples were
visualised on a Nikon Eclipse Ti fluorescent
microscope using the FITC filter.

Fruitfly  Stocks: Drosophila  melanogaster
expressing either the retinal photoreceptor specific
GMR-GAL4 driver or pan-neuronal driver ElavC155-
GAL4, UAS-2N4RTau and Oregon-R (WT) flies were
obtained from Bloomington Stock Centre, Indiana.

Drosophila eye experiments: UAS-Tau flies were
recombined to GMR-GALA4 driver to generate stable
GMR-hTau lines (Bloomington Drosophila Stock
Center51361). GMR-GAL4 was used as the ‘healthy’
control. Progeny were reared on standard fly food
supplemented with various RI-AG03
concentrations; 0.08uM, 0.8uM, 20uM and 40uM
at 25°C. As controls, Tau and driver alone flies were
incubated without the inhibitor. Freshly eclosed
flies were monitored daily using a Nikon light
microscope and 1-day old live flies were imaged
(n=5/condition) and processed on ImageJ.

For SEM experiments, flies were euthanised, fixed
in 2.5% glutaraldehyde in PBS and prepped for SEM
with three 5-minute washes in PBS, before
dehydrating the sample for 30 minutes at each
ethanol concentration of 50%, 70%, 80%, 90%,
100%. Samples were then transferred into two
changes of hexamethyldisilazane, after which
hexamethyldisilazane was left to sublimate away.
Samples were mounted onto JEOL SEM stubs under
a stereo microscope before sputter coating with
gold for 4 minutes on an Edwards 150A sputter
coater. Samples were examined using a JEOL 5600
scanning electron microscope.

Drosophila Survival Assays: Elav-GAL4 female flies
were crossed with male flies overexpressing UAS-
human 2N4R Tau (Full-length human Tau or hTau)
or with gender-matched Oregon-R (WT) flies. Fly
food was supplemented with either (0.08 uM or 0.8
1M RI-AGO3). Ten cohorts of 10 male flies of each
genotype were collected 0-5 days post-eclosion and
transferred to new inhibitor-supplemented food
twice a week. These were scored for deaths three
times a week. A Kaplan-Meier survival curve was
plotted and a Log-rank (Mantel-Cox) test was
performed on the data using GraphPad Prism
software [38].

REFERENCES

[1] World Health Organisation, “Dementia
Fact sheet N°362,” 2015. [Online].


https://doi.org/10.1101/2021.06.04.447069
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.04.447069; this version posted June 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

[2]

3]

[4]

[5]

[6]

[7]

made available under aCC-BY 4.0 International license.

Available:
http://www.who.int/mediacentre/fact
sheets/fs362/en/. [Accessed 02
October 2015].

Alzheimer’s Society, “Alzheimer’s
Society,” 2020. [Online]. Available:
https://www.alzheimers.org.uk/about-
us/news-and-media/facts-media.
[Accessed 25th October 2020].

A. Wimo, M. Guerchet, G. Ali, Y. Wu, A.
Prina, B. Winblad, L. Jénsson, Z. Liu and
M. Prince, “The worldwide costs of
dementia 2015 and comparisons with
2010,” Alzheimer's & Dementia, pp.
13(1);1-7, 2017.

Alzheimer’s Society, “Financial cost of
dementia,” 2014. [Online]. Available:
http://www.alzheimers.org.uk/site/scr
ipts/documents_info.php?documentID
=418. [Accessed 7th October 2015].

J. Kaffy, D. Brinet, J. Soulier, I. Correia,
N. Tonali, K. Fera, Y. lacone, A.
Hoffmann, L. Khemtémourian, B.
Crousse, M. Taylor, D. Allsop, M.
Taverna, O. Lequin and S. Ongeri,
“Designed Glycopeptidomimetics
Disrupt Protein—-Protein Interactions
Mediating Amyloid B-Peptide
Aggregation and Restore
Neuroblastoma Cell Viability,” The
Journal of Medical Chemistry, p. DOI:
10.1021/acs.jmedchem.5b01629.,
2016.

S. Cohen, S. Linse, M. Luheshi, E.
Hellstrand, D. White, L. Rajah, D.
Otzen, M. Vendruscolo, C. Dobson and
T. Knowles, “Proliferation of amyloid-
B42 aggregates occurs through a
secondary nucleation mechanism,”
Proc. Natl. Acad. Sci. U. S. A., pp. 110,
9758-9763, 2013.

J. Hardy and D. Allsop, “Amyloid
deposition as the central event in the

(8]

(9]

[10]

[11]

[12]

[13]

aetiology of Alzheimer's disease,”
Trends Pharmacol Sci., pp. 12(10):383-
8,1991.

C. Ballatore, V. Lee and J. Trojanowski,
“Tau-mediated neurodegeneration in
Alzheimer’s disease and related
disorders,” Nature Reviews
Neuroscience, pp. 8;663-672, 2007.

J. Mayes, C. Tinker-Mill, O. Kolosov, H.
Zhang, B. Tabner and D. Allsop, “B-
Amyloid fibrils in Alzheimer’s disease
are not inert when bound to copper
ions but can degrade hydrogen
peroxide and generate reactive oxygen
species,” J. Biol. Chem., pp. 289;12052-
12062, 2014.

A. Fitzpatrick, B. Falcon, S. He, A.
Murzin, G. Murshudov, H. Garringer, A.
Crowther, B. Ghetti, M. Goedert and S.
Scheres, “Cryo-EM structures of tau
filaments from Alzheimer’s disease,”
Nature, pp. 547(7662);185-190, 2017.

C. Cowan and A. Mudher, “Are tau
aggregates toxic or protective in
tauopathies?,” Front Neurol., p.
13;4:114, 2013.

C. Alonso, A. Mederlyova, M. Novak, I.
Grundke-Ilgbal and K. Igbal,
“Promotion of hyperphosphorylation
by frontotemporal dementia tau
mutations,” J. BiolChem., p.
279:34873-81.
doi:10.1074/jbc.M40513120065, 2004.

T. Gamblin, F. Chen, A. Zambrano, A.
Abraha, S. Legalwar, A. Guillozet, M.
Lu, Y. Fu, F. Garcia-Sierra, N. LaPointe,
R. Miller, R. Berry, L. Binder and V.
Cryns, “Caspase cleavage of tau: linking
amyloid and neurofibrillary tangle in
Alzheimer’sdisease,” Proc Natl Acad Sci
USA., p.100:10032-7, 2003.


https://doi.org/10.1101/2021.06.04.447069
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.04.447069; this version posted June 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

G. Jackson, M. Wiedau-Pazos, T. Sang,
N. Wagle, C. Brown, S. Massachi and D.
Geschwind, “Human wild-type tau
interacts with winglesspathway
components and produces
neurofibrillary pathology in
Drosophila,” Neuron, pp. 34:509—-
19.d0i:10.1016/50896-6273(02)00706-
7,2002.

M. Von Bergen, P. Friedhoff, J. Biernat,
J. Heberle, E. M. Mandelkow and E.
Mandelkow, “Assembly of tau protein
into Alzheimer paired helical filaments
depends on a local sequence motif
((306)VQIVYK(311)) forming beta
structure,” Proc Natl Acad Sci USA, p.
97(10):5129-5134, 2000.

M. Pérez, J. M. Valpuesta, M. Medina,
E. Montejo de Garcini and J. Avila,
“Polymerization of tau into filaments in
the presence of heparin: the minimal
sequence required for tau-tau
interaction,” J Neurochem, p.
67(3):1183-1190, 1996.

F. LaFerla and K. Green, “Animal
models of Alzheimer disease,” Cold
Spring Harbor perspectives in medicine,
p. 2(11), 2012.

S. Oddo, “The ubiquitin—proteasome
system in Alzheimer’s disease,” J Cell
Mol Med, p. 12: 363-373, 2008.

S. Oddo, A. Caccamo, M. Kitazawa, B.
Tseng and F. LaFerla, “Amyloid
deposition precedes tangle formation
in a triple transgenic model of
Alzheimer’s disease,” Neurobiol Aging,
p. 24: 1063-1070, 2003.

L. Huang, S. Chao and C. Hu, “Clinical
trials of new drugs for Alzheimer
disease,” J Biomed Sci., p. 27: 18, 2020.

E. Giacobini and G. Gold, “Alzheimer
disease therapy—moving from

[22]

[23]

[24]

[25]

[26]

[27]

(28]

amyloid-B to Tau,” Nature Reviews
Neurology, pp. (12):677-86, 2013.

C. Gong and K. Igbal,
“Hyperphosphorylation of
Microtubule-Associated Protein Tau: A
Promising Therapeutic Target for
Alzheimer Disease,” Curr Med Chem.,
p. 15(23): 2321-2328, 2008.

M. Medina, “An Overview on the
Clinical Development of Tau-Based
Therapeutics,” Int. J. Mol. Sci., p.
19(4);1160, 2018.

ClinicalTrials.gov, “National Library of
Medicine (US),” 2019. [Online].
Available:
https://pubchem.ncbi.nlm.nih.gov/.
[Accessed 11th February 2019].

Alzforum, “Therapeutics,” 2019a.
[Online]. Available:
https://www.alzforum.org/therapeutic
s. [Accessed 11th February 2019].

M. Taylor, S. Moore, J. Mayes, E.
Parkin, M. Beeg, M. Canovi, M. Gobbi,
D. Mann and D. Allsop, “Development
of a proteolytically stable retro-inverso
peptide inhibitor of B-amyloid
oligomerization as a potential novel
treatment for Alzheimer’s disease,”
Biochemistry, p. 49;3261— 3272, 2010.

I. Obasse, M. Taylor, N. Fullwood and
D. Allsop, “Development of
proteolytically stable N-methylated
peptide inhibitors of aggregation of
the amylin peptide implicated in type 2
diabetes,” Interface Focus, p. 7:
20160127, 2017.

M. Pérez, |. Santa-Maria, E. Tortosa, R.
Cuadros, M. Valle, F. Hernandez, F.
Moreno and J. Avila, “The role of the
VQIVYK peptide in tau protein
phosphorylation,” Journal of


https://doi.org/10.1101/2021.06.04.447069
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.04.447069; this version posted June 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

[29]

[30]

[31]

[32]

[33]

neurochemistry, pp. 103. 1447-60, [34]

2007.

European Bioinformatics Institute,
“CHEBI:17752 - N6-acetyl-L-lysine,”
2019. [Online]. Available:
https://www.ebi.ac.uk/chebi/chebiOnt
ology.do?chebild=CHEBI:17752.

[Accessed 9th March 2019]. [35]

V. Parthsarathy, P. McClean, C.
Holscher, M. Taylor, C. Tinker-Mill, G.
Jones, O. Kolosov, E. Salvati, M.
Gregori, M. Masserini and D. Allsop, “A
novel retro-inverso peptide inhibitor
reduces amyloid deposition, oxidation
and inflammation and stimulates
neurogenesis in the APPswe/PS1AE9
mouse model of Alzheimer's disease,”
PLoS One, p. 8(1):e54769, 2013.

(36]

M. Gregori, M. Taylor, E. Salvati, F. Re,
S. Mancini, C. Balducci, G. Forloni, V.
Zambeli, S. Sesana, M. Michael, C.
Tinker-Mill, O. Kolosov, M. Sherer, S.
Harris, N. Fullwood, M. Masserini and
D. Allsop, “Retro-inverso peptide
inhibitor nanoparticles as potent
inhibitors of aggregation of the
Alzheimer's AB peptide,
Nanomedicine: Nanotechnology,”
Biology and Medicine, pp. 13(2);723-
732, 2017.

(37]

D. Mitchell, L. Steinman, D. Kim, C.
Fathman and J. Rothbard,
“Polyarginine enters cells more
efficiently than other polycationic
homopolymers,” J. Pept. Res., pp.
56,318-325, 2000.

(38]

M. Von Bergen, S. Barghorn, J. Biernat,
E. M. Mandelkow and E. Mandelkow,
“Tau Aggregation is Driven by a
Transition from Random Coil to B-
Sheet Structure,” Biochim. Biophys.
Acta, Mol. Basis Dis., p. 1739;158-166,
2005.

(39]

D. Townsend, N. Fullwood, A. Yates
and D. Middleton, “Aggregation
kinietics and filament structure of a tau
fragment are influenced by sulfation
pattern of the cofactor heparin,”
Biochemistry, pp. 59 (4003-4014),
2020.

D. Townsend, B. Mala, E. Hughes, R.
Hussain, G. Siligardi, N. Fullwood and
D. Middleton, “Circular dichroism
spectroscopy identifies the -
adrenoceptor agonist salbutamol as a
direct inhibitor of tau filament
formation in vitro,” ASC Chem
Neuroscience, pp. 11 (2104-2116),
2020.

A. Micsonai, F. Wien, E. Bulyaki, J. Kun,
E. Moussong, Y. H. Lee, Y. Goto, M.
Réfrégiers and J. Kardos, “BeStSel: A
Web' Server for Accurate Protein
Secondary Structure Prediction and
Fold Recognisiton from the Circular
Dichorism Spectra,” Nucleic Acids Res.,
pp. 46 (W1), W315-W322, 2018.

A. Micsonai, F. Wien, L. Kernya, Y. Lee,
Y. Goto, M. Réfrégiers and J. Kardos,
“Accurate Secondary Structure
Prediction and Fold Recognition for
Circular Dichroism Spectroscopy,”
Proc., pp. 112 (24), E3095-E3103.,
2015.

M. Sealey, E. Vourkou, C. Cowan, T.
Bossing, T. Bossing, S. Quraishe, S.
Grammenoudi, E. Skoulakis and A.
Mudher, “Distinct phenotypes of
three-repeat and four-repeat human
tau in a transgenic model of
tauopathy,” Neurobiol Dis., vol. 105,
pp. 74-83, 2017.

D. G. M. Passerella, “Beta-sheet
assembly of Tau and
neurodegeneration in Drosophila


https://doi.org/10.1101/2021.06.04.447069
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.04.447069; this version posted June 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

[40]

[41]

[42]

[43]

[44]

[45]

[46]

made available under aCC-BY 4.0 International license.

melanogaster,” Neurobiol Aging, vol.
72, pp. 98-105, 2018.

M. Betts and R. Russel, Amino acid
properties and consequences of
substitutions In Bioinformatics for
Geneticists, M. R. Barnes and I. C.
Grays, Eds., Wiley, 2003.

K. Naruto, K. Minoura, R. Okuda, T.
Taniguchi, Y. In, T. Ichida and K.
Tomoo, “Interplay between 1308 and
Y310 residues in the third repeat of
microtubule-binding domain is
essential for tau filament formation,”
FEBS Lett, pp. 8;584(19):4233-6, 2010.

W. Zhang, B. Falcon, A. Murzin, J. Fan,
R. Crowther, M. Goedert and S.
Scheres, “elifev,” Heparin-induced tau
filaments are polymorphic and differ
from those in Alzheimer’s and Pick’s
diseases, structural biology and
molecular biophysics, pp. 8; 2019,
PMC6375701, 2019.

S. Li, N. Goto, K. Williams and C. Deber,
“Alpha-helical, but not beta-sheet,

propensity of proline is determined by
peptide environment,” Proc Natl Acad
Sci US A, pp. 25;93(13):6676-81, 1996.

S. Barghorn, Q. Zheng-Fischhofer, M.
Ackmann, J. Biernat, M. Von Bergen, E.
M. Mandelkow and E. Mandelkow,
“Structure, microtubule interactions,
and paired helical filament aggregation
by tau mutants of frontotemporal
dementias,” Biochemistry, p.
39:11714-11721, 2000.

P. Sormanni, F. Aprile and M.
Vendruscolo, “The CamSol Method of
Rational Design of Protein Mutants
with Enhanced Solubility,” J. Mol. Biol.,
pp. 427(2):478-90, 2015.

M. Nishio, “The CH/phydrogen bond in
chemistry. Conformation,

[47]

[48]

[49]

(50]

[51]

(52]

(53]

supramolecules, optical resolution and
interactions involving carbohydrates,”
Phys. Chem. Chem. Phys., p. 13;13873—
13900, 2011.

T. Guo, W. Noble and D. Hanger,
“Roles of tau protein in health and
disease,” Acta Neuropathologica, p.
133(5);665-704, 2017.

D. Eisenberg and M. Sawaya,
“Structural Studies of Amyloid Proteins
at the Molecular Level,” Annu. Rev.
Biochem., pp. 2017.86:69-95, 2017.

P. Ganguly, T. Do, L. Larini, N. LaPointe,
A. Sercel, M. Shade, S. Feinstein, M.
Bowers and J. Shea, “Tau assembly:
the dominant role of PHF6 (VQIVYK) in
microtubule binding region repeat R3,”
J. Phys. Chem. B., pp. 119(13):4582-93,
2015.

W. Berhanu and A. Masunov,
“Alternative packing modes leading to
amyloid polymorphism in five
fragments studied with molecular
dynamics,” Biopolymers, pp. 98(2):131-
44, 2012.

M. Cheon, I. Chang and C. Hall,
“Influence of temperature on
formation of perfect tau fragment
fibrils using PRIME20/DMD
simulations,” Protein Sci., pp.
21(10);1514-1527, 2012.

M. Sawaya, S. Sambashivan, R. Nelson,
M. lvanova, S. Sievers, M. Apostol, M.
Thompson, M. Balbirnie, J. Wiltzius, H.
McFarlane, A. Madsen, C. Riekel and D.
Esenberg, “Atomic structures of
amyloid cross- B spines reveal varied
steric zippers,” Nature, pp. 447;453-
457, 2007.

M. Von Bergen, S. Barghorn, L. Li, A.
Marx, J. Biernat, E. M. Mandelkow and
E. Mandelkow, “Mutations of Tau


https://doi.org/10.1101/2021.06.04.447069
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.04.447069; this version posted June 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

[54]

[55]

[56]

[57]

[58]

[59]

[60]

made available under aCC-BY 4.0 International license.

protein in frontotemporal dementia
promote aggregation of paired helical
filaments by enhancing local -
structure,” J. Biol. Chem., pp. 276,
48165-48174, 2001.

B. Matharu, O. El-Agnaf, A. Razvia and
B. Austen, “Development of retro-
inverso peptides as anti-aggregation
drugs for B-amyloid in Alzheimer's
disease,” Peptides, pp. 31(10);1866-
1872, 2010.

R. Ree, S. Varland and T. Arnesen,
“Spotlight on protein N-terminal
acetylation,” Experimental & Molecular
Medicine, pp. volume 50, Article
number: 90., 2018.

N. Arispe, J. Diaz and M. Flora,
“Efficiency of Histidine-Associating
Compounds for Blocking
theAlzheimer’s AbChannel Activity and
Cytotoxicity,” Biophysical Journal, p.
95,4879-488, 2008.

S. Maeda, Y. Sato and A. Takashima,
“Frontotemporal dementia with
Parkinsonism linked to chromosome-
17 mutations enhance tau oligomer
formation,” Neurobiology of Aging, pp.
69;26-32, 2018.

C. Cowan, S. Quraishe, S. Hands, M.
Sealey, S. Mahajan, D. Allan and A.
Mudher, “Rescue from tau-induced
neuronal dysfunction produces
insoluble tau oligomers,” Sci. Rep., p.
5;17191, 2015.

C. Cowan and A. Mudher, “Are tau
aggregates toxic or protective in
tauopathies?,” Front. Neurol., pp.
4(114)1-12, 2013.

C. Persichilli, S. Hill, J. Mast and M.
Muschol, “Does Thioflavin-T Detect
Oligomers Formed During Amyloid

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Fibril Assembly,” Biophysical Journal,
pp. 100(3); supplement 1, 538a, 2011.

I. Maezawa, H. Hong, R. Liu, C. Wu, R.
Cheng, M. Kung, K. Lam, S. Oddo, F.
LaFerla and L. Jin, “Congo red and
thioflavin-T analogs detect AB
oligomers,” J. Neurochem., pp.
104(2):457-68, 2008.

H. Li, F. Rahimi, S. Sinha, P. Maiti and
G. Bitan, “Amyloids and Protein
Aggregation — Analytical Methods,”
Encyclopedia of Analytical Chemistry,
pp. 1-32, 2009.

C. Lasagna-Reeves, D. Castillo-
Carranza, M. Guerrero-Muoz, G.
Jackson and R. Kayed, “Preparation
and characterization of neurotoxic Tau
oligomers,” Biochemistry, pp.
49(47):10039-41, 2010.

B. Oller-Salvia, M. Sanchez-Navarro, E.
Giraltab and M. Teixidd, “Blood—brain
barrier shuttle peptides: an emerging
paradigm for brain delivery,” Chem.
Soc. Rev., p. 45;4690, 2016.

W. Lu, “Adsorptive-mediated brain
delivery systems,” Curr Pharm
Biotechnol., pp. 13(12):2340-8, 2012.

X. He, M. Lin, J. Guo, Z. Qu and F. Xu,
“Experimental and simulation studies
of polyarginines across the membrane
of giant unilamellar vesicles,” RSC
Advances, 6(36), p. 30454-30459,
2016.

I. Khalil, S. Futaki, M. Niwa, Y. Baba, N.
Kaji, H. Kamiya and H. Harashima,
“Mechanism of improved gene
transfer by the N-terminal stearylation
of octaarginine: enhanced cellular
association by hydrophobic core
formation,” Gene Ther., pp. 11(7):636-
44, 2004.


https://doi.org/10.1101/2021.06.04.447069
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.04.447069; this version posted June 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

S. Futaki, “Membrane-permeable
arginine-rich peptides and the
translocation mechanisms,” Adv. Drug
Delivery Rev., pp. 57(4):547-58, 2005.

I. Nakase, M. Niwa, T. Takeuchi, K.
Sonomura, N. Kawabata, Y. Koike, M.
Takehashi, S. Tanaka, K. Ueda, J.
Simpson, A. Jones, Y. Sugiura and S.
Futaki, “Cellular Uptake of Arginine-
Rich Peptides: Roles for
Macropinocytosis and Actin
Rearrangement,” Molecular Therap.,
pp. 10(6);1011-1022, 2004.

S. Futaki, “Oligoarginine vectors for
intracellular delivery: Design and
cellular-uptake mechanisms,”
Biopolymers., pp. 84(3), 241-249,
2006.

U. Langel, “CPP, Cell-Penetrating
Peptides,” Singapore, Springer, 2019,
p.57.

F. Madani, S. Lindberg, U. Langdel, S.
Futaki and A. Graslund, “Mechanisms
of Cellular Uptake of Cell-Penetrating
Peptides,” J Biophys., p. 414729, 2011.

S. Chatterjee, T. Sang, G. Lawless and
G. Jackson, “Dissociation of tau toxicity
and phosphorylation: role of GSK-38,
MARK and Cdk5 in a Drosophila
model,” Human Molecular Genetics,
pp. 18(1);164-177, 2008.

A. Chouhan, C. Guo, Y. Hsieh, H. Ye, M.
Senturk, Z. Zuo, Y. Li, S. Chatterjee, J.
Botas, G. Jackson, H. Bellen and J.
Shulman, “Uncoupling neuronal death
and dysfunction in Drosophila models
of neurodegenerative disease,” Acta
Neuropathol Commun, vol. 4, no. 1, p.
62, 2016.

S. Karsten, T. Sang, L. Gehman, S.
Chatterjee, J. Liu, G. Lawless, S.
Sengupta, R. Berry, J. Pomakian, H. Oh,

[76]

[77]

(78]

[79]

(80]

(81]

C. Shulz, K. Hui, M. Wiedau-Pazos, H.
Vinters, L. Binder, D. Geschwind and G.
Jackson, “A genomic screen for
modifiers of tauopathy identifies
puromycin-sensitive aminopeptidase
as an inhibitor of tau-induced
neurodegeneration,” Neuron, vol. 51,
no. 5, pp. 549-60, 2006.

S. Chatterjee, S. Ambegaokar, G.
Jackson and A. Mudher, “Insulin-
Mediated Changes in Tau
Hyperphosphorylation and Autophagy
in a Drosophila Model of Tauopathy
and Neuroblastoma Cells,” Front
Neurosci., vol. 13, p. 801, 2019.

0. Conchillo-Solé, N. de Groot, F.
Avilés, J. Vendrell, X. Daura and S.
Ventura, “AGGRESCAN: a server for the
prediction and evaluation of "hot
spots" of aggregation in polypeptides,”
BMC Bioinformatics, p. 27;8:65, 2007.

P. Sormanni, L. Amery, S. Ekizoglou, M.
Vendruscolo and V. Popovic, “Rapid
and accurate in silico solubility
screening of a monoclonal antibody
library,” Sci. Rep., pp.
doi:10.1038/s41598-017-07800-w,
2017.

M. Arslan, D. Karadag and S. Kalyoncu,
“Protein engineering approaches for
antibody fragments: directed evolution
and rational design approaches,” Turk J
Biol, pp. 43; 1-12, 2019.

A. Hauser and B. Windshiigel, “LEADS-
PEP: A Benchmark Data Set for
Assessment of Peptide Docking
Performance,” Chem. Inf. Model, pp.
56, 188-200, 2016.

M. Totrov and R. Abagyan, “Flexible
protein-ligand docking by global
energy optimization in internal


https://doi.org/10.1101/2021.06.04.447069
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.04.447069; this version posted June 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

coordinates,” Proteins, p. 29(Suppl

heterodimers,” Proc Natl Acad Sci U S

1):215, 1997. A., p.112(24): 7501-7506, 2015.

[82] M. Neves, M. Totrov and R. Abagyan, [89] T. Arendt, J. Stieler and M. Holzer, “Tau
“Docking and scoring with ICM: the and Tauopathies,” Brain Res Bull, pp.
benchmarking results and strategies 126(Pt 3):238-292, 2016.
for improvement,” J Comput Aided Mol
Des., p. 26(6): 675-686, 2012. [90] M. Kolarova, F. Garcia-Sierra, A. Bartos,

J. Ricny and D. Ripova, “Structure and

[83] P.Lam, R. Abagyan and M. Totrov, Pathology of Tau Protein in Alzheimer
“Hybrid receptor structure/ligand- Disease,” International Journal of
based docking and activity prediction Alzheimer's Disease, pp. Volume 2012,
in ICM: development and evaluation in Article ID 731526, 13, 2012.

D3R Grand Challenge 3,” Journal of

Computer-Aided Molecular Design, p. [91] A.Pooler, A. Ursadi, C. Evans, K.

33(1);35-46, 2019. Philpott, W. Noble and D. Hanger,
“Dynamic association of tau with

[84] T. Halgren, “Merck molecular force neuronal membranes is regulated by
field. I. Basis, form, scope, phosphorylation,” Neurobiol Aging, pp.
parameterization, and performance of 33(2):431.e27-38, 2012.

MMFF94,” J Comput Chem., p. 17(5-
6):490, 1996. [92] M. Von Bergen, S. Barghorn, S. A.
Muller, M. Pickhardt, J. Biernat, E. M.

[85] R.Abagyan and M. Totrov, “Biased Mandelkow, P. Davies, U. Aebi and E.
probability Monte Carlo Mandelkow, “he Core of Tau-paired
conformational searches and Helical Filaments Studied by Scanning
electrostatic calculations for peptides Transmission Electron Microscopy and
and proteins,” J Mol Biol., pp. Limited Proteolysis,” Biochemistry, p.
235(3):983-1002, 1994. 45;6446-6457, 2006.

[86] M. Hasegawa, M. Smith and M. [93] S.Gill and P. Von Hippel, “Calculation
Goedert, “Tau proteins with FTDP-17 of protein extinction coefficients from
mutations have a reduced ability to amino acid sequence data,” Anal
promote microtubule assembly,,” FEBS Biochem., pp. 1;182(2):319-26, 1989.
Letters, pp. 437;1873-3468, 1998.

[94] C. Pace, F. Vajdos, L. Fee, G. Grimsley

[87] M. Goedert and R. Jakes, “Expression and T. Gray, “How to measure and
of separate isoforms of human tau predict the molar absorption
protein: correlation with the tau coefficient of a protein,” Protein
pattern in brain and effects on tubulin Science, pp. 4:2411-2423, 1995.
polymerization,” The EMBO Journal,
pp. 9(13);4225-4230, 1990. [95] E. Gasteiger, C. Hoogland, A. Gattiker,

S. Duvaud, M. R. Wilkins, R. D. Appel

[88] H. Kadavath, R. Hofele, J. Biernat, S. and A. Bairoch, “Protein Identification

Kumar, K. Tepper, H. Urlaub, E.
Mandelkow and M. Zweckstettera,
“Tau stabilizes microtubules by binding
at the interface between tubulin

and Analysis Tools on the ExPASy
Server,” in The Proteomics Protocols
Handbook, ). M. Walker, Ed., Totowa,
Humana Press Inc., 2005.


https://doi.org/10.1101/2021.06.04.447069
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.04.447069; this version posted June 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Acknowledgements: We thank the Sir John Fisher
Foundation, Alzheimer’s Society and Alzheimer’s
Research UK for financial support of this research.

Correspondence and requests for materials
should be addressed to AM.

Competing interests: Lancaster University have
submitted a patent application on these inhibitors.


https://doi.org/10.1101/2021.06.04.447069
http://creativecommons.org/licenses/by/4.0/

adv

SUPPLEMENTARY

0.652

0.437 |

0.223 |

0.009 |

-0.205 |

-0.419

-0.634

-0.848 |

-1.062

306VQ|VYK311

275VQIINK2s0

NI L

_______ NNAIM]
v

0 10 20 30 40 50 60 70 80 S0 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440

Tau 441 Sequence

—— Tau.. —— Hot Spot Threshold a3v Sequence Average
—R1 —R2 R3 —R4

Figure S1: AGGRESCAEN average aggregation propensity for Tauaa; residues. VQIVYK exceeds the hot spot threshold (blue line) significantly. R1-4 signifies
the repeat regions in Tau. Hexapeptides exceeding the hot spot threshold are highlighted as residues likely to aggregate.


https://doi.org/10.1101/2021.06.04.447069
http://creativecommons.org/licenses/by/4.0/

MAE PROEF EVWVEDHAGT YOLGDRKDOOGY TMHCDOEADTDAGL KESP LGT PTEDGSEEP GSET SDAK STP TAEDVTAPLVDEGAPGCOAAACPHTE | PEGT TAEEAG! GDTPSL EDE AAGHVTOARMY SKSK DETCEIIEKAKGADG

3
2
1_
5 )
g _2'
> 1 20 40 60 80 100 120 o 147
:"E 3 KTE | ATPRGAAP PG GOANATR ] ?N(TPFPPKTPPS&EEPF‘KSG:RSG'I’SSPGEPGFPCESHTPSLPTPP'I'REPMUM'H’R'I'PPKSFSﬂmLﬁrmmKiIMKﬁbmi | Pk LD ShVIOEK OGS
=
5 2
w 0
_g ) I TN N OV TR WOUNE [ U S R T . k]
wn =21 : . : . .
U 148 — 180 200 220 240 260 294
H 3 DNIKW?&?SS\’GIWKFWLWEECGL?MIHIFWSBQLDFWW!MNIWMIWLTFHWIWSWTWNSMIWWSAM
£ 3
-
2 1 1 i Y i
= 0 \“v Au v,-.wf‘n\ /‘r\fj\_nvw A /\”\an_f\_,aum ~L
e MY S L N e W T I o
_2 T T T T -
295 320 340 360 380 400 420 441
Residue

—R1
=R 2

R3
—R4

Figure S2: CamSol Intrinsic residue solubility for Tauas; residues. VQIVYK contains hydrophobic residues valine and isoleucine. The hexapeptide is identified

with a red line, suggesting an aggregation hot spot. Blue lines suggest soluble regions. R1-4 signifies the repeat regions in Tau.
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val(x)YK
Above aggregation threshold X

Residue substitution A C G | L M F S T w Y VvQIVYK
Aggregation propensity value (Na4vsS) 233 36.1 13.4 60.5 51.7 42.3 59.1 18.2 20.9 44.8 47.2 55.9
val(x)YK

Below aggregation threshold v

Residue substitution R N D Q E H K P VQIVYK
Aggregation propensity value (Na4vSS) -0.7 -2.0 -12.7 -0.6 -4.2 3.4 54| 17.4 55.9
VQ(x)VYK

Above aggregation threshold X

Residue substitution A C G Vv L M F S T w Y VvQIVYK
Aggregation propensity value (Na4vSS) 18.8 31.6 8.8 51.4 47.1 37.7 54.6 13.6 16.3 40.2 42.7 55.9
VQ(x)VYK

Below aggregation threshold v

Residue substitution R N D Q E H K P VQIVYK
Aggregation propensity value (Na4vSS) -5.3 -6.5| -17.2 -5.1 -8.7 -1.2 0.9 12.8 55.9

Table S3: Summarises the average aggregation propensity values for VQI(x)YK and VQ(x)VYK sequences, using replacements at (x) with different amino
acids for comparison. a+c: The conformations which were predicted to aggregate, b+d: The sequences which were predicted not to aggregate.
Replacement at x with R, N, D, Q, E, H, K and P massively reduced the average aggregation propensity. Residues coloured in red, blue and black are
hydrophobic, hydrophilic or neutral, respectively.
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VQIVYK ligand VQIK(Ac)YKP ligand
Structure Receptor Orientation Best ICM H. bonds Orientation Best ICM H. bonds
score score

PHF VQIVYK Parallel -16.36 4 Anti-Parallel -28.23 7
Snake VQIVYK Parallel -17.55 7 Anti-Parallel -20.19 11
Snake VQIINK Parallel -22.11 8 Parallel -17.45 10
Twister VQIVYK Parallel -32.14 8 Anti/Parallel -22.95 9
Jagged VQIVYK Parallel -21.87 7 Parallel -25.48 10
VQIINK Parallel -17.29 7 - - -

Table S4: Summarises the strongest energy, orientation and hydrogen bond count for VQIVYK and
VQIK(Ac)YKP docked to PDB: 503l PHF, 6QJH snake filament, 6QJM twister filament and 6QJP jagged
filament. The strongest energy binds are highlighted in green.
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Peptide ID Sequence Purity %
AGO01 Ac-RGVQIINKGR-NH: >90
AGO02 Ac-RGVQIVYKGR-NHz2 >90
AGO2R4 Ac-RRGVQIVYKGRR-NH2 >90
AGO2R5 Ac-RGVQIVYKGRRRR-NH2 >90
AGR502 Ac-RRRRGVQIVYKGR-NH: >90
AGO2PR5 Ac-RGVQIVYKPGRRRR-NH: >90
AGO2R6 Ac-RRRGVQIVYKGRRR-NH: >90
AGO2R9 Ac-RGVQIVYKGRRRRRRRR-NH:z >90
AGO2TAT Ac-RGVQIVYKGRYGRKKRRQRRR-NH: >90
AGO02AI Ac-RGVQK(AC)VYKGR-NH2 >90
AG02AV Ac-RGVQIK(Ac)YKGR-NH:2 >90
AGO03 Ac-RGVQIK(Ac)YKPGRRRRRRRR-NH: >95
AGO03-C Ac-RGVQIKAc)YKPGRRRRRRRRC-0OH >95
Scramble AGO3 Ac—RGQPKIK(Ac)YVGRRRRRRRR-NH: >95
AGO3M Ac-RG V(m) QI(m) K(Ac) Y(m) KP(m) GRRRRRRRR-NH; >95
RI-AG03 Ac-rrrrrrrrGpkyk(ac)igvGr-NHz >95
FAM-RI-AG03 Ac-k(FAM)rrrrrrrrGpkyk(ac)igvGr-NH2 >95
Poly-R RRRRRRRRR-NH2 >95
TAT Ac-YGRKKRRQRRR-NH2 >95

Table S5: These are the experimental peptide inhibitor designs used in this research. Underlined
portions indicate the predicted Tau binding regions. Peptides were synthesised by Peptide Synthetics
(Fareham, UK) and Severn Biotech (Kidderminster, UK). Purity was determined by HPLC-MS. Flanking
the peptide binding sequence with RG and GR spacers may improve binding ability by distancing other
amino acids, e.g. cell penetrating sequences which could potentially interfere. Activity was enhanced
by acetylating and amidating the peptide terminals. Stability of AGO3 was enhanced with either N-
methylation or retro-inversion.
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Figure S6: AGGRESCAN average aggregation propensity for Tau residues 301-315 with a replaced amino acid indicated in orange. a: Native VQIVYK; b:
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VQIHYK; c: VQIKYK; d: VQKVYK. Replacing isoleucine or valine greatly reduces the aggregation propensity.
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Figure S7: CamSol Intrinsic residue solubility for Tau residues 301-315 with a replaced amino acid indicated in orange. A: Native VQIVYK; B: VQIHYK;
C: VQIKYK; D: VOQKVYK. Isoleucine appears to be more important for influencing intrinsic solubility than valine is in the VQIVYK sequence.
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Paired Helical Filament Straight Filament

Figure S8: Demonstrates the binding properties of PDB 503! PHF and PDB 503t SF. This includes
hydrophobic areas (green), hydrogen bond acceptor potential (red) and hydrogen bond donor
potential (blue). The VQIVYK region is circled in black and mainly contains hydrogen bonding donors
on the lateral, whereas perpendicular to the fibril axis are mainly hydrogen bonding acceptors.
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Figure S9: Docked peptides to PDB 6QJM heparin-induced 2N4R Tau twister filament; each binding to the
306yQIVYK3!! sequence. A: VQIVYK binding in parallel to fibril, B: VQIK(Ac)YKP binding in paralell to the fibril
but slightly shifted, C: VQIK(Ac)YKP binding anti-parallel to fibril.
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Figure S10: Docked peptides to PDB 6QJP heparin-induced 2N4R Tau jagged filament. A: VQIVYK
binding in parallel to fibril at the 3%vQIVYK3!! and 2°VQIINK?® positions, B: VQIK(Ac)YKP binding in
parallel at the VQIVYK position.
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Figure S11: Thioflavin data using a Synergy2 plate reader. a: End-point (24 hr) aggregation of VQIINK (20 uM),
VQIVYK (20 uM) and a combination of both with and without RI-AGO3 [rrrrrrrrg-pkyk(Ac)igv-gr] (20 uM). P > 0.05,
*P<0.05, ** P<0.01, *** P<0.001.
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