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Abstract: The multifactorial nature of Alzheimer’s disease (AD) is
now widely recognized, which has increased the interest in
compounds that can address more than one AD-associated targets.
Herein, we report the inhibitory activity on the human
cholinesterases (acetylcholinesterase, hAChE and
butyrylcholinesterase, hBChE) and on the AChE-induced B-amyloid
peptide (AB) aggregation by a series of peptide derivatives designed
by mutating aliphatic residues for aromatic ones. We identified
peptide W3 (LGWVSKGKLL-NH;) as an interesting scaffold for the
development of new anti-AD multitarget-directed drugs. It showed
the lowest ICsy value against hAChE reported for a peptide
(0.99+0.02uM) and inhibited 94.2%+1.2 of AChE-induced AR
aggregation at 10uM. Furthermore, it inhibited hBChE (ICs,
15.44+0.91uM), showed no in vivo toxicity in brine shrimp and had
shown moderated radical scavenging and Fe?* chelating capabilities
in previous studies. The results are in line with multiple reports
showing the utility of the indole moiety for the development of
cholinesterase inhibitors.

Introduction

Alzheimer's disease (AD) accounts for 60% to 80% of all
dementia cases, a disease that affects more than 55 million
people worldwide. With more than 10 million incident cases
every year,! AD is fatal, progressive and still incurable; causing
patients to suffer years of loss of vital neurological functions and
their families to face great emotional and financial hardship. It is
now widely recognized that the nature of AD is multifactorial.?
AD patients suffer from extra and intracellular neurotoxic
aggregations of amyloid-B (AB) peptide and tau protein,
respectively, while their synaptic functions and oxidative balance
in the brain are compromised.

Although many experts consider the deposition of AB, which
forms the so-called senile plaques, to be the trigger for all
pathological outcomes of AD (amyloid cascade hypothesis),F!
drugs that act directly by inhibiting its deposition or eliminating
its aggregates are not yet used for its treatment. Such drugs that
could act as disease-modifying therapies are under active

research and development.” In 2021, the U.S. Food and Drug
Administration (FDA) approved the use of the monoclonal
antibody Aducanumab against AB under the accelerated
approval pathway, but its use remains controversial as the FDA
suggested further clinical trials to evaluate its benefits due to the
refusal of the European Medicines Agency that led to the
withdrawal of the marketing authorization application in Europe.
I Traditional pharmacological treatment of AD is based on the
use of compounds capable of reversibly reducing the activity of
the cholinesterase enzymes, acetylcholinesterase (AChE, EC
3.1.1.7) and butyrylcholinesterase (BChE, EC 3.1.1.8). These
serine hydrolases are responsible for the breakdown of the
neurotransmitter acetylcholine (ACh) into acetate and choline, in
people affected by AD they show exacerbated activity leading to
a decrease in physiological ACh levels. Treatment with
cholinesterase inhibitors (ChEIs) enhances the stimulatory
action of ACh found in the central and peripheral nervous
system. 6]

The currently approved ChEls (donepezil, rivastigmine and
galantamine) primarily target AChE, the most abundant
cholinesterase in the central nervous system, where BChE
accounts for 20% of total ACh hydrolysis. Despite this, the
discovery of dual inhibitors (acting simultaneously on AChE and
BChE) has gained special attention in AD drug research, as
BChE activity has been found to increase during AD progression
and BChE is highly correlated with abnormal AR deposition.[”]
The active site of AChE and BChE consists in a catalytic triad
(Ser, His and Glu) placed at the bottom of a gorge. At the
entrance of the gorge there are other important regions,
including the Peripheral Aromatic Site (PAS) whose function in
AChE has been characterized in detail. Via the PAS, AChE
exerts a chaperone-like activity that could promote the
aggregation of the AB peptide that leads to the formation of
senile plaques.®! Therefore, it was proposed that non-
competitive or mixed-type inhibitors binding the PAS may
simultaneously regulate AChE activity and AR deposition. PAS
consists of 5 residues (Tyr72, Asp74, Tyrl24, Trp286 and
Tyr341) in hAChE (human AChE) and two (Tyr332 and Asp70)
in hBChE (human BChE), where its function is less understood.
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Several dual inhibitors as the approved donepezil have shown
the ability to interact with key residues of the PAS.[°

In addition to anticholinergic and antiamyloidogenic compounds,
there are drugs with antioxidant and metal chelating activity that
are in phases Il or lll of AD drug development,'9 as oxidative
stress and bioactive metals imbalance are related to the
neuropathological manifestations of AD.*Y In the recent years,
many compounds possessing more than one of the desired
properties were proposed as candidates for AD treatment. The
single-molecule multitarget approach appears to be especially
beneficial for the treatment of AD.1?

In a previous work, our group reported the AChE inhibitory
activity of a series of new peptide analogs of a natural peptide
isolated from the skin of the frog Boana pulchella.'3 The best
analog (W3) showed an in vitro ICso (concentration needed to
inhibit 50% of enzymatic activity) of 10.42 uyM against eeAChE
(Electrophorus electricus AChE), the lowest value reported at
the moment for a short peptide for that AChE variant. W3 and
other derivatives also displayed antioxidant and metal-chelating
capabilities and were therefore considered interesting molecules
for further studies, since peptides are emerging as an important
alternative to small molecules within the drug market, with a
current market share of 5%.14

The present study extends the evaluation of these peptides by
testing their in vitro inhibitory effects on the pharmacologically
more relevant human isoform of AChE, as well as on hBChE.
Moreover, the structure-level interactions of the best candidates
were studied to examine the inhibitory mechanism by combining
experimental kinetics with computational simulations. Finally, the
anti-amyloidogenic activity of the best inhibitor was evaluated by
performing an in vitro AChE-induced AR aggregation assay.

Results and Discussion
Design and synthesis

The design and synthesis of this peptide series were reported in
a recent publication.*® Concisely, 19-mer peptide Hp-1935 from
B. pulchella was used as the base sequence. We first
discovered that the moderate eeAChE inhibitory activity of Hp-
1935 was concentrated on 10 amino acids (aa) of the center of
the sequence by synthesizing that portion, the peptide named
LL.SI Both the original sequence and LL showed a non-
competitive, PAS-targeted inhibition mechanism. To increase LL
inhibitory activity, various derivatizations of LL were rationally
designed and synthesized by mutating the third Pro and/or the
seventh Gly aliphatic residues of LL for aromatic ones. The
sequences of LL and the mutants are displayed in Table 1. All
peptides were synthesized using FMOC solid-phase synthesis.
The best analog (W3) having one Trp substitution (Pro3 Trp
mutation) showed a 30-fold higher AChE inhibitory activity on

eeAChE and a better ability to neutralize DPPH radicals (DPPH").

hAChE and hBChE inhibitory activities

Although eeAChE is very useful in the screening stages of
cholinesterase inhibitors discovery and development, due to its
low cost and high stability, it is more important to test potential
candidates on the human variant. For this reason, we performed
an in vitro inhibitory assay based on the Ellman’s reaction using
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recombinant expressed hAChE/hBChE (rhAChE/rhBChE). The
determined ICs values are displayed in Table 2 and the dose-
response curves are in Figure 1A, B.

Table 1. Sequences of the synthetic peptides.

Peptide  Mutation Sequence MW (Da)@
LL LGPVSKGKLL-NH2 1010.97
Y3 Pro 3 Tyr LGYVSKGKLL-NH2 1077.09
F3 Pro 3 Phe LGFVSKGKLL-NH2 1059.68
w3 Pro3 Trp LGWVSKGKLL-NH2 1100.12
w7 Gly7 Trp LGPVSKWKLL-NH2 1138.63
Y3Y7 Pro3Tyr/Gly 7 Tyr  LGYVSKYKLL-NHz 1182.95
Y3wW7 Pro3Tyr/Gly7Trp  LGYVSKWKLL-NH2 1205.06
W3w7 Pro3 Trp/Gly 7 Trp  LGWVSKWKLL-NH2 1229.43
F3(4-F) Pro34-F Phe LG(4-Fluoro)FVSKWKLL-NH, ~ 1079.18

[a] Sanchis et al. (2022). All peptides are amidated at their C-terminus. Final

purity > 90%
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Figure 1. Percentage inhibition of (A) hAChE and (B) hBChE activity by LL

and derivatives vs. peptide concentration (logarithm scale). Points express the
mean + SEM (n = 3).

As with eeAChE, the most active peptide on rhAChE was W3,
but in this case its activity was 10-fold higher with an I1Cs, of 0.99
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+ 0.02 uM. A higher activity against rhAChE was expected, as
the human variant is normally more sensitive to inhibitors than
the E. electricus variant.*®! To our knowledge, there are no
reports of a more potent short peptide inhibitor of hAChE. To
date, the most active one was the de novo-designed octapeptide
OP5 reported by Mondal et al. (2018) (ICsp, 7.34 pM).17
Remarkably, W3 peptide also showed significant inhibitory
activity on rhBChE (ICsp, 15.44 + 0.91 pM). Furthermore,
moderated DPPH® scavenging, metal chelating activities, and
low hemolysis evaluated in human erythrocytes were previously
reported for this peptide.[s]

The inhibition results of the other derivatives revealed that the
peptide W3W?7 with two Trp substitutions inhibited hAChE and
hBChE with ICs, values of 1.70 + 0.05 pM and 9.40 + 0.48 uM,
respectively. This peptide had shown the highest anti-DPPH"
activity and here was the most potent against hBChE. No
reports of a most active hBChE peptide inhibitor were found.
The ICso values from the other derivatives ranged from 2.66 *
0.05 pM to 267.30 £ 10.21 uM for AChE inhibitors and 16.16 +
1.04 uM to 255.60 + 17.50 uM for BChE inhibitors, pointing to a
general positive effect of the aromatic substitution strategy to
increase the inhibitory activity of LL.

Kinetics and inhibitory mechanism of the best derivatives
on hAChE and hBChE

Previous kinetics and computational studies had demonstrated
that the inhibitory mechanism of the original peptide Hp-1935
and its derivatives is of reversible non-competitive type acting in
the PAS. Herein, we studied the interactions of W3 on hAChE
and W3W?7 on hBChE at an atomistic level in silico.**° We also
performed kinetic measurements of the reaction of the best
inhibitor to calculate its inhibitory constant (K;). Computational
experiments included the molecular modeling of the peptide
structures in water, flexible docking calculations for the peptide-
enzyme complexes followed by 100 ns of molecular dynamics
(MD) simulations to assess the reliability of the docking results,
and an energetic Molecular Mechanics-Generalized Born
Surface Area (MM/GBSA) analysis for an in-depth view of the
interaction mechanism.

The K; of the best inhibitor on hAChE was 1.61 + 0.47 pM. As
expected from previous results, Michaelis-Menten curves
indicate a non-competitive inhibitory mechanism (Supporting
Information Figure S1). The docking calculations for W3 with
hAChE and W3W?7 with hBChE placed the peptides on the PAS.
MD simulations corroborated these predictions, as the
configuration was maintained with only slight rearrangements
during the production runs. Close-up views of representative
snapshots from the last 10 ns of simulations are shown in
Figures 2A and 2B for hAChE-W3 and hBChE-W3W?7 respective
complexes.

The Pro 3 Trp mutation allowed the formation of aromatic-
aromatic interactions between the indole side chain of the
incorporated Trp residue (Trp3) and residues of the PAS. The
large aromatic pocket was a better fit for the introduced Trp than
for the original Pro. At the PAS core, AChE_Trp286 plays a
critical role in accommodating the cationic substrate ACh in the
early stages of substrate-AChE interactions.l'®! In Figure 2A it
can be observed that W3 Trp3 is positioned close to
AChE_Trp286 forming an aromatic parallel-displaced -
stacking interaction that was maintained throughout the
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simulation (Supporting Information Figure S4). Moreover, the
results suggest that an additional T-shaped aromatic interaction
with  AChE_Tyr337 of the anionic subsite stabilizes the final
orientation of W3_Trp3. The anionic subsite is a choline-binding
pocket that interacts with the charged quaternary amine of ACh
and is the binding site of important hAChE inhibitors such as
tacrine.**2% These interactions can be considered to account for
the much higher inhibitory activity of the W3 derivative when
compared to LL.

A.

Figure 2. Close-up view of the predicted binding pose for (A) W3 peptide on
hAChE and (B) W3W?7 peptide on hBChE. Enzymes are displayed in grey,
ligands in blue, and the mutated residues in red. Processed with DS Visualizer
program (BIOVIA).

The MM/GBSA calculation provides valuable data on the
atomistic enzyme-ligand interactions, as it is calculated as an
average of 100 structures from the last 10 ns of simulation and
guantifies the binding affinity. The calculated binding affinities for
the W3-hAChE and W3W7-hBChE systems were -24.77 + 7.44
kcal/mol and -24.31 + 3.77 kcal/mol, respectively. The energy
decomposition

This article is protected by copyright. All rights reserved.
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Table 2. Cholinesterase inhibitory potencies and radical-scavenging activities (DPPH assay) of peptide LL and its analogs.

Peptidel® rhAChE ICso (M) rhBChE ICso (uM) ©! €eAChE ICso (uM)@ DPPH" ECso (uM)&P!
LL 97.89 + 7.13 192.20 + 22.03 317.90 + 28.78

Y3 267.30 +10.21 23.27 +1.08

F3 208.20 + 14.50 49.89 + 3.52

w3 0.99 +0.02 15.44 + 0.91 10.42 + 1.02 78.31+ 18.18
w7 25.77 £ 0.77 255.60 + 17.50 299.50 + 37.69 66.94 + 14.34
Y3Y7 50.67 + 2.09 19.11+0.72 320.80 +17.69

Y3w7 2.66 +0.05 16.16 + 1.04 85.91 + 4.13 43.94 +8.12
W3w7 1.70 £ 0.05 9.40 +0.48 56.63 % 3.06 27.58 + 8.74
F3 (4-F) 137.90 + 7.81 47.18 +1.44

Rivastigmine 23.30 % 0.44 0.08 +0.04 34.17 + 6.00

[a] Sanchis et al. (2022). [b] ECso express the peptide concentration that causes a 50% decrease in the DPPH" absorbance. Data express as mean = SEM (n = 3)

analysis results are consistent with the binding mode results.
The per-residue free energy decomposition by ligand residue
shows that W3_Trp3 contributes for the highest affinity (lower
binding free energy) to the stabilization of the complex (Figure
3A). Moreover, the AG decomposition by receptor residue
shows that AChE_Asp74, AChE_Trp286, and AChE_Tyr341
residues bind with the highest affinity to the peptide (Figure 3B),
which confirms that the PAS is the main binding region.

The analysis of the predicted conformation of the W3W7-hBChE
complex also reveals the important role of the incorporated Trp
residues for enzyme-ligand affinity. In this case, the replacement
of Gly 7 by Trp appears to be critical as the indole group of
W3W?7_Trp7 is well accommodated on the PAS and close to the
anionic site via T-shaped aromatic interactions between this
fragment and BChE_Tyr332 of the PAS and BChE_Phe329 of
the anionic site (Figure 2B). This conformation could explain the
hBChE inhibitory activity of the W3W?7 derivative, as interactions
with BChE_Phe329 and BChE_Tyr332 have been observed in
other hBChE inhibitors.?*?2 Both aryl residues (Phe329 and
Tyr332) are critical for hBChE activity, as they have been
implicated in substrate binding in a site competition study of
wild-type and mutant BChE with different substrates.?324
Another interaction that can contribute to the inhibitory activity of
W3W?7 is observed between W3W7_Leul0O and BChE_Trp82 of
the enzymatic choline-binding pocket. These predictions were
confirmed by the energy per-residue decomposition that
estimated binding free energies of -6.76 kcal/mol and -6.11
kcal/mol for residues W3W7_Trp7 and W3W7_Leul0 and -2.00
kcal/mol, -2.22 kcal/mol and -4.52 kcal/mol for residues
W3W7_Asp70, W3W7_Trp82 and W3W7_Tyr332, respectively
(Figure 3A, B). Furthermore, the results of these calculations
suggest that the replacement of Pro 3 by Trp was also important
for the binding of W3W?7 with BChE (AG, -6.16 kcal/mol).

The fact that the addition of an indole moiety increased the
inhibitory activity is not surprising. Many researchers have
exploited this chemical group in search of new cholinesterase

inhibitors as single or multifunctional ligands. Meden et al.
successfully designed and synthesized a series of in vivo active
Trp-derived BChE inhibitors.®! The crystal structure of their best
compound with hBChE revealed the critical role of the inhibitor
indole ring within the acyl-binding pocket of hBChE. Shan et al.
found that the indole fragment was important for the retention of
bioactivity when studying a series of alkaloids.”?®! Nadeem et al.
used the indole group to enhance the interactions with target
hydrophobic residues in a series of mono- and bi-indole
derivatives.?? They discovered nanomolar inhibitors showing
stabilizing contacts between the indole rings of the ligands and
residues Trp286 and Tyr341 for AChE and Tyr332 for BChE.
Similar findings were also achieved by other authors.?-34

In vitro AChE-induced AR aggregation assay

AChE inhibitors selectively binding to the PAS such as
propidium iodide (PI) can interfere with the AChE-catalyzed AB
aggregation process.F2%l This can be explained by the
accumulation of evidence showing that the PAS can bind to AR,
promoting the formation of AR fibrils.[34

To evaluate the anti-aggregation ability of the most active
derivative (W3) we performed an in vitro fluorometric Thioflavin T
aggregation assay following the method of Chen et al. based on
the monitoring of the changes in the ThT fluorescence
intensity,® which depends on the presence of aggregated AR
constructs, in the presence of AChE and the presence or
absence of 10 uM of W3 at different times. Pl was used as a
positive control. W3 at 10 pM showed a strong ability to inhibit
AChE-induced AB aggregation, as can be seen in Figure 4. The
fluorescence was measured after 3, 5 and 8 hours of
aggregation. After 8 hours, the percentage inhibition displayed
by W3 was 94.2 % + 1.2.
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Figure 4. AChE-induced AB aggregation inhibition by W3 derivative after 3, 5
and 8 hours of reaction. The bars express the mean + SEM (n = 3).

This inhibitory activity can be justified by the predicted
interaction of W3 with key residues of the PAS as the Trp
residue at its center.'5l Many reported anti-aggregation
compounds showed interactions with this residue.>371 Despite
this, we must consider that a direct W3-AB interaction may be
contributing to the inhibition, as reported for other peptides or
mini-proteins. Murray et al. designed a mini-protein that inhibited

AB aggregation through protein-protein interactions.®8 Similarly,
Preetham et al. developed a B-aminopyrrolidine containing 12-
mer peptides derived from the AR sequence displaying a potent
antiaggregant activity.?¥ No reports of peptides selectively
inhibiting AChE-induced AR aggregation were found in the
literature.

In vivo toxicity in Artemia salina (A. salina)

To get a comprehensive analysis of the toxic profiles induced by
the best inhibitors, W3 and W3W?7, toxicity was tested in brine
shrimp (A. salina) larvae. The results are shown in Figure 5. The
brine shrimp lethality assay had shown a strong correlation with
the standard toxicity MTT assay and has been proposed as a
good alternative to evaluate the toxicity of small compounds./“9
The results showed no toxic effects for W3 and W3W7
derivatives at the tested concentrations (12.5 — 100 uM) as no
difference with the negative control (saline solution) was
observed. These results are in good agreement with the
previously tested hemolytic activity which was low.! In
particular, W3 was hemolytic at concentrations much greater
than the concentrations needed to achieve 50% inhibition of
hAChE and its LDsg (concentration which causes the death of
50 %) on A. salina larvae was >100 pM.
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Figure 5. Toxic effect of the best inhibitors in brine shrimp. Percentage of
Artemia nauplii viability vs. peptide concentration. A saline solution was used
as a positive control. The bars express the mean + SEM (n = 3).

Conclusion

This study reports the in vitro inhibitory activity on the human
cholinesterases of a series of peptide derivatives of a natural
sequence isolated from the frog B. pulchella and the AChE-
induced AB anti-aggregation activity of the best inhibitor. We
found that mutation of one or two aliphatic residues of the
original sequence by Trp residues notably increased the
inhibitory activity. The most active compound W3 showed an
ICso value of 0.99 + 0.02 pM against hAChE, a 100-fold higher
value than that of the base sequence (97.89 = 7.13 uM).
Additionally, W3 inhibited hBChE (ICsq, 15.44 + 0.91 pM) and
showed a percentage inhibition of 94.2 % + 1.2 against AChE-
induced AP aggregation. This peptide had also shown
moderated radical scavenging and Fe?* chelating capabilities,
low hemolysis, and low in vivo toxicity in brine shrimp. Peptides
are attracting great attention as therapeutic drugs for their
unique properties. Considering the multifunctional profile
showed by the W3 peptide, we propose it as an interesting
scaffold for further development of a multitarget-directed drug
against AD.

Experimental Section

Chemistry. Peptides were synthesized through FMOC solid-phase
peptide synthesis (SPPS) using a Rink SS 1% DVB resin (Advanced
Chemtech, USA). All the other chemicals and reagents were purchased
from Merck Sigma-Aldrich (Merck KGaA, Germany). a-amine was
deprotected with piperidine at 20% in N,N-dimethylformamide (DMF)
(three times 1 min). Carbonyl activation and 1 h couplings were realized
using 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylammonium
tetrafluoroborate (TBTU), 1-hydroxybenzotriazole hydrate (HOBt) and
diisopropylethylamine (DIEA). Peptides were separated from the resin
with a TFA/H20/TIS (95:2.5:2.5) mixture for 2.5 h and washed with
several cycles of precipitation with cold ether and centrifugation. Samples
were purified and further analyzed by RP-HPLC using an Atlantis
(Waters) C18 column (5 pm, 4.6 mmx150 mm) with a linear gradient of
ACN/H20 (flow rate 0.8 ml/min) for 25 min in a Waters HPLC System;
TFA 0.1% was added to each solvent. Peptides were analyzed by
MALDI-MS in a MALDI-TOF-TOF Abi Sciex 4800 (Pasteur Institute,
Montevideo, Uruguay). The observed masses were in full agreement with
the calculated masses. AB peptide (1-40) was synthesized by following
the same procedure with the H-Rink amide ChemMatrix resin purchased
from Sigma-Aldrich (Merck KGaA, Germany).
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Cholinesterases preparation. Recombinant hAChE was produced and
purified as previously described.*!! Briefly, the recombinant hAChE was
expressed using Chinese Hamster Ovary cells (CHO). The secreted
enzyme was recovered from the culture medium and purified by affinity
liquid chromatography (HisTrap, monoQ, Cytiva, France) followed by gel
filtration (Superdex 200, Cytiva, France). The recombinant enzyme was
then concentrated, flash frozened in liquid nitrogen and stored at -80°C.
Recombinant hBChE, was produced and purified as previously
described.?® Briefly, the recombinant hBChE was secreted out of CHO
cells and the protein was purified from the culture medium following a
two-steps protocol using both BChE-specific affinity chromatography
(Hupresin®, Chemforase, France) followed by gel filtration (Superdex 200,
Cytiva, France).

Cholinesterase inhibitory assay. The in vitro inhibitory activity of the
peptides was evaluated by following a previously reported method based
on Ellman’s colorimetric assay.[*>42 The reaction was performed in a final
volume of 100 pL with 100 pM or 1 nM rhAChE or rhBChE, respectively,
0.4 mM acetylthiocholine iodide (ATCI, Sigma-Aldrich) or s-
butyrylthiocholine iodide (BTCI, Sigma-Aldrich), 0.33 mM 5,5-dithiobis-(2-
nitrobenzoic acid) (DTNB, Sigma-Aldrich) and the peptide at 400-0.78 pM,
in 0.1 M phosphate buffer (pH = 8.0). The enzyme and peptide solutions
were mixed and incubated for 15 min (room temperature) and the
reaction was started by the addition of the substrate and DTNB solutions.
Absorbance at 405 nm was measured after 5 min in a 96-well microplate
reader (Thermo Fisher FC Multiskan). Percentage inhibition (1%) was
calculated as 100 * (Ai-Ab) / (A0-Ab) where Ai is the absorbance of the
solution containing the sample, Ab is the absorbance of the blank (no
enzyme, no inhibitor) and AO is the absorbance of the control (no
inhibitor). Enzyme residual activity percentage (equal to 100 - 1%) values
were used to calculate the ICso values with a four-parameter logistic
curve estimated using R v. 4.0.4. Rivastigmine was used as a positive
control.  Kinetic measurements were realized by monitoring the
absorbance for 5 min every 3 s, under the same conditions at the
different substrate and peptide concentrations (0 — 0.5 mM). The initial
velocities (vo) in the presence and absence of the tested peptides were
calculated. K values were calculated using the Michaelis—Menten (MM)
equations for non-competitive inhibitors according to Copeland.*3 At
least three independent experiments were performed.

Molecular modeling and flexible docking. The 3D structures of the
peptides were modeled de novo using PEPFOLD 3.5 algorithm on the
RPBS Mobyle portal.**% The best models were optimized by performing
400 ns of MD simulations in explicit TIP3P water with the same
conditions used for the enzyme-peptides complexes (see below). The
models were docked with Protein Data Bank entries 4EY7 (hAChE) or
2PM8 (hBChE) previously prepared by adding missing residues with
Modeller 10.3,“81 removing all ligands, water molecules and ions.
HADDOCK2.4 program was used to execute the semi-flexible docking
calculations with default docking parameters for protein-protein docking.
All ligand residues and all active residues of hAChE and hBChE were
marked as active (flexible) residues.[*”48 The calculations were run on
the HADDOCK Web Server. The best-scored structures according to the
HADDOCK score function were promoted to MD simulations.

MD simulations. All-atom MD simulations were performed with the
Amber 18.0 package.l*) Topology and initial coordinate files were
produced with the tLEaP module.[® The best models from the docking
studies were applied with ff14SB force-field and solvated with a cubic
periodic box with a margin distance of 12 A containing TIP3P water
molecules and neutralizing counter ions. The pre-production preparation
of the structures by performing a two-step energy minimization process,
a thermalization, and 200 ps of equilibration to adjust system density.
The 100 ns production was performed using the NPT ensemble under a
target temperature of 298 K and target pressure of 1 atm with the GPU
implementation of the PMEMD program and trajectory snapshots were
saved every 1 ps. Newton motion equations were integrated using a 2 fs
timestep.5-52 Finally, the CPPTRAJ module was used to calculate the
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Root-mean-square deviation of atomic positions (RMSD) of the peptide-
protein complex during the simulations and to perform a k-means
clustering with the calculated structures (k = 10). A representative
snapshot was then obtained by extracting the structure with the lowest
cumulative distance to every other point of the most populated cluster.

MM/GBSA calculations. A MM/GBSA per-residue free energy
decomposition analysis was performed to provide insight into the
interaction energies for each residue of the predicted complexes.[53-59
The calculations were executed by using the MMPBSA.py script of the
Amber 18.0 package and taking 100 frames from the last 10 ns of the
simulation. Entropies were not included in the calculation. The inclusion
of an entropic term is simply neglected by many applications due to the
extremely expensive computational cost and relatively low prediction
accuracy.5® For this reason, new alternatives for the estimation of the
theoretical entropy are being investigated.®”]

AChE-Induced B-Amyloid Aggregation Testing. The AChE-induced
AB aggregation inhibitory activity of the most active derivative was tested
in vitro as described by Chen et al.®3 First, a 20 mg/ml solution of the
synthesized AB peptide in hexafluoroisopropanol (HFIP) was prepared.
The solvent was evaporated with a nitrogen stream and dried under a
high vacuum for 2 hs. Then, a 2 mM AR peptide stock solution was
prepared and stored at -20°C by dissolving the residue in dimethyl
sulfoxide (DMSO). The aggregation reaction was carried out by
incubating 100 uM A peptide (5 pL) and 1 U/mL eeAChE (40 pL) (E.C.
3.1.1.7, type VI-S from the electric eel, Sigma-Aldrich) in a 100 pl final
volume in the presence and absence of 10 yM W3 derivative, during 3, 5
and 8 hours at 25 °C. The solution buffer was 25 mM NaH2PO4 and 100
mM NaCl (pH = 8.0). At each specific spot time, a thioflavin T solution
(Sigma-Aldrich, final concentration 2.5 pM) was added and the
fluorescence was monitored at 450 nm (Aexc) and 482 nm (Aem) with
excitation and emission slits of 2 nm bandwidth with a Perkin EImer LS55
fluorescence spectrophotometer. The fluorescence emission spectrum
was recorded between 450 and 600 nm with excitation at 446 nm. The
background fluorescence from 2.5 pyM thioflavin T and AChE was
removed. The percent inhibition was calculated as 100 - (IFi - IFo /100)
where IFi and IFO are the fluorescence intensities obtained for the AB
peptide and eeAChE solution in the presence and absence of inhibitor,
respectively. 74.5 pM propidium iodide was used as the positive control.
The sample was tested in triplicate.

Brine shrimp (A. salina) bioassay. Sea water was prepared following
formulations and conditions from the maritime ordinance previously
described.[5® 100 mL of seawater previously oxygenated to achieve an
oxygen saturation of 90 % was placed in graduated cylinders with
aeration. Then, 100 mg of A. salina cysts were added and incubated in
the presence of visible light (750 Im), at 25 + 1 °C for 48 hs. After that,
aeration was stopped. The hatched Brine shrimp (nauplii), which
remained in the middle section of the graduated cylinder, were collected.
The toxic activity of W3 and W3W?7 in A. salina was evaluated according
to previous methods with slight modifications.l®5%6% Following the
addition of 360 pL of 100, 50, 25, and 12.5 pM peptide solutions, 6
nauplii were placed in each well of the 96-well microtiter plates. The
incubation was performed at 25 °C in the absence of light for 24 h. The
dead nauplii were counted under a stereoscopic microscope, and the
percentage of mortality at each concentration was calculated as (Ms/N) x
100 where Ms is the number of dead individuals in the sample analyzed
and N is the total number of exposed individuals. LDso was calculated
using the R package BioRssay, based on probit functions.[1 Assays
were performed in triplicate, with two positive controls (larvae in methanol
99,9% and larvae in a 408 pM K2Cr207 aqueous solution) for 100 %
mortality and a negative control (saline solution).
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A series of peptide inhibitors of the human cholinesterase enzymes was designed by mutating aliphatic residues for aromatic ones.
Trp mutations highly increased the inhibitory activity of the base sequence, and the best candidate showed the most potent activity
on the human acetylcholinesterase reported for a peptide (0.99+0.02uM) and inhibited 94.2%z+1.2 of the AChE-induced B-amyloid
peptide aggregation.
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