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Abstract

Herein we present a comparative study of the effextisoquinoline alkaloids belonging to
benzof]phenanthridine and berberine families [pamyloid aggregation. Results obtained using a
Thioflavine T (ThT) fluorescence assay and circulexhroism (CD) spectroscopy suggested that
the benzaf]phenanthridine nucleus, present in both sangueaaind chelerythrine molecules, was
directly involved in an inhibitory effect of \_42 aggregation. Conversely, coralyne, that contains
the isomeric berberine nucleus, significantly iased propensity for A4, to aggregate. Surface
Plasmon Resonance (SPR) experiments provided tptari estimation of these interactions:
coralyne bound to By_4, with an affinity (Kb=11.6 uM) higher than benzgphenanthridines.
Molecular docking studies confirmed that all thre@mpounds are able to recogniz@i4; in
different aggregation forms suggesting their effectcapacity to modulate self-recognition
mechanism. Molecular dynamics simulations indicateat coralyne increased tiffecontent of
APBi1-42 In early stages of aggregation, consistently Witlorescence-based promotion of self-
recognition mechanism by this alkaloid. At the saimge, sanguinarine seemed to determine an
increase of helical conformation corroborating atslity to delay aggregation as experimentally
provedin vitro. Investigated compounds demonstrated to interfg@th aggregation of Bq_s>

applying as starting leads in neurodegenerativeasiss.

Keywords: amyloid beta; neurodrug; amyloid aggregation;uret products; chelerythrine;

sanguinarine; coralyne; berberine
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1. Introduction

Several neurodegenerative disorders, including dimkr's (AD), Parkinson’s (PD) and
Huntington’s (HD) diseases are associated with egggion of misfolded proteins [1, 2]. Among
these, AD, a predominant cause of dementia worleV&] 4], is characterized by extracellular
amyloid deposits, whose main component is the 42@mcid amyloid3 peptide (41-42), and by

intracellular neurofibrillary tangles composed a5, 6].

APB1-42is a peptide cleaved from the amyloid precursotgin (APP), comprised of a chargi
terminal segment (amino acids 1-22), a hydrophobidral region (KLVFFA, amino acids 16-21),
which alone is able to aggregate into insolubleilfib and a hydrophobicC-terminal region
(residues 23-42). Once released as a monomerARIPinto extracellular space B4, undergoes

a structural transition gainingysheet content, and tends to aggregate into oligonrotofibrillar
and fibrillar species [7]. Bu_s20ligomeric assemblies have been related to AD methesis for
their role in neuronal damage and neurotoxicityof@ing AB;_4, aggregation [8]. In this context,
preventing 414> aggregation with small molecules is one of thenpnent strategies for the
development of new therapies for AD [9-11]. To tkisope, several plant extracts and natural
products, such as curcumin, epigallocatechin-3aggll and resveratrol, were evaluated with

promising results [12-14]

Isoquinoline alkaloids (Figure 1) belong to onetloé most complex families of plant alkaloids.
They are nitrogenous metabolites distributed in yraotanical families investigated nowadays for
their significant biomedical importance[15-17]. Anwp these, benzojphenanthridines and
protoberberines are found in various vegetal saubetonging to th&utaceae family (in particular

from theZanthoxylum genus [18]), with berberine (Figure 1) being atenesting candidate for PD
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and AD thanks to multi-faceted defensive mechaniant bio-molecular pathways involving this
alkaloid [19, 20]. However, its use as a neurodsulgampered by its cytotoxic effects at relatively
high concentration [21]. Hence, a structurally nfiedi version of berberine that results in the free
hydroxyl-bearing Ber-D was prepared, which was tbtminhibit the aggregation and cell toxicity
of APi42 in vitro[22]. The berberine nucleus in Ber-D comprises fougs, of which three
aromatic, whereas the anti-leukemic berberine-tikey coralyne (here indicated as CO, Figure 1)

contains all four aromatic rings[23, 24].

Other examples of plant isoquinoline alkaloids sarguinarine (SA) and chelerythrine (CH, Figure
1), two tetracyclic aromatic compounds isolatedrfifdacleaya cordata belonging to the family of
benzof]phenanthridines, and also classifiable as azaeheg25, 26]. In particular, SA is
endowed with several properties of therapeuticvegiee, including the reduction of stress hormone
levels as shown in studies carried out in animabt@ej27], of serum haptoglobin, and serum
amyloid A (SAA) [27, 28]. This protein is mainly gatuced in the liver but also expressed
extrahepatically in the central nervous system (C[S], with increased levels in AD patients
[29], and was recently recognized as a biomarkelCloVID-19 [30], that is a recently-emerged
viral disease causing severe acute respiratoryregma and diverse injuries in other systems [31-
34]. SA and CH are believed to possess potentiakasodrugs for AD due to their ability to inhibit
several neuropathologically-relevant enzymes [Bijwever, clues of neuroprotective properties
were found experimentally only for CH which inhiitin vitro amyloid aggregation [36], whereas
the same inhibitory activity, predicted silico for SA by some of us [37], had not been validated

before on an experimental basis.
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Fig. 1. The isoquinoline alkaloids of synthetic (CO) andrtl(CH and SA) origin investigated in
this work. All share an isoquinoline core (up, )efiut are based on two different polycycle

rearrangements (bottom, left).

The scope of this work was to investigate the adgon between tetracyclic aromatic structures
endowed with benzo]phenanthridine (SA, CH) and berberine nuclei, eespely (CO, Figure 1)
with AB1_42 peptide, by means of ThT fluorescence and CD spmsipies to evaluate their effects

on the aggregation offA_42.and by SPR assays to evaluate the entity of tmésections.

Experimental data were further corroborated ihysilico studies, through molecular docking
simulations, to unveil preferential binding modésigands to different aggregated forms d¥:Aq,
and by molecular dynamics simulations to deepen dfiects of these compounds in early

aggregation stages ofA 4.
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2. Materials and Methods

2.1 ChemicalsAp;-42 peptide (for CD and SPR), SA, CH, SA isoquinolaikaloids andall other
chemicals and solvents were purchased from Sigrdaehl (Amsterdam, The Netherlands)3 A

peptide for ThT assay was purchased from rPepGde USA).

2.2 AB1.42 peptide solubilization

Solutions of recombinant A4, peptide were prepared according to a previouslglighed
procedure [38]. In short, A.42 was sequentially dissolved in hexafluoroisopropgits-IP) and
DMSO. The DMSO was removed from thA, solution by using a HiTrap™ desalting column
(GE Healthcare, Zwijndrecht, The Netherlands) auotian with PBS at pH 7.4. We measured the
ABi.gconcentration by the Coomassie (Bradford, UK) Rnotédssay Kit (ThermoFisher,
Landsmeer, The Netherlands) and, afterwards, tie Gioncentration required for the subsequent
experiments was achieved by dilution$ peptide aggregation, in the presence or absen&Apf

CH and CO, was evaluated at@7under quiescent conditions.

2.3 Thioflavin-T assay

Amyloid aggregation was measured by a ThT fluoneseeassay. The [A.4> concentration was
adjusted to 25uM using PBS buffer (pH 7.4), while a final ThT cemtration of 12uM was
realized in a 96-well plate (Greiner flat bottorartsparent black, Sigma—cat. M9685). Fluorescence
intensity was measured at 37°C using an automagdidplate reader (Tecan Infinite 200 PRO) at
an excitation wavelength of 450 nm and emissioeat®n from 480 to 600 nm. The fluorescence
intensity from ThT at its maximum value (485 nm)swaported in a graph for the three complexes
with the ligands (C=2%uM). Measurements were performed in triplicate, aged the values
recorded and subtracted background measuremeintsdiiasponded to buffer containing &

ThT and the tested isoquinoline alkaloids. Meas@m@swere performed after incubation for2 h to

allow Ap to aggregate.
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2.4 CD and UV experiments

The CD experiments were conducted as previouslgribesl [39-49]. The spectra were obtained
using a JascoJ-715 spectropolarimeter coupledRd@&348WI temperature control system, and a
guartz cell with a path length of 1 cm, at@#vith a response of 1 s, a scanning speed of 100
nm/min and a 2.0 nm bandwidth. All the spectra vaereraged over three scans. Experiments were
carried out using a M concentration of Bi.42 in PBS (overall volume = 2 ml, pH 7.2) and a
twofold concentration of ligands. Spectra wereexiltd after incubation at &7 for 0.5, 24 and 48

h.
2.5 Surface plasmon resonance (SPR) experiments

Surface plasmon resonance (SPR) binding assays perfermed on a Biacore 3000 (GE
Healthcare). B1.42 peptide was immobilized on a CM5 chip through amng coupling procedure
at 100ug/mL in 10 mM sodium acetate (pH 4) ap/min until reaching an immobilization level
of (400 RU. Binding assays were carried out by injectdOuL of analyte, at 2QL min™
Experiments were carried out using PBS as runnianffeb The association phaseqy{k was
followed for 270s, whereas the dissociation phasg)(kvas followed for 30@. The reference chip
sensorgrams were subtracted to sample sensorghdi@seach cycle, the sensor chip surface was
regenerated with a 10mM NaOH solution fors3Analyte concentrations were for cheletrine 20,
40, 80 and 10@M, sanguinarine 100, 300, 500, 700, 900 and 1iM(and for coralyne 5, 20, 30,
40, 50, 70uM. Experiments were carried out in duplicates. Kimgarameters were estimated

assuming a 1:1 binding model and using versiorEddluation Software (GE Healthcare).
2.6 In silico studies

In all computational studies, as initiapAs, conformations we utilized S-shape and U-shapd fibr
models (PDB codes: 2LMN and 2MXU) and three of mhest representative monomeric models

from previous extensive computational studies[50].
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2.7 Ligand parameterization

Fully-protonated structures of the three compoui@is, SA, CH) were optimized by gaussian 09
software[51], utilizing Hartree-Fock method and B=3 basis set. AM1-BCC method[52]
implemented in the AmberTools 19 package was useeétive charges of all atoms. Parameters for
bonds, valence and dihedral angles were adapted @eneral Amber Force Field[53] based on
structural similarity.

2.8 Docking

Global molecular docking of compounds to the monenand fibrillar structures of By.4> was
performed using AutoDock 4.2.6 software[54] allowirilexibility of the ligand with rigid
conformation of the receptor due to computatiomaltations. The algorithm was set to generate
100 initial docking positions and subsequently gerf clustering using 10, 15, and 15A criteria for
monomeric, tetrameric, and fibril structures, respely, to obtain most probable docking positions
(modes) of the compounds. Two different cutoff easluwere used due to large size differences
between monomeric and other systems. AutoDock 48 selected for docking, because it was

found to provide more reliable binding energiesitAatoDock Vina in the recent studies[55].
2.9 Molecular dynamics simulations

Two series of molecular dynamics (MD) simulationsrevperformed: (i) fibrillar structures with
the compounds bound to them, obtained through dgcgrocedure, and (ii) 16 non-bound semi-
extended A1.42 chains in the presence and absence of compouridsitdulations of fibrillar A8;-

42 With compounds were performed using Amber ff1486] [force field with TIP3P water
model[57], which should provide reliable resultsr fthese systems. Due to computational
restrictions, MD simulations were performed for ®finding modes of each system, each of 10

separate trajectories, reaching in total 1 psdocheof the binding modes.

For MD simulations of 16 chains, we used an in-lkeoafgorithm to put pre-generated semi-

extended AB;.s> chains of random conformations as close to eableroas possible, with the



180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

restriction to keep minimum distance of 8A betwesy heavy atoms of different chains to avoid
possible bias coming from initial orientation oktkhains. Such system was hydrated by adding
approximately 47500 water molecules and charge wastralized by inserting counterions,
resulting in truncated octahedron boxes of totalume of approximately 1549 nm[52]. In
simulations with compounds, small molecules weeegll between -4, chains using the same

criterion. In all simulations, initial orientatiors AB1.4> chains and compounds were identical.

Obtained systems were energy minimized, using st&eafescent and conjugate gradient algorithm
and equilibrated for 1ns. For each type of syster,trajectories were run, each of 800ns and then
recorded 40,000 snapshots from second halves @00s3 were analyzed. To better capture
aggregation effects in simulations of systems doimg 16 chains, we utilized state-of-the-art
Amber ff19sb force field[58] coupled with OPC wataodel[59], which should provide reliable
results, especially for binding-dissociation prace&nalysis of these simulations included root-
mean-square deviation (RMDd) using initial struetwas a reference, radius of gyration (Rg),
solvent-accessible surface area (SASA) using LCP€éthod[60] and secondary structure
determinations with DSSP[61] algorithm implemeniteid Amber19 package and various distance
calculations. Distance criterion of 6.5 A betweamnters of mass of two side-chains is used to
determine a contact between chains, and a crit@fidncontacts was used to determine the size of
the oligomer (e.g. two chains have to form at léasbntacts to be named as dimer), as in our
previous work[62] to discard structures forming wéaaeraction due to accidental proximity of the

chains.

2.10 Molecular Mechanics - Poisson Boltzmann SurfacArea (MM/PBSA) method
MM-PBSA is a post-processing method which was usedalculate the free energy difference,
AGyping, between the free and bound states of a moleocntlex: receptor and ligandGying is

calculated for a set of selective snapshots fronukition trajectory and is defined as follows:
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AGping = AEeiec + AEyaw + AEsur + AEpg — TAS, (1)

where AEgec and AE,gw are differences in electrostatic and van der Waalksrgy components,
respectively AEsur and AEpg describe differences in non-polar and polar sawafree energies,
respectively, and AS represents the entropic contribution.

In this study, MM/PBSA methods implemented into &raberTools 19 package was used
to estimateAGyging Of compounds to fibrillar models using second bahof performed MD
simulations. As a standard procedure, for enerdgutaion in MM/PBSA procedure we used the
same force field adopted to perform the simulatidmsvever, without cutoff for electrostatic and
van der Waals interactions. The entropic terldSTwas estimated by normal mode approximation
method, where\Epg was obtained by solving numerically linearized93on-Boltzmann equation

andAEsyr Was calculated from the following equation:

AEsyur = a X SASA +B, (2)

where SASA was calculated using LCPO method[6@J;ession coefficient was set to 0.005 and

the regression offs@twas set to 0.

3. Results and Discussion

3.1 Modulation of AB;_s,aggregation

To obtain preliminary insights into the ability isbquinoline alkaloids to modulate amyloigA:»
aggregation we evaluated thioflavin (ThT) fluoresze intensity after incubation [63]. TheBAs
monomer (25:M) was incubated with SA, CH or CO (™) at 37°C for 2 h which is considered

a sufficient time for accumulation of oligomeri@ Apecies [64]. The extent of aggregation §f.A
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42 Within this incubation time was assessed by reogrdie fluorescence emission of ThT (il\,

Lex = 450 NMAem = 485 nm) (Figure 2).

1000+ *k

Fluorescence intensity at 485 nm

Fig. 2. SA and CH inhibit ThT-positive amyloid fibril formation of A B4, whereas CO
induces ThT-positive amyloid fibril formation. Solutions containing By.42at a concentration of
25 uM were incubated in the presence and absen&ApCH and CO (at 1:1 ratio)at 37C for 2

h. Amyloid fibril formation was detected using THILorescence intensity measurements at a
fluorescence emission wavelength of 485 nm uporitagian at 450 nm. The reported values
represent the results obtained from three indeperedg@eriments. The statistical significance of the

replicates was assessed by p-values using paicethiled t-tests (GraphPad Prism).

*p < 0.05, **p < 0.01, and ***p < 0.001 comparedtivthe control (‘A;1-42).

Data show that SA and CH reduce the ThT fluoreseeignal by ~40% compared with3As, in
the absence of these compounds. On the other haedberberine-like CO increased the
aggregation level of By.42 as indicated by a strong two-fold increase in Tla®rescence intensity
compared to untreated PAs>. These results clearly show that berberine-liked an

benzoE]phenanthridine alkaloids modulate differentl.4, aggregation.
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3.2 APi.42conformational response to isoquinoline alkaloids

To investigate if the observed effects of isoquimel alkaloids on @42 aggregation were
accompanied by conformational variations, we pemtat circular dichroism (CD) time-dependent
studies. The aggregation ofAs», which reportedly coincides with increasipigheet content [65],
was monitored using CD at different time pointsrafubation (0.5, 24 and 48 h, in PBS at@7
Figure 3). The obtained time-dependent CD profile&;.4oshowed spectral changes in agreement
with those reported in literature [11, 66] with aogressive transition towards Brsheet
conformation at 24 h indicated by a broad banderedtat ~225 nm, that is a spectral element

previously assigned to this secondary structureany amyloid systems [67-72].

AB1_42 -, I ABI~4Z +SA

[©] deg mol-1 dmol-1)
T
[©] deg mol-1 dmol-1
— =T

Wavelength [nm] Wavelength [nm]

20000 ABIJH+ CH 0000 \ ABI~42+ cO

[©] deg mol-1 dmol-1)
[©] deg mol-1 dmol-1

20 20 220 20 220 0
Wavelength [nm]

Fig. 3. Conformational response of 142 peptide to SA, CH and CO.Circular dichroism
spectra of B1.42 (5 uM concentration in PBS, black line) an®A.2in the presence of isoquinoline
alkaloids (1:2 molar ratio, peptide: small molegwdéer 0.5 (orange), 24 (blue), and 48 (green) h o

incubation at 3T.
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This progression was also confirmed by deconvatugiercentages reported in table S1. At longer
incubation times molar ellipticity intensity at 22Bn showed a tendency to decrease (Figure 3)
suggestive of amyloid aggregation/precipitationpasviously observed under similar conditions
[66]. In parallel, A;4, was incubated, under the same experimental conditiwith the
isoquinoline alkaloids (which did not contributethe observed CD signal).

Remarkably, the presence of CO, already at t=(bdnalysis, (Figure 3) favorsfalike structure

as indicated by a minimum at ~225 nm, together withsecondary structures content reported in
table S1, that, in the following 24 h, slightly gkitoward higher wavelengths (Figure 3). The
observed increase of Cotton effect fopiA; in the presence of CO at 24 h (Figure 3) can be
ascribed to a stabilization of these secondarygttras [73-78]. When comparing the CD spectra of
AB1-42in the presence of all three compounds after 2dldecame apparent that the presence of the
three isoquinoline alkaloids induced differenceshe structural organization offfA4, (Figure 3).
The observed changes, impacting on both intensityshape of spectra, were already described by
Guo et al. [69], suggesting that berndphenanthridines partly limite@-sheet content of B .42
leading to new structural elements. The effectan@re appreciable for CH while the main
significant variations are evident in the 210-220 range for SA.

3.3 Isoquinoline alkaloids interact with AB1.42

To further evaluate the ability of isoquinoline albids to interact with Bq.4>We carried out SPR
assays [79]. Binding profiles for all three molexsil(Figure 4) suggested the formation of
complexes, in a concentration-dependent marffreishly dissolved py.4», after HFIP treatment,
was covalently immobilized on Sensor chip [80]indtic parameters, reported in Table 1, allowed
the estimation of thermodynamic dissociation camstalues that appear in the low, for CO, high,
for SA, and very high, for CH, micromolar range.eTtigher affinity exhibited by CO compared to
CH and SA can be due to the faster associationepl@gr data are in agreement with a previous
study [80] that showed the ability of berberinesliknhibitors of A;.4, to interact with the

polypeptide at low micromolar Kvalues [80].



288 Table 1. SPR based equilibrium dissociation constantg) (End kinetic parameters for the
289 interaction of A;.4owith SA, CH and CO using the BIA evaluation v.4dftware. Data reported

290 were obtained through SPR analyses using smallaulele as analyte on immobilizeAs..

kon (M_ls_l X 104) koff (S_l X10-3) Ko (HM)
Sanguinarine (SA) 13.1 6.07 463
Cheletrine (CH) 5.14 19.7 3.83*10°
Coralyne (CO) 983 11.4 11.6
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3.4 Computational study of the interaction of SA, € and CO with monomeric and fibrillar

AB1-a2

To deepen the molecular-level interactions respbmsof modulating effects of aggregative

mechanism of B;.42 displayed by small molecules we perforniedilico studies.

3.5 Binding energies

3.5.1 Docking of ligandsto monomers

The binding energies of the three ligands weremeggd by means of Molecular Docking. Sindg A
peptides are intrinsically disordered, their natsteuctures are transient and cannot be resolved

experimentally.

Fig. 5. Representations of docking positions of CO (lefumn: A, D, G), SA (middle column: B,
E, H), and CH (right column: C, F, I) to three misdef monomeric B;.4> (presented as rainbow-

colored cartoons).
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Therefore, for our simulations we adopted three tnmepresentative y.4» monomeric models
obtained by clustering ensembles of monomeffig.A conformations at 300K from extensive all-
atom Replica-Exchange and conventional MD simutetiavith explicit water model performed
with various Amber and CHARMM force fields, [50] tgets (Figure 5). As expected for similar
small compounds, their modes of interactions amgueguite similar, but significant differences
were observed in the number of possible bindingesgdable 2), which is higher for CO for all
three monomeric structures. Conversely, the lowestber of binding modes was found for SA
suggesting a more selective binding mechanism ww#.42 Structure with respect to the other
compounds. The drug-amyloid interactions are stagullby both hydrophobic and hydrogen bonds
(three for SA and CH and one for CO, Figure 6)efestingly, CH and SA, contrary to CO, form
hydrogen bonds with two histidine residue (His1d his14), that are reported as responsible of the

binding of ions, e.g. Cii, which impacts B1.4» aggregation [81].

Fig. 6. Schematic representation of the strongest bindiagenof monomeric Bq.42 to compounds
(monomeric model 2, binding mode 1; see Table 2rfore details) showed in 2D form for: A) CH,

B) CO, C) SA. B1.42residues involved in hydrophobic interactions watmpounds are showed by
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red lines and black three-letter residue codestdggh bonds are represented by cyan dashed lines

and green three-letter residue codes. For cldnjiyrogens are not presented on the plot.

Averaging over representativefs,models, in the best docking modes (mode 1 withsthengest

binding in Table 2) obtained binding energies iatkc that all compounds strongly bind to
monomeric Ai1.4>. The highest interaction energy was observedHerl¢ast structured model 2,
due to the disordered and extended characterttmformation allowing compounds to maximize

number of hydrogen bonds between molecules maintpimgh number of hydrophobic contacts

(Table 3).

Table 2. AutoDock-predicted binding energies (kcal/mol) tbe binding of the compounds CO,

SA, and CH to three representative amyloid monammeondels obtained in the previous simulation

study[50]

AP1-22Model 1 AP1-22Model 2 Api-22Model 3
Binding | CO SA CH co SA CH co SA CH
Mode
1 -8.03 -9.10 -8.59 -10.17 -10.26 -10.07 | -9.44 -9.07 -8.82
2 -6.68 -7.24 -7.39 -7.53 -8.58 -8.36 -8.11 -8.99 -8.31
3 -6.36 -6.05 -7.52 -6.68 -8.69 -7.05
4 -6.24 -6.03 -7.07 -6.58 -6.87 -6.86
5 -5.57 -7.00 -5.84
6 -5.42 -5.30
7 -5.34
8 -5.28




341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

Table 3. Number of hydrogen bonds (HB) and hydrophobicradgons (HI) between monomeric

ABi..2models and the ligands CO, SA, and CH in the sesnbinding mode (mode 1).

APBi1.42Model 1 | ABi.a2Model 2 | ABj.4; Model 3
HI HB HI HB HI HB
CO 10 1 11 1 9 1
A 10 1 9 3 7 1
CH 9 1 8 3 7 1

3.5.2 Docking of ligandsto Af1.4, tetramers

As oligomeric states are a bridging step betweenamers and fibrils, we decided to study the
impact of the three ligands on tetramers, thatcaresidered crucial in By.42 aggregation[82], by
using models obtained in previous multi-scale MiDdations [62]. Similar to the monomeridA

42, SA exhibited minor binding modes for all thre¢rdeneric models (Table 4 and Figure S1)
confirming major selectivity of interaction. Avemadinding energies for first binding indicate a
slight major value for SA and CH with respect to :ClBe small differences in binding of
compounds to monomeric and tetrameric forms ardgiy due to compact forms ofpAs.
tetramers, which did not allow many interactionshmdrugs even when more chains and possible
binding sites are available. In both 2LMN and 2MXhbdels, the three ligands can bind in
different regions depending on the docking modgufés S2 and S3 in Supporting Information). In
the docking mode with the lowest energy, they dirpraferentially located in the loop region of
2LMN, while for 2MXU CO and CH seem to prefer tieerhinal part, while SA is mainly located in
the middle of the structure. In analogy to the mmoadc case, SA is endowed with the poorest

variety in docking positions compared to the otinr ligands (Figures S2 and S3, and Table 5).
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Table 4. AutoDock-predicted binding energies (kcal/mol) fioe binding of the CO, SA, and CH to
three representative amyloid tetrameric models iobtain the previous simulation study [62]

(models 1, 2, and 3 correspond to tetramers Ind@5&rom the mentioned work, respectively).

APi-aotetramer 1 APi-a2tetramer 2 APi-s2tetramer 3

Binding | CO SA CH co SA CH co SA CH
Mode

1 -9.06 -9.97 -9.72 -9.36 -9.52 -9.26 -8.21 -10.45 -9.81
2 -8.48 -9.89 -8.93 -8.84 -9.46 -9.05 -7.94 -8.44 -8.43
3 -7.56 -9.14 -8.78 -8.80 -9.13 -7.91 -7.24 -8.26 -8.32
4 -7.51 -7.19 -7.28 -8.34 -7.42 -7.02 -7.96 -7.57
5 -6.43 -7.13 -7.25 -7.52 -7.33 -7.00 -7.68 -7.50
6 -5.77 -6.55 -7.04 -6.96 -6.80 -6.88
7 -6.55 -6.50
8 -6.01 -6.48

Assuming that protofibrils and fibrils have similstructures [83], we used the fibrillar structures

2LMN and 2MXU deposited in PDB databank, for furtdecking simulation.

With binding energies ranging from -10.4 to -12.@alkmol (Table 5), all ligands are tightly
associated with protofibril models. The identifipdtential for the ligands to interact with both
monomeric and protofibrillar By.4» suggests ample means for the ligands to modulae t

subsequent aggregation process.

Molecular Mechanics - Poisson Boltzmann SurfaceaAf®M-PBSA) docking assays on two

compounds provided similar results (Figures S4ai&bTable S2).
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Table 5. AutoDock-predicted binding energies (kcal/mol) lné tlustered orientations with 2LMN

and 2MXU fibril models.

2LMN 2MXU

Mode | CO SA CH co SA CH Color

1 -12.12 -12.16 -10.93 -10.41 -11.76 -10.89 Purple

2 -11.90 -10.71 -10.83 -9.70 -10.92 -10.36 Magenta
3 -10.07 -10.50 -9.83 -8.71 -10.09 -9.73 Red

4 -10.00 -10.37 -9.71 -7.14 -9.98 -7.96 Yellow

5 -9.97 -9.94 -9.60 -6.34 -7.87 Cyan

6 -8.84 -9.56 -7.80 Teal

7 -8.78 -9.42 Blue

8 -8.37 -8.15 Green

9 -6.72 -6.95 Darkgrey
10 -6.21 Lightgrey

3.5.3 Molecular Dynamic Simulations

In silico prediction of binding of the alkaloids topAs, provided limited information on the effect
of complex formation on the rate of3fs, aggregation. Thus, we performed MD simulations with
16 ABi.42 chains in the absence or presence of CO andoSwimic the first stages of A.42
aggregation from semi-extended non-interacting rhalrhe simulation started from the initial
configuration of the 16 non-interacting randomiyngrated A;.4> chains in the presence of ligands
in a 1:1 ratio (Figure 7). For each set, we cargattwo trajectories of 800 ns: this short intérva

even if does not allow reaching equilibrium prowdesights the initial steps of the aggregation.
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Fig. 7. Initial structure of the 16 B.4» chains with SA in 1:1 ratio. .42 iS represented by ball-

and-sticks, SA by magenta spheres, counter iotiglitygrey sphere, water by black dots.

Simulations showed that the flexibility of the amsiwas unaffected by the presence of the ligands
(Table 6), as RMSD, gyration radius Rg, solventeasible surface area (SASA), and end-to-end
(N-C) distance did not vary significantly in absermar presence of the ligand. This was expected
due to the semi-extended nature of the initih-#& chains, which in the early aggregation steps
firstly try to hide hydrophobic residues from tr@v&nt and only then form stable interactions with
other chains forming oligomeric structures. [85].8n general, calculated properties are quite
dispersed, which is visible as high standard dmnatvalues in Table 6, a feature caused by
averaging over 16 chains, 2 trajectories and smapdiom the second halves of the simulations
which are not fully equilibrated, and by the fattatt A3;..> chains are subjected to large
conformational changes. However, even relativelplsshanges at early aggregation steps caused
e.g. by the presence of external compounds, camfisantly impact aggregation pathways and
fibrilization process [86, 87]it was also previously reported that the beta cuntd AB;.4
monomers exponentially affects the aggregation[&8k The most notable differences were found
in the amyloid secondary structure content: SAjkenCO, increased-helical content in B3.42
chains, and destabilizgiistrands (much larger variation with SA on Figuedhd Table 6). This

finding suggests that SA slowed fibril formatioropess, while CO enhances formation of fibril-
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like structures, and is consistent with our experital results. Destabilization of tRestructures of
the ABi.42 due to the presence of the ligand is known to rfaddwunucleation and slow down the
aggregation process [89]. Furthermore, the MD satirhs indicated a decrease in contacts
between chains, confirming that compounds are #bldirectly interact with the single A2

chains, to alter the equilibrium between monomand oligomeric forms (Figure S7).

Table 6. Calculated average properties of tH& Achains from simulations of 16 chains with

standard deviations.

AB1a; AB14+ CO AB14+ SA
RMSD [A] 11.15+0.50 | 11.27+0.36 11.52 +0.37
Rg [A] 14.16 £0.34 | 14.75+0.69 14.17 £0.36
SASA [nm?] 562.8+28.3 | 573.8+22.0 560.5+21.3
N-C distance [A] 33.00+2.13 | 33.87+3.02 33.37x1.91
Number of 244+571 1.88 +4.07 1.95+4.54
contacts between
chains
Alpha content [%] | 3.23£1.21 3.23+1.28 4.40 £0.85
Beta content [%] | 3.85%0.74 4.55+0.74 3.85+1.73

Both ligands reduced the population of monomerseraarkable variation in the population of

tetramers, heptamers, 14- and 15-mers (Figure %8)abserved, which means that aggregation
pathways to the fibril state are deeply modifiedthy ligands. In addition to size of the oligomers,
secondary content is the prevalent factor goverrmiggregation rate of A.42 [90], explaining

opposite effects of the SA and CO on the aggregatio

4. Conclusion

In this work, we demonstrated that aromatic tetrhes/with benzaflphenanthridine and berberine

nuclei and similar functionalization of the arongatiore may oppositely affect the aggregation of
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AB1-42 peptide. While benza]phenanthridines SA and CH significantly inhibitaggregation, the
berberine-like CO increased propensity fdh A to aggregate, showing also the highest affinity fo
monomeric 142, as revealed by SPR experiments, and displayetiigiest variety of binding
modes (as founth silico). These observations suggest that, different foemzof]phenanthridines,
the bent berberine-like structure of CO can be @woodated in a higher number of divers@ 4
conformations. The presence of CO also led to asmd ;.4 p-content as revealed by CD
experiments and MD calculations: this effect appearperfect agreement with the promotion of
AP1-42 aggregation observed in the ThT assay. Both docamd) MM-PBSA simulations showed
that all three studied alkaloids interact with mmoic, oligomeric and protofibrillar By-42. Ourin
silico study revealed that SA inhibits the assembly @f.A into aggregates as a result of helix
stabilization in the RB;.42 amyloid structure. On the contrary, the aggregafioomoting effect
caused by CO possibly occurs through enhancemeted structures, which are predominantly
reported in the fibril state. Interestingly, botbnzof]phenanthridine and berberine derivatives are
able to modulate the amyloid aggregation pathwayshowing differences in the population of
different oligomeric states, and in particular thg;4> oligomer assembly state undergoes

noteworthy changes upon ligand binding.

Finally, since berberine and Ber-D (Figure S7), poands differing from CO by carrying one non-
aromatic ring (berberine) or free hydroxyl-groupssides the non-aromatic ring (Ber-D), both
inhibit Ap1.42aggregation [22], future synthetic efforts and,ldgical studies should be carried out
on chelerythrine-derived compounds CH-D1 and CH{bigure S8) as promising candidates as

neurodrugs in the family of the benzlghenanthridine alkaloids[22].
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Highlights

We compared the effects of three isoquinoline alkaloids on B-amyloid
aggregation

Sanguinarine and chelerythrine showed inhibitory effects on ABi—4-
aggregation

Coralyne significantly increased propensity for AB:—4- to aggregate

Molecular dynamics suggested the alkaloid ability to affect B-content of
ABI—42
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