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Abstract

Prion diseases or transmissible spongiform encephtiies (TSEs) are a group of rare
neurodegenerative disorders. TSEs are charactebyettie accumulation of prions (PfP that
represent pathological isoforms of the physiologicallular prion protein Pf2 Although the
conversion of PrPto PrP° is still not completely understood, blocking thisocess may lead to
develop new therapies. Here, we have generatedaamplcophore model, based on anti-prion
molecules reported in literature to be effectivglrenotypic assay. The model was used to conduct
a virtual screen of commercial compound databdsssselected a small library of ten compounds.
These molecules were then screened in mouse nastoivia cell line chronically infected with
prions (ScN2a) after excluding neurotoxicify.has been identified as the therapeutic hit on the
basis of the following evidencehronic treatments of ScN2a cells usihgliminate PrB°loaded in
both Western blotting analysis and Real-Time Qugtnduced Conversion (RT-QuIC) assay. We
also proposed the mechanism of actionloby which it has the ability to bind PrPand

consequentially blocks prion conversion. Hereindescribe the results of these efforts.



Introduction

In recent years, our understanding of the pathegaeichanisms of neurodegenerative diseases has
grown steadily. However, no effective therapies ehget been developed. These diseases are
recognized as neurological protein misfolding digos (PMDs) since they are associated with
conformational changes of native proteins into ageassociated conformers [1]. PMDs include
Alzheimer’s disease, involving accumulation of rolded amyloid (AB) and tau, Parkinson’s
disease in whiclu-synuclein aggregates, and prion diseases wherphy&iological form of the
prion protein is converted into its pathologicaf@ms [2].

In the latter case, prion diseases or TSEs presegporadic, inherited and infectious disorders [3]
Prions were long thought to be unique diseases.adery accumulating evidence suggests that in
other PMDs other proteins might follow a similarahanism of seeding, self-propagation and cell-
to-cell spreading [4-8].

Neuropathological changes in TSEs are mainly giogacuolation and neuronal loss paralleled by
cognitive and motor impairments [9,10]. TSEs in€ludiru, Creutzfeldt-Jacob disease, Gerstmann
Straussler-Scheinker syndrome and fatal familisdomnia in humans, bovine spongiform
encephalopathy in cattle, scrapie in sheep andsgaat chronic wasting disease in elk, deer and
other cervids [9]. The etiological agent is theapie prion protein (P11, the abnormal, misfolded
isoform of the PrP [11]. PrP is anchored to the cell surface through a C-temmimoiety of
glycophosphatidyl-inositol or GPI [12]. Even thougfe two isoforms share the same primary
sequence, they have several different biochemicdl ophysical properties: Prs rich in a-
helices, is soluble in nonionic detergents anditieago protease K (PK) digestion while BfRs
mostly rich in3-sheets, is insoluble in nonionic detergents amtighly resistant to PK [13].

Although the conversion of Prio PrP* is still not completely understood, blocking tipicess
may lead to the development of effective new thiesaSeveral studies have focused on the ability
of small molecules to interfere with the conversjrncess, by either binding and stabilizing PrP
or blocking PrB®aggregation and accumulation [14—16]. A widely epgptl strategy has been the
repositioning of compounds registered as antivifhl§, antimalarials [18,19], antifungals [20] and
antidepressants [21]. Drug repositioning is theliapfion of available drugs for treating conditions
different from the original treatment purposes.&yng this approach quinacrine (antimalarial) [18,
19], pentosan polysulfate (heparin mimetic) [22,2R]xycycline (antibiotic) [24,25] and flupirtine
(analgesic) [26] were tested in human clinical l$fidbut with no encouraging results. Other
approaches to develop anti-prion therapies relyrational medicinal chemistry [26—-28], multi-

target approaches [29] amdsilico methods [16,30]. However, most of the approactiesngted so



far have not resulted in molecules to progressdfitocal investigations and all the identified deu
have inevitably failed [31]. Therefore, developmenteffective anti-prion small molecules that
have drug-likeness and therapeutic potential resnaimajor challenge.

Toward this aim, our experimental program begain Wit generation of a pharmacophore model,
based on anti-prion ligands reported to be effeciiv phenotypic assays, which was used to
conduct a virtual screen of commercial compoundalises. This approach led to a small target-
biased library, which was then screened in cellulaodel of the disease. Immortalized
neuroblastoma (N2a) and hypothalamic (GT1) mou#idises chronically infected with different
prion strains (RML and 22L) were used to measurdéi-paion efficacy, after excluding
neurotoxicity.1 emerged as a therapeutic hit; it is able to el@rPr® after chronic treatments of
N2a-RML cells as shown in both Western blotting lgsia and Real-Time Quaking-Induced
Conversion (RT-QuIC) assay. A mechanism by whigbrpconversion is blocked updnnding of

1 to PrP is proposed. However]l suffered from poor solubility. We therefore cadrieut

preliminary SAR studies on this compound, partidylfocused on improving this physicochemical

property.

Materials and Methods

2.1 Computational details

Two hundred compounds with known anti-prion adiégt(IGo) were identified by a literature
search (Table S1) and included into 5 datasetschwiare distinguished by inhibiting prion
replication in cell lines and showing different u@tion times in animal models of TSEs (Table
S2). Our QSAR model uses Multiple Linear RegresqiiR) to obtain a linear relationship
between the plé values against the molecular descriptors of tltesepounds. For this, we used
ordinary least squares (OLS) algorithm in the QIAR(QSAR-Insubria) software [32].

We calculated the molecular descriptors of the acaumps using the PaDEldescriptor code [33]
and the Molinspiration (www.molinspiration.com) ger.

We first eliminated the descriptors that possesserk than 95% of constant values and had more
than 90% correlation using the QSARINS software].[dhe procedure led to 33 descriptors. It
would be ideal to develop a QSAR model, which wesombinations of available descriptors for
the calculation of the models; however, the nunddezombinations is here so large that it is too
computational demanding to include all models ire thalculation. By applying genetic

algorithm/multiple linear regressions (GA/MLR) tedtjue, the most relevant descriptors for our



dataset were selected to build the final QSAR ma@AV/MLR technique explores a broad range of
possible combination of descriptors, searchingherbest ones. This is done mimicking the natural
selection; where every descriptor represents a ,gand a set of descriptors represent a
chromosome. The fitness of a chromosome is relatede matching model performances. These
increase withR? (the correlation coefficient), with the quanti®.oo - R® as close to zero (where
Q’Loo is theR? obtained by Leaving One value Ouffwo - R as close to zero (Whef@ o is
the R? obtained by Leaving Many values Out, around 30%hefdata) and RMSE as close to zero
(Root Mean Square Error is the standard deviatfdheresiduals, i.e. how far from the regression
line data points are; RMSE tells you how conceattdhe data is around the line of best fit).
Starting with a pool of chromosomes, small subsétthromosomes are picked randomly, and the
best become parents. Couples of parent chromosameeshen crossed at a random position
(crossing-over), thus obtaining the offspring, we@hiromosomes are combinations of the parent
ones. If among the new chromosomes one or moréaewh toutperform the fitness of the parent
population, these chromosomes will replace the pestorming. Repeating the aforesaid procedure
many times, and introducing also random mutations. (descriptor substitution) in the
chromosomes, the result at the end of the procedura population of models with better
performances than the models introduced at thenbegj.

Our best final model features 5 descriptors. Thase LogP, i.e. the partition coefficient of a
compound between aqueous and lipophilic phasesalfysoctanol and water), compounds’
Molecular Weight (MW), their number of Sulfur atoniBlsulfur), their number of tricyclic

scaffolds (Ntricyclic) and their molecular sizepesssed in terms of an approximate diameter (D).

2.2 Chemistry

All the commercially available reagents and solsemére purchased from Sigma-Aldrich, TCI and
Acros Organics, and used without further purifioatiReactions were followed by analytical thin
layer chromatography (TLC), on pre-coated TLC @atlayer 0.20 mm silica gel60 with a
fluorescent indicator UV254, from Sigma-Aldrich)eleloped plates were air-dried and analyzed
under a UV lamp (UV 254/365 nm). CEM Discover SBuged microwave reactor was used for
microwave mediated reactions. Nuclear magnetic n@sce (NMR) experiments were run on
Varian VXR 400 (400 MHz fofH, 100 MHz for**C). *H and**C NMR spectra were acquired at
300 K using chloroform (CDG), methanol (CEROD), and dimethyl sulfoxide ((CI{»SO) as
solvents. Chemical shift®) are reported in parts per million (ppm) relatieetetramethylsilane
(TMS) as internal reference and coupling constddjsare reported in hertz (Hz). The spin

multiplicities are reported as s (singlet), d (deti t (triplet), g (quartet), and m (multiplet).



Compounds were named following IUPAC rules as &ppliy ChemBioDraw Ultra (version 14.0).
Compounds purity was assessed by LC-MS using a BBRP column (100 x 2.1 mm I.D., 3.5
pim) as the stationary phase and a mixture of 0ddni€ acid in water and 0.1% formic acid in
acetonitrile (60/40, V/V), in isocratic mode at BwW rate of 100 pL/min. Acquisition was
performed by total ion current (TIC) and EStt+showed a purity>98.1%. All the final11-15
showed a purity >95%.

2.2.1 Synthesis of 7-chloro-4-hydrazynilquinoline 16). A suspension of 4,7-dichloroquinoline
(500 mg) and hydrazine monohydrate 65% (2 eq) wadiated in a sealed tube at 150 W for 5 min
(T = 150°C, P = 200 psi, Power max = on). After loap the resulting solid was diluted with
water, washed, and isolated by filtration. The lfic@mpound was purified through crystallization
from ethanol, affording a pale yellow solid. Yiel8%.'H-NMR (400 MHz, CROD): & 8.41 (d,J

= 5.6 Hz, 1H);6 8.00 (d,J = 9.0 Hz, 1H);6 7.80 (d,J = 1.8 Hz, 1H);3 7.40 (dd,J = 9.0, 2.0 Hz,
1H); § 6.99 (d,J = 5.6 Hz, 1H).**C-NMR (100 MHz, CRQOD): & 158.55:5 143.28;5 140.69:5
140.05;6 128.23;6 125.54;6 120.16;56 114.92;5 99.67.

2.2.2 Synthesis of (2)-2-(1-(2-(7-chloroquinolin-44)hydrazono)ethyl)-10H-phenothiazine
(compound 1).To a solution ofl6 (2.60 mmol) in ethanol (20 mL), 2-acetylphenotimaz(7.80
mmol) and acetic acid (2.5 mL) were added in seqgeieat room temperature. The solution was
refluxed for 24h, and then evaporated under vacutlm. crude product was purified by column
chromatography on silica gel (DCM/MeOH/N19.2:0.8:0.08), affordind. as a dark yellow solid.
Yield: 81%.'H-NMR (400 MHz, DMSO#l): & 8.68 (s, 1H)p 8.40 (d,J = 8.7 Hz, 1H)p 7.78-7.47
(m, 2H);5 7.36 (t,J = 11.5 Hz, 2H)p 7.24 (ddJ = 8.1, 1.8 Hz, 1H)3 7.08 - 6.81 (m, 4H) 6.80 -
6.69 (m, 2H):5 2.39 (s, 3H).

2.2.3 General procedure for the synthesis of compads 11-15.

To a solution ofL6 (0.3 mmol) in ethanol (3 mL), the correspondin@mpdthiazine derivatives7-

21 (0.3 mmol) and acetic acid (50 puL) were addedequence at room temperature. The solution
was refluxed for 24h, and then evaporated undenwac All the final compounds were purified
through column chromatography on silica gel (etgdtate/ethanol/toluene/Ni8.8:0.2:3:0.02).
(E)-2-(2-(1-(2-(7-chloroquinolin-4-yl)hydrazono)ethyl)-10H-phenothiazin-10-yl)-N,N-
dimethylethan-1-amine (11). The title 11 was obtained as a yellow solid, according to tbeegal
procedure using7. Yield 50%.'H-NMR (400 MHz, CDC}): § 8.62 (s, 1H)p 8.01 (s, 1H)p 7.87
(d,J=8.9, 1H);6 7.55 (s, 1H)p 7.48 (d,J = 5.4, 1H);6 7.44 (ddJ = 8.9, 2.0, 1H)p 7.35 (d,J =



7.9, 1H);8 7.21-7.15 (m, 3H) 6.98-6.95 (m, 2H)$ 4.28 (s, 2H)$ 3.00 (s, 2H)p 2.53 (s, 6H)
2.44 (s, 3H)*C-NMR (100 MHz, CDG)): § 206.87;8 145.20;5 144.72;5 137.49;8 135.13;8
127.48;6 127.15;0 127.10;6 125.89;6 124.75;6 122.74;6 120.48;6 115.79;6 112.75;6 102.53;6
56.91;6 53.38;6 45.38;0 45.02;6 30.88;0 29.66;0 24.42;6 22.65;0 14.08;6 12.61.
(E)-3-(2-(1-(2-(7-chloroquinolin-4-yl)hydrazono)ethyl)-10H-phenothiazin-10-yl)-N,N-
dimethylpropan-1-amine (12). The title12 was obtained as a yellow solid, according to theegal
procedure usind8. Yield 35%.'H-NMR (400 MHz, CDC}): 6 8.63 (s, 1H)p 7.99 (s, 1H)p 7.77
(d,J=8.8, 1H);5 7.43 (d,J = 7.1, 3H): 7.29 (d,J = 7.9, 1H);5 7.24 (s, 1H)p 7.15 (dd,J = 15.8,
8.0, 3H);5 6.92 (d,J = 7.0, 2H);5 4.03 (t,J = 6.3, 2H);5 2.66-2.48 (m, 2H)5 2.39 (s, 3H)p 2.28
(s, 6H):8 2.15-1.99 (m, 2H)**C-NMR (100 MHz, CDGJ): & 206.87;5 145.20;5 144.72:5 137.49;
0 135.13;0 127.48;6 127.15;6 125.89;0 124.75;6 122.74;6 120.48;5 115.79;0 112.75;6 102.53;
0 56.91;0 53.38;6 45.38;0 45.02;6 30.88;6 29.66;0 29.32;0 24.42;6 22.65;0 14.08;6 12.61.
(E)-2-(1-(2-(7-chloroquinolin-4-yl)hydrazono)ethyl)-10-(2- (pi peridin-1-yl)ethyl )-10H-

phenothiazine (13) The title13 was obtained as a yellow solid, according to theegal procedure
using19. Yield 22%.'"H-NMR (400 MHz, CDCJ): 6 8.55 (d, J = 5.2 Hz, 1H};7.94 (d, J = 1.9 Hz,
1H); § 7.75 (d, J = 8.9 Hz, 1H} 7.46 (d, J = 1.6 Hz, 1H} 7.41-7.32 (m, 2H)$ 7.32-7.25 (m,
1H); & 7.18-7.05 (m, 3H)§ 6.92-6.88 (m, 2H)$ 4.12-4.06 (m, 2H)s 3.70-3.67 (m, 4H)$ 2.82-
2.79 (m, 2H);5 2.55-2.53 (m, 3H)§ 2.36 (s, 3H) 2.01 (s, 1H)p 1.23 (t, J = 7.1 Hz, 2H}3C-
NMR (100 MHz, CDCJ): 6 150.54;6 148.22;6 147.68;6 146.90;6 144.93;6 144.55;6 137.38;6
135.32;6 127.90;0 127.50;6 127.39;6 127.05;6 126.46;0 125.87;6 124.08;6 122.72;6 120.92;0
120.45;6 115.92;6 115.46;6 112.56;6 102.35;0 66.89;6 55.93;6 54.02;6 45.98;6 12.69.
(E)-4-(2-(2-(1-(2-(7-chloroquinolin-4-yl)hydrazono)ethyl )-10H-phenothiazin-10-

yl)ethyl)morpholine (14) The title14 was obtained as a dark yellow solid, accordinthéogeneral
procedure usingO. Yield 91%."H-NMR (400 MHz, CDC}): 6 8.53 (d,J = 5.0, 1H);5 8.01 (d,J =
2.0, 1H);8 7.94 (d,J = 8.9, 1H);8 7.51 (d,J = 1.6, 1H);8 7.48-7.40 (m, 2H)5 7.37 (dd,J = 8.0,
1.7, 1H);8 7.22-7.14 (m, 3H)$ 6.98-6.94 (m, 2H)$ 4.15 (t,J = 6.7 Hz, 2H)$ 3.75-3.73 (m, 4H);
§ 2.87 (t, 2H);5 2.67-2.56 (m, 4H)p 2.50 (s, 3H).*C-NMR (100 MHz, CDCJ): & 150.54;8
148.22;6 147.68;0 146.90;6 144.93;6 144.55;6 137.38;0 135.32;6 127.90;6 127.50;6 127.39;0
127.05;6 126.46;0 125.87;0 124.08;6 122.72;6 120.92;6 120.45;6 115.92;6 115.46;6 112.56;0
102.35;06 66.89;6 55.93;0 54.02;6 45.98;6 12.69.
(E)-2-(1-(2-(7-chloroquinolin-4-yl)hydrazono)ethyl )-10-(2- (4-methyl pi per azin-1-yl )ethyl )-10H-
phenothiazine (15) The title 15 was obtained as a dark yellow solid, accordingh® general
procedure usingl. Yield 37%.'H-NMR (400 MHz, CDC}): 5 8.59 (s, 1H)p 7.98 (s, 1H)p 7.83
(d, J = 8.5, 1H);8 7.49 (s, 1H)3 7.42-7.32 (m, 2H)$ 7.30 (d,J = 8, 1H);8 7.18-7.11 (m, 3H)$



6.94-6.92 (m, 2H)p 4.12 (t,J = 6.8, 2H);8 2.87 (t,J = 6.8, 2H):5 2.71-2.60 (m, 6H)5 2.38 (s,
3H); § 2.35 (s, 3H)5 1.24-1.18 (m, 2H)**C-NMR (100 MHz, CDGJ): § 142.36;5 142.03;%
134.86:5 132.79:5 124.94:5 124.85:8 124.53;5 123.37:5 121.67:6 120.19;5 117.96:5 112.96:5
110.09;5 99.81:5 52.54;8 52.12;8 50.14:5 43.46;5 42.83; 10.24.

2.2.4 Kinetic Solubility Studies.

A variation of a previously reported method was kEygd to determine the compounds’ solubility
in buffer at pH 7.4 [33]. Briefly, 10 mM DMSO stodolutions ofl and derivatived 1-15 were
diluted to 200 or 60@M in PBS (pH 7.4). The mixtures were stirred forr@i, filtered, and then
injected onto a Jasco Corporation PU-1585 HPLCesy¢Solvent system: 73%,8/27% MeCN +
0.1% trifluoroacetic acid; Column: Kinetex@® EVO C18 100 A, 150 x 4.6 mm; UV: 254 nm).
A 10 mM stock solution was prepared by completagsalving test compounds in DMSO. This
solution was diluted to five known concentratiotusions in MeCN. Each solution was analyzed
by HPLC, and a calibration curve was plotted usihng peak areas from the standard
concentrations. The equilibrium solubility of tesimpounds was determined by quantifying the
concentration of test solutions against the cdiidmacurve (Figure S3). Experiments were run in

triplicate, and results were tabulated and repaatethean + standard deviation (Table S5).

2.3 Biological evaluation

2.3.1 Cell culture

Mouse neuroblastoma cell line, either non-infec{Bl®a) or chronically infected with Rocky
Mountain Laboratory (RML) or with 22L prion straifScN2a) were grown in Minimal Essential
Medium (MEM)-1% L-glutamax complemented with 10%atebovine serum (FBS), 1% non-
essential amino acids (NEAA), and 1% penicillireptomycin.

Immortalized mouse hypothalamic neurons (GT1) amordcally infected ScGtl cells, with both
RML and 22L prion strains, were grown in Dulbeccawdified Eagle’s medium (DMEM)-1%
GlutaMAX supplemented with 10% FBS and 1% penitiitreptomycin.

All cell lines were cultivated in 25 crflasks at 37 °C under 5% G®r in 10 crd Petri dishes.

2.3.2 Compounds

All the compounds were dissolved in 100% dimethytfaxide (DMSO), to a 10 mM stock
solution. From these stock solutions, intermedditations were prepared as needed. For cell
treatment, stock solutions were further diluted@% ethanol (EtOH) to a final concentration of 1

mM. Each molecule was then diluted in cell cultunedium. In the cell medium, the final



concentration of DMSO was never above 0.1%. Deataiteatment conditions are provided in

following methods. Mock controls were treated wighicle only under the same conditions.

2.3.3 Assessment of cell viability

N2a, N2a chronically infected with RML or 22L priatrain (ScN2a), GT1 and GT1 chronically
infected with RML or 22L prion (ScGT1) cells, weneaintained in culture and grown to 80%
confluence. The medium was changed and the celis detached.

The cell density was determined by cell countinmpgisScepterTM 2.0 Cell Counter (Millipore).
The cell density was adjusted to 2.5 % ¢6ll/mL with MEM (N2a, ScN2a) or 3 x 1@vith DMEM
(GT1, ScGT1).

The cell suspension was added to each well of wélB-tissue culture-treated, clear bottom, plate
(Costar) and the cells were allowed to settle fdag at 37 °C under 5% GQ@rior to the addition
of the compounds.

Each compound (dissolved in EtOH) was diluted mdkIl medium to a final concentration of 0.1,
1 and 10uM. After 24 h, cell culture medium was removed aeplaced by compound-containing
medium.

The plate was incubated at 37 °C under 5% @05 days.

2.3.3.1 MTT assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetcdimm bromide (MTT, SIGMA) was diluted in
phosphate buffer solution (PBS) to a working ddatof 5 mg/mL.

The medium was then removed, and the cells wergated with the MTT solution for 3 h at 37
°C under 5% C@

After incubation, a solution of DMSO/2-Propanoll(jlwas added to each well and the plate was
kept at room temperature (RT) for 30 min beforedieg. Absorbance was measured at OD = 590

nm by using a Spectramax M5 (Molecular Devices).

2.3.3.2 Cell counting KIT-8

Ten puM of CCK-8 solution (ST-8 [2-(2-methoxy-4-miphenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt) {iIdDdo Labroatories) were added to each well
of the plate.

The plate was then incubated for 4 hours in theidlified incubator (e.g., at 37°C, 5% GOAfter
that, the absorbance was measured at 450 nm usengnicroplate reader (Spectramax M5,

Molecular Devices).



2.3.3.3 Calcein assay
Ten pL of 2.5 uM calcein-AM were added, and the plates were intdat 37°C for 30 min.
Fluorescence emission intensity was quantifiedgusirspectraMax M5 fluorescence plate reader,

excitation/emission ratio equal to 492/525 nm.

2.3.4 PrP®and PrP° detection in cell lysates by western blotting

After the treatment with compounds, the amountkfr&sistant Pr¥ was measured in ScN2a and
ScGT1 treated with 1 uM of concentration of eacmgound or then with a titration df After 4
days of treatment, the accumulation of PrP protes detected by immunoblotting of lysed cells
before and after PK digestion.

2.3.4.1 Cell lysates

After removing the medium and washing the cellhvABS, lysis buffer (10 mM Tris-HCI pH 8.0,
150 mM NaCl, 0.5% nonidet P-40, 0.5% deoxycholicdasodium salt) was added to the
flasks/dishes, then the cells were detached usimgllascraper (Falcon) and the lysates were

collected and pelleted by centrifugation in a bemitrofuge (Eppendorf).

2.3.4.3 PK digestion

Two hundred and fiftyug or 500ug of protein were digested with 1@ of PK (Roche) for 1 h at
37 °C.

The reaction was arrested with 2 mM of phenylmetiighonyl fluoride (PMSF, SIGMA) and the
PK-digested cell lysates were centrifuged at 551 for 75 min at 6°C in an ultracentrifuge
(Beckman Coulter).

After the centrifugation, the supernatants wereatded, and the pellets were re-suspended in 2X
or 5X sample loading buffer (125 mM Tris HCI, pH8610% 2-mercaptoethanol, 4% SDS, 0.2%
bromophenol blue, 20% glycerol and 200mM DTT) anddal for 10 min at 100 °C. An amount
equal to 3Qug of total proteins was used for the non-PK-digés&mples, boiled for 10 min.

2.3.4.4 SDS-PAGE and immunoblotting

Samples were loaded onto a 12% Tris-Glycine SDSHPAS8I for protein separation, then they
were transferred to a nitrocellulose membrane (@RltHcare).

The membrane was blocked with 5% non-fat milk inSTB(Tris 200 mM, NaCl 1.5 mM, 1%
Tween-20) for 1 hour at RT and incubated withgmL anti-PrP Fab W226, diluted in blocking



solution, overnight at 4 °C. After washes with TBSfie membrane was incubated for 1 h a RT
with secondary antibody (goat anti-mouse IgG F(Abghjugated with horseradish peroxidase
(HRP), DAKO) diluted 1:1000 in blocking solution.ftAr washes, the signal was detected using
enhanced chemiluminescent system (ECL, AmershamscRioces) and Uvitec Alliance
(Cambridge).

Densitometric analysis was performed using Uvibandlysis Software.

Data are expressed as mean + SD, and the valdles cbntrols are adjusted to 100%.

Each experiment was performed in triplicate.

2.3.4.5 PrP detection in cell lysates by western blotting

The same treatment conditions reported above wsae for non-infected N2a and GT1 cells. After
4 days of drug treatment, the amount of Pvias measured by immunoblotting of lysed cells.
Thirty ug of total proteins were used for the analysis. &anotocol as above was used, without PK

digestion step. Each experiment was performedphdate.

2.3.4.6 PrP* quantification by ELISA assay

PK digestion of cell lysates was performed as desdrabove. After ultracentrifugation, pellets
were dissolved and denatured inf0of 8 M guanidine hydrochloride (GdnHCI) in coaibuffer
(0.1 M sodium bicarbonate, pH 8.2) for 1 h andteduinto 50QuL of coating buffer.

TwentyulL of the suspension were transferred to 96-well i8arp ELISA plates (Nunc), with each
well containing 18QuL of coating buffer and the plates were sealed iandbated overnight at 4
°C. To increase the immuno-reactivity of PtRoated proteins were denatured in situ. Riftyof

8 M GdnHCI were added to each well and incubatedl@min at room temperature. The ELISA
plates were washed three times with TBST and blbekiéh 200uL of 3% BSA in TBS (20 mM
Tris-HCI, 137 mM NaCl, pH 7.5) for 1 h at 37 °C.té&f three washes with TBST, the plates were
incubated with anti-PrP antibody W226 (L&mL) in 1% BSA/TBS, at 37 °C for 2 h. After seven
washes with TBST, goat anti-mouse 1gG Fab conjuytaeHRP diluted 1:1000 in 1% BSA/TBS
was added to the plates and incubated at 37 °C fiorAgain, plates were washed seven times with
TBST, and then developed with 1-step TMB (3,3- tetramethylbenzidine) Turbo ELISA HRP
substrate (Pierce).

The reaction was stopped by the addition of 2 Musigl acid to the plates. Absorbance at 450 nm
was measured using a microplate reader (VersaMaleddlar Devices). Dose-response curves and

ICs0 values were computed using IGOR (Demo Version)6.32
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2.3.5 Recombinant full-length mouse PrP productiomnd purification

The mouse construct encoding for full-length PrPs veapressed in competent BL21 Rosetta2
(DE3) cellsEscherichia coli (Stratagene).

Freshly transformed overnight culture was inocwlateo Luria Bertani (LB) medium and 100
ug/mL ampicillin and 30ug/mL chloramphenicol. At 0.8 OD600 expression waduced with
isopropyl b-D galactopyranoside (IPTG) to a finahcentration of 1 mM. Cells were grown in a
BioStat-B plus fermentor (Sartorius). The cells eversed by a homogenizer (PandaPLUS 2000)
and the inclusion bodies were suspended in buéfetaining 25 mM Tris-HCI, 5 mM EDTA, 0.8%
TritonX100, pH 8, and then in bi-distilled watervseal times.

Inclusion bodies containing MoPrP (23-231) weresdliged in 5 volumes of 8 M guanidine
hydrochloride (GdnHCI), loaded onto pre-equilibtatdiLoad 26/60 Superdex 200-pg column, and
eluted in 25 mM Tris—HCI (pH 8.0), 5 mM ethylenediaetetraacetic acid, and 5 M GdnHCI at a
flow/rate of 1.5 mL/min. Protein refolding was parhed by dialysis against refolding buffer [20
mM sodium acetate and 0.005% NaN3 (pH 5.5)] usispectrapor membrane (molecular weight,
10000). Purified protein was analyzed by SDS-polylamide gel electrophoresis under reducing

conditions and Western blot.

2.3.6 Competition assay

A mix of recombinant mouse full length PrP ( MoOR2®31)) andL was incubated at 37 °C in 350
rpm of shaking for 30 minutes.

The mixes were different:

. PrP:1=11=1upM: 1upM

. PrP:1=2:1=2uM: 1uM

. PrP:1=1:2=05uM: 1uyM

. PrP:1=15=02uM: 1uM

After 1 hour, the mix and the other treatmenitsalone) were centrifuged at 2000 rpm in Nanosep
centrifugal device (Merk) with Omega membrane 3 k®D@ass the whole solution through. These
tubes are permeable 10(416.93 Da) but not to the PrP (25 kDa) and toRHel1 complex (Figure
S1).

The mix and the other treatments were added todh® as a normal treatment for 4 days. Then the

cells were lysed, and results observed by SDS-paaddRTQuIC.

2.3.7 RT-QuIC procedure
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After purification, aliquots of the recombinant P{iAoPrP(23-231)) were stored at —80 °C in 10
mM phosphate buffer (pH 5.8). Before each test pttogein solution was allowed to thaw at room
temperature and filtered using Millex-GV filter @.2m (Millipore).

The final reaction volume was 1QQ loaded into the plate (ViewPlate-96 F TC/50x1Erkm
Elmer) and the reagents (Sigma) were concentraeliow: 150 mM NaCl, 0.002% SDS, 1X
PBS, 1 mM EDTA, 1M ThT and 0.2 mg MoPrP(23-231) ml-1.

The seed consists of sonicated ScN2a-RML cellsoBehe sonication the cells were collected in
100 ul of PBS 1X, after the sonication the sampdes uantified using the BCA assay, in order to
use it as a seed (1 pg of the protein).

After the addition of 1QuL of seed, the plate was sealed with a sealing (Parkin Elmer) and
inserted into a FLUOstar OPTIMA microplate read®MG Labtech). The plate was shaken for 1
minute at 600 rpm (double orbital) and incubatedifaninute at 45 °C.

Fluorescence readings (480 nm) were taken everyiB@tes (30 flashes per well at 450 nm).
Given the rapid response, a specific threshold sedso decrease the likelihood of false positives.
A sample was considered positive if the mean ofhiighest two fluorescence values (AU) of the
replicates was higher than 10000 AU and at leastdut of three replicates crossed the threshold
that was set at 30 hours. This reaction cutoff established because in all the experiments there
were wells only with MoPrP(23-231) and in theseesaso positive RT-QuIC reactions were
observed until after 30 hours.

2.3.8 Immunofluorescence of fixed cells, the surfacstaining

N2a cells were seeded to semi-confluence in eathoiva 24-well plate containing a poly-lysine
coated coverslip and an appropriate culture medioverslip for 24 hours.

After one day of incubation, the cells were pui@nfor 15 minutes.

Then the cells were stained with the primary amhb@V226 1:200) in culture medium for 20
minutes, always in ice. After this time, the mediwas removed, and the cells were washed 2 times
with PBS.

The cells were then removed from the ice and wigeglfusing 4 % of paraformaldehyde (PFA) for
20 minutes. The PFA was discharged and the cells washed 3 times for 5 minutes with PBS.
Blocking buffer, consisting of 7% Normal Goat Ser(NGS) in PBS, was added to the cells for 1
hour at room temperature. After the blocking, tle#scwere incubated with a secondary antibody
(Goat anti-mouse [@Vio]-AlexaFluor488, Life Technologies) diluted 1.1D0n the incubation
buffer (1% NGS, 0.02% triton-100 in PBS) for 1 hatiroom temperature in the dark.

12



After 2 washes of 5 minutes in PBS, the cells wiemibated with 0.1-1 pg/ml of DAPI (Life
Technologies) in PBS-T for 5 minutes.

The cells were washed 3 times in PBS for 5 minate then the coverslips were mounted with a
drop of Fluoromount-G (Invitrogen). The coversligere sealed with nail polish to prevent drying
and movement under the microscope.

Images were acquired with C1 confocal microscop&diN. FITC filter was used for detection of
PrP specific staining, while Dapi specific stainiugs acquired with 500 nm filter.

Results

3.1In silico screening

3.1.1 QSAR model

We first constructed a list of ca. 200 compoundshvknown anti-prion activities (lg) by
collecting data from 14 publications (Table S1)heTcompounds were divided into 5 datasets
depending on the type of cell line used in the ysssad their incubation time (see Table S2). For
each dataset, we generated a QSAR model. Here egergrthe best model (according to criteria
specified in the Materials and Methods section lagldw) across the five datasets: this is the QSAR
model based on the ScN2a cell line dataset, sesvbel

For each compound in the dataset, constitutionpblbgical, geometric, electrostatic, hydrophobic
and steric descriptors were generated. Plus thg-likeness (Lipinski’'s rule of 5) [34] was
calculated by using PaDEldescriptor code [35] and the Molinspiration webserv
(www.molinspiration.com).

Several of these descriptors were correlated vét ether or did not display sufficient variability
within the dataset and were therefore discardeel N&sterial and Methods section). Next, the most
relevant descriptors for our dataset were idemtifiy applying genetic algorithm/multiple linear
regressions (GA/MLR) technique. This is commonlgdisvith experimentally measured plC50
[36][37][38].

The resulting best QSAR model was found to dementhe following descriptors: the compounds’
LogP (logarithm of partition coefficient of the neglule in a octanol/water system), their Molecular
Weight (MW), their number of Sulfur atoms (Nsulfurfheir number of tricyclic scaffolds
(Ntricyclic) and their molecular size, expressedainms of an approximate diameter (D).

The best QSAR model, reporting predicted ggialues as a function of the five descriptors, is

shown in Figure 1.
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The expression of pigreads:

plCs;= 0.2344(0.066)LogP 0 0.0047(0.008) MW  + 0.3597(0.1135)NSulfur +
0.6237(0.2450)NTricyclic+ 0.2278(0.0242)D + 2.6812

n=38, R=0.80, Radj=0.77, s=0.34, F=26.06200=0.72, GIm0,30%=0.71, R R?adj=0.031

where n is the number of compounds of the traisetys is standard error of estimate, F is variance
ratio, R is the coefficient of determination,’®&lj is an “adjusted” Rbased on the number of
independent variables in the model: it is indiwatof the convenience to add a new descriptor to
the model. Our value is comparable with thaRbf Therefore, the model exhibits no overfitting. In
other words, it presents a good fit with minimunmier of descriptorsQ®.0o (Leave One Out)
andQ?.vo (leave many out) are values Rt calculated by removing randomly one or 30% of the
values. The criterion based d@’vo is particularly important as it introduces a sfigaint
perturbation on the data in contras@QQ@oo . Both values should be rather closdfdor the model

to be robust. This is the case here.
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Figure 1. QSAR model obtained by QSARIN software oiscN2a cell line

3.1.2 Virtual screening

The values of Igy were calculated for 2029 compounds using our Q&#iel. These compounds
were identified by screening the Zinc databasefitinc.docking.org) according to the following
criteria (i) they follow the Lipinski rule of 5;ifithey are within the Applicability Domain of our
proposed model; (iii) they contain a moiety similarchloroquine. The compounds with the largest
values of predicted I§g were selected for the binding assays (Figure 2).
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Figure 2. Distribution of the predicted plCso among the 2029 compounds extracted from the ZINCalabase
Example of compounds with highest predictedspi€ highlighted in the red box.

A small set of 10 moleculesl10 in Figure 3) was selected, spanning different dicyand

tricyclic scaffolds (e.g. quinoline, acridine anggmothiazine derivatives).

3.2 In vitro screening
Thein vitro screening ofl-10 was performed using the N2a cell line chronicaifected with RML

prion strain. The ability of all compounds to redRrP° level was determined by Western blotting
followed by densitometry of the PK resistant BriThe first assessment of the compounds was

performed at 1 M concentration.

15



' -
HN N N=(

cl o

Cl N o
N

§ o °
HN 9
N c N
1 2 3 4
(o]
° N H ' N ™ P
o ! \ ) g S N
o o N
o C
5 6 7 “
o
¢] i s N
cl N
>N o N N "
NN
H ¢ —
SN o \ a H 4 S,
o N 0
- N
cl
8 9 10

Figure 3. Chemical structure of the 10 selected cqmunds

3.2.1 Inhibition of PrP*replication at a concentration of 1 uM

Before starting the evaluation of the anti-priotigodial of1-10, we determined their effects on cell
viability using three different assays: MTT ass@{;K-8 kit, calcein assays and setting a toxicity
threshold of 80% [39]. Positively, no toxicity wabserved in the assays (Table S3). Then, their
ability to reduce the level of the resistant ¥ prion-infected cells was determined by Western
blotting densitometric analysis. Relative amourft®K-resistant Pr® were measured comparing
to untreated ScN2a-RML cell lysates.

Molecules3, 4, 5, 7, 8 and10 in four independent experiments did not decreaséetvels of PrP.

2 and9 showed mild anti-prion efficacy, while the treatrhehScN2a-RML cells witli resulted in
harboring 35% of PK-resistant PfRFigure 4A-B).

A
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Figure 4. Anti-prion effect evaluation of all compainds at 1 puM of concentration.(A) Western blot of ScN2a-RML
cell lysates depicting the presence or absenceimfigpfollowing the treatment with the compound$obe (down) or
after (up) PK digestion. The proteinase-K digestelilysates were detected with W226 anti-PrP mtomad antibody.
Bands represent di-, mono-, and un-glycosylatetbiats at approximately 32, 23 and 18 kDa, respebtivB) The
values under —PK and +PK represent the percenthtfeedevel of total amount of PrP (—PK) and of Brp-PK)
normalized to the control (100%). Values are theamse+ SD calculated from the four independent ewpmrts

performed.

3.2.2 Prion inhibition of 1 on ScN2a cells

17



The promising activity ofl at 1 uM was confirmed employing 8-point dose-resgo curves
ranging from 0 to 4 uM. In parallel, we assessdbviability at different concentrations df (up to
10 uM) and its non-toxic profile was confirmed (TaB4).

The 1G, was calculated using an ELISA assay of PK diges#ésdples from ScN2a-RML cells and
confirmed by Western blotting analysis. We measaedGs, (calculated with IGOR software) of
0.42 + 0.1 uM (Figure 5).
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Figure 5. ICs, determination of 1 on ScN2a-RML.(A) Dose-response curve form ELISA assay of 8 differe
concentrations of. (B) Western blot of ScN2a-RML cell lysates treatethwi at the same concentrations used in (A),

after digestion with proteinase K.

As 1 showed a very promising profile in terms of safatyl dose-dependent activity, the next step
was to resynthesizé, with the aim of validating the biological actiyibf the vendor-supplied
sample, and in order of obtaining a sufficient antda perform further studies.

Particularly, as no synthetic protocol was repqgrte@e aimed to develop a versatile synthetic
procedure that would also allow further chemicalnipalation, starting from easily accessible
building blocks.

Thus, the synthesis df was achieved through a simple two-step reactiepjatied in Scheme 1.
Hydrazine 16, was synthesized through a solvent-free, nucldi@plsubstitution of 4,7-

dichloroquinoline by hydrazine using microwave diegion [40]. Then16 (1 eq) was condensed
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with 2-acetylphenothiazine in acetic acid and ethaaffordingl in a good yield (81%)1 identity
was confirmed by analytical (HPLC), full scan MSS(E) and spectroscopic dattH(NMR),
which were identical to those of the commercial glem

ij@\
-
N cl

4,7-dichloroquinoline

]a

NHNH, . 0 cl
N H H
o e b
) | S | ‘
N C S . S =N
16 (69%) 1-(10H-phenothiazin-2-yl)ethan-1-one Compound 1

(81%)

Scheme 1Synthetic procedure for the synthesid oReagents and conditions: a) MH,, 5 min, 150°C, MWI; b)
EtOH, AcOH, 24h, reflux.

3.2.3Prion inhibition of 1 on different cell lines and grion strains

It is known from the literature that several snrmatllecules are active only on precise cell lines and
on some prion strains and not on others, thesegohema are called cell and strain specificity [41—
43]. The strain specificity occurs with moleculdmtt exert their interaction by either directly
binding to PrB® or both Prf and PrB° since the strain specificity seems to derive frtra
alternate folding of Pr¥[44]. Therefore, we decided to tebton three other cell lines: ScN2a
chronically infected with 22L mouse prion straimCGH 1 infected with two prion strains, RML and
22L.

In Figure 6A, the Western blots of cell lysates sliewn. In accordance with the previous results,
resulted to be not toxic at 4 uM on these cellsa(dat shown)).

On ScN2a-RML1 reduces the level of PtPto about 10%, showing a strong clearance ofPrP
This activity is maintained in the other cell lin@86 for N2a-22L and 10% for GT1-RML and GT1
22L) (Figure 6B). The total amount of PrP (samples-treated with proteinase K) also seems to be
reduced in all the cell lines. This reduction istgbly due to the clearance of PtRisible in the
PK-treated samples.

Controls are normalized to 100% of untreated Pkesligd samples (upper square in Figure 6A) the
amount of Pr®®may not result the same and this reflects the rdiffee in PrP* protein level in

different cell lines.
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Figure 6. Activity of 1 on the total PrP or PrP*° on ScN2a-22L, ScGT1-RML, ScGT1-22L(A) One of the three
WBs carried out using the cell lysates of treated antreated cells witll, before and after PK digestionB)(

Quantification of the three independent experimeet$ormed. The values under —PK and +PK poinptreentage of
the level of the total amount of PrP (-PK) and d#P(+PK) normalized to the control (100 %). Values #te means

+ SD calculated from the four independent experimeerformed.

3.3 Understanding the mechanism of action of 1

Small molecules can block prion replication throulgtee main strategies: (i) by directly blocking
prion replication (via PrPstabilization or Pr¥® destabilization); (ii) by modulating other protgin
involved in the prion replication; (iii) by increiag PrPclearance/degradation.

We therefore attempted to elucidate the mecharesponsible of the strong reduction of prions by

1
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3.3.1 Compound 1 does not affect the PfHocalization from the cell membrane

Antipsychotic drug chlorpromazine (CPZ) has beeowmshto inhibit prion replication by directly
binding to PrP [45]. However, biophysical studies have revealaat fts affinity to Pr® is in a
high micromolar range (421 uM), while the active concentration on infectells is 100 times
lower. Knowing that the antipsychotic effect of CH¥olves the clathrin-mediated endocytosis
(CME) and that CME allows the recycling of Brfom the plasma membrane, a recent study
shown that CPZ promotes relocalization of Pflom the cell surface to the intracellular
compartments [14].

CPZ andl are both phenothiazine derivatives. So, basedhensimilar chemical structure, the
following experiments were conducted to test if tmechanism of action ol involves a
redistribution of PrP,

An immunofluorescence surface staining was perfdro@ng N2a cells treated with compouhd

at two different concentrations: 0.4 and 4 uM. Wpeeted that ifL can promote a re-localization
of PrP as in the case of CPZ treatment (Figure S3), &neptes treated with the molecule at 0.4
UM, but especially at 4 pM, should exhibit a deseetn the level of PfPstained in respect to the
untreated and the mock controls. On the contrag/,naticed that treated samples had the same
staining pattern of controls (Figure 7).

We concluded that anti-prion effect bfloes not involve a PfRedistribution from the cell surface

to the intracellular compartments, as is the cas€PZ and other phenothiazine derivatives.

Ctrl Mock 1 (0.4 nM) 1 (4 pM)

Figure 7. Surface immunofluorescent staining on N2aells treated with 1.Two different concentration df were

used: 0.4 pM and 4 pM. Prresent on the surface is labeled in green, abtlimthe nucleus.

3.3.2 Activity of 1 in the in vitro prion conversian
1 does not affect the levels of the cellular PrRgaent shown) and the treatment of uninfected N2a
cells does not disturb redistribution of the Prifom the plasma membrane to intracellular

compartments.
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In order to elucidate mechanism of actionlpfive checked whether it is actually able to bingl th
Pri.

We used the SPR to check a hypothetical bindingdesil and the PrPand eventually calculate
the dissociation constant gK Unfortunately, due to interference with EtOH/DMSolution in
which 1 was dissolved, this technique was inconclusive tikis reason, we tried to avoid the use of
SPR and we designed a new protocol to evaluatpdssible binding betweehand Pr, that we
named competition assay (see Materials and Metbectton and Figure S1).

In this assay, PrP arfdwere mixed in different ratios and incubated witinstant shaking for 30
minutes. Then the mix ant alone were centrifuged in Nanosep centrifugal dewith a 3 kDa
membrane to pass the whole solution through. Thdses are permeable fdr(416.93 Da) but not
for the PrP (25 kDa) and the hypothetical Rréemplex.

All the solutions were then analyzed using two edight approaches: with WB where they were
added to the N2a-RML cells and in the RT-QuIC whbey were loaded into a 96-well plate. If the
binding between PrP aridwould occur, a decrease of PK-resistantPiPthe WB and inhibition

of the prion aggregation in RT-QuIC are expected.

3.3.2.1 Competition assay on ScN2a cells

Then, the solution from the bottom of the tuberafte centrifugation was added to the ScN2a cells
as a normal treatment for 4 days.

As a negative control, we used cells treated juttt the vehicle. The cells incubated with 1 uM of
1 without the centrifugation in the Nanosep ceng#udevice and the ScN2a treated with 1 pM of
1 after the use of Nanosep tubes were utilized agipe controls.

From the WB analysis (Figure 8A), we noticed tlnat treatment witlh without the use of Nanosep
tube and the treatment with the solution obtairféet puttingl alone in the tube caused the same
effect on the ScN2a. In both cases, it is posdibleee a strong and a very similar reduction of the
PrP>. This result confirmed the functionality of the idsep device, because it means fhatone

is able to cross the membrane, indeed 3kDa > 4D&9B MW). Once we concluded this, we
checked what happened when the PrP laace put in the Nanosep tubes after a pre-incubaio
37 °C with shaking. As it is possible to see inuUfegg8A, when the ratio is 2 moles of PrP and 1
mole of1 or 1 mole of PrP and 1 df the level of PK-resistant PtHs not affected by a strong
reduction as it happened after the additiod afone.

This means that when the two molecules are incdbatéhe ratios 2:1 and 1:1, there is a binding
betweenl and PrP that does not allow theo cross the membrane, otherwise the results would

have the same pattern of those in linand1 (N), since thel crosses the 3kDa membrane of the
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Nanosep tubes. After the quantification, this remueven more evident. Treatment directly with

or after the use of Nanosep device produced & f#bition around 30%, while in the 2:1(N) and
1:1(N) did not cause any or a strong inhibitiore tfalues are around 100% and 90% (Figure 8B).
When the mixes were prepared in a ratio 1:2, 1 mbRrP and 2 moles df the level of resistant-
PK PrP*° decrease to 65%, demonstrating that a pant wfas linked to the PrP and the other
crossed the Nanosep membrane and affected thede®eP°. We also used a ratio in which the
concentration ol is 5 times higher than the PrP (1:5). The stravhipition of PrE®from 100% to
23.6%, using the ratio 1:5, could be explainedragfaiough the binding between PrP dndn this
case the level of PrPis the same as in the samples treated just Wyifitobably becauskis in a
large excess causing the majority of it to croges3tkDa membrane.

All the results obtained using the different rataoxl treating the cells with the solution present i
the Nanosep device’s bottom, led us to believettiet is actually able to bind the PrP.

The level of total PrP followed the same trend d?® even if the decrease is less evident. This
shows thatl is able to affect just the P¥Hevel, although it binds the PrP
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Figure 8. Competition assay in ScN2a cell lindA) Representative WB of the cell lysates of ScN2ated with the
different conditions. The first line correspondgtie untreated sample, then in order: sample inedbaith 1 uM ofl,
samples treated with the solution obtained frombibiiom part of Nanosep device after centrifugatiofil alone, cells
incubated with the solution obtained from the bwoittpart of Nanosep device after centrifugations gffeincubated
PrP andl in ratios 2:1, 1:1, 1:2 and 1:5. In the upper plaetcell lysates are represented after the PKstige (PrP9),

in the bottom the samples without the PK treatmi.The table shows the quantification of the thmegependent
experiment performed. The values under —PK reptabemormalization of the total PrP on the adtie, values under
+PK represent the PPRon the total PrP. Values are the means + SD caémlifsom the three independent experiments

performed.

3.3.2.2 Competition assay using RT-QuIC

To confirm our results, we decided to perform RTQu@nalysis. WB and RTQuIC are different
techniques, with advantages and disadvantage$ielWBs it is possible to see the effect of the
treatment on living cells, but it is possible tdetz only the presence of PK-resistant¥end only

if there is enough amount of protein. On the otkigle, with the RTQuIC technique it is not
possible to consider all the other potential fectibiat are present in cells and that can trigger th
spreading of Pr®, however, it is able to detect very low amountpridns.

In the RT-QuIC assay, the MoPrP (23-231) alone used as a negative control, because it is
known that this protein is not able to aggregatéhemnabsence of a seed [46]. Instead, the positive
control consists of PrP with a Pfseed. We tested two different amounts, 1 pg angd,tand
tested which one gave the best result in termsedfliag activity and reproducibility. Figure 9 A

and B show the curves using the two different seeds

A PrP+ seed 1pg B PrP + seed 10 pg
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Figure 9. Aggregation curves of MoPrP (23-231) usg 1 pg or 10 pg of the seed and after the treatmenwith

the solution obtained with the competition assayThree independent RT-QuIC experiments, each orresepted by

a specific color.4) The aggregation is promoted by 1 ug of the sé@dThe aggregation of PrP is allowed by 10 ug
of the seed.q) The dark blue line is the PrP alone, the orasghe PrP with the seed, in gray the aggregatiovecof
the PrP after the addition of the solution obtaiaétdr the pre-incubation and centrifugation in Nenosep device of
the mix consisting PrP aridin a ratio 2:1, in yellow 1:1 and in light blueslin green thé alone at 1 uM. Each curve

represents the average of three independent exgresm

Using only the seed at 1 pug, we obtained an agfioegeurve, for this reason we decided to use 1
pg of seed for the later experiments.

We have set up an RT-QuIC protocol, by which thgatige control consists of only PrP, that did
not show a curve aggregation and the positive obwthich it has a reproducible curve aggregation
after about 1050 min (17,5 hours) (Figure 10C).

As before, the same competition assay procedurepessrmed, but instead of cell treatment, the
solutions were added to the 96 well plate.

The experiments confirmed what we saw in the WBs,sblution obtained from the pre-incubation
of PrP1=2:1 after several centrifugations using the Napadevice contains prions. Indeed, it is
possible to observe that the aggregation curves ttevrsame ThT fluorescence, around 6000 AU,
and the lag phase (1050 min) as the positive cbitso, in the WBs analysis, the level of Bfin

this condition was the same of the untreated cbn®o, these two different assays support our
hypothesis thatl binds PrP and so it is not able to cross the 3kiZanbrane present on the
Nanosep device and to inhibit PfRand its aggregation. When the ratio used is B#R:1, the
aggregation curves of the three independent expeatsrare not comparable. Also, in this case the
RT-QuIC assay confirmed the WBs results. The iregaaf the lag phase and the decrease of ThT
fluorescence can mean a lower presence of priodghas could correspond to the results of the
WB, where after the treatment with the solutionaimd from PrP1=1:1 mix, the level of Pr¥
started to decrease. These results mean that edttbel:1, almost all molecules @fbind the PrP,

causing just a small inhibition of prions aggregatiln Figure 9C, results from the RT-QuIC of PrP
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treated with the solution obtained after the pmibation and centrifugation in the Nanosep tubes
of the mix PrPL = 1.5 is also represented. The delayed aggregatioves (starting around 50
hours) and the low ThT fluorescence (4000 AU) cdodddue to a low presence of prions, that
corresponds exactly to the strong inhibition of Bt€-resistant Pr® seen in WB. This again could
mean that even if binds PrP it is in a large excess and can cras8kBa membrane. So, when the
solution in the bottom of the Nanosep tube is adddatie 96-well plate, there is enoughloivhich

is able to bind the PfRand partially inhibit the aggregation.

Control experiments were also performed, in ordezanfirm that the vehicle (EtOH-DMSO) does
not influence the results (Figure S2).

Taking together the WBs and RT-QuIC experimentscamrclude that thé is able to bind the PrP
(23-231) and so the cellular prion protein.

3.3 Effect of chronic treatment with 1 on ScN2a ckline

A possible cause of the common clinical failureseberal small molecules that had been previously
shown to decrease the level of mouse>PaRd/or inhibit the prion aggregation [30,47—50}He
drug-prion resistance developed after a continwbusnic treatment and the prion strain selection.
This is what happened for quinacrine treatmentionpinoculated MDR® mice [51].

In order to assess if ScN2a-RML cells treated Wittan be walking into a strain resistant and to
check if the therapeutic potential bfa chronic treatment was performed. We treated?8eRML
cells with 4 uM ofl for 5 passages that correspond to 20 days ohtezdt After this period, the
incubation withl was stopped and the cells were maintained in ulithout any treatment for
other 5 passages to check if this kind of treatnwgttt 1 for 20 days is able to clear completely
cells from prions (Figure 10A).

After 40 days, 10 passages of ScN2a-RML cells wbtained. This experiment was performed 3
times and each time in double, because we asstssadtivity ofl in chronic treatment using both
WB analysis and RT-QuIC assay.

For the WBs, we used the lysates of uninfected ¢¢fla and the ScN2a-RML before the treatment
(#0) as controls. So, looking at the WB, it is pblesto notice that the PPPin N2a cells is absent,
as expected. Indeed, after PK-digestion no sigres detected. At #0, ScN2a-RML cells showed
the typical pattern of the RML prion strains: tiheee bands with the mono-glycosylated one more
evident. But immediately after the first passagéhef4 pM treatments with PK-resistant Pr¥is
almost absent. In the following passages (fromo#210) the Prf¥ is not even detectable. It is very
important to focus the attention on the fact tmatrf the #6 to #10 the treatment with 4 uMlag

stopped. So, the absence of ¥réignal in these passages shows thatltfe able to “cure” the

26



ScN2a-RML cells from prions and that it does notlengo a drug-prion resistance. The level of
total PrP was evaluated, observing the sampledreated with PK-digestion. The total PrP does
not reflect the results obtained for the ¥r®ecause in this case the #0 and #1 have thelgxact
same pattern, while in the PK-treated samplesétel lof PrP was strongly reduced already in the
#1. Conversely, the total PrP signal from #2 u#ti0 is unchanged, but is exactly the same of the
Prf signal from the uninfected N2a cells (line 1). $hfrom the WB it seems that in the samples
of ScN2a-RML since the #2 the only prion proteiagant is the cellular prion protein.

The same samples were checked also in the RT-Qs8@yaAfter cell collection, the pellet was
dissolved in 50 pl of PBS and then sonicated. Tdrecated proteins were quantified, as already
mentioned in the previous paragraph, and 1 pg @thvas used as seed. In Figure 10C, it is
possible to observe the RT-QuIC experiments thaperormed with the same type of samples
used for WBs, to compare the two different appreactn the control (Figure 10C, orange line),
without treatment with 4 uM of, prion aggregation started after 1050 minutes5(hiburs). The
same result was obtained in the #1, where the Tudrdscence intensity and the lag phase were
identical as in #0. At #1 the aggregation curveaotad in RT-QuIC (Figure 10C, gray line) reflects
the WB result without the digestion with the protese K (Figure 10B), but not the result of the
PK-digested sample.

While in WB, at #2, in both PK and non-PK treateshgles, the Pr® seemed completely cleared,
in RT-QuIC experiments, the lag phase was a Eibmgated (1260 minutes, 21 hours) and the ThT
fluorescence was decreased, for some peaks to A00@ #0 and #1 to 5000 AU in #2 (Figure
10C, yellow line). The same kind of incongruences waticed in #3, because in the WB the®rP
signal is completely absent, while in the RT-Qul@ tpresence of prions is evident by the
aggregation curve (Figure 10C, light blue line).passage #4, in two out of three experiments, the
PrP is not able to aggregate; just one sampleedtdtie aggregation around 45 hours (2730
minutes) (Figure 10C, light green line). We did oonsider it as a technical problem, because all
the 4 wells of that experiment aggregate at theesame and with the same intensity, rather we
believed that after 4 passages of treatment Witthe prions in almost all the experiments were
cleared but it is possible that sometimes they wetecompletely eliminated. Importantly, the fifth
treatment withl is incontrovertibly able to remove all the prigmesent in the ScN2a-RML cells
and the proof is the absence of an aggregatioredarall the passages after the #5.

The fact that even after the #5 that correspondtddreatment interruption none of the samples
demonstrated to have prions using both the RT-Quiay and WB analysis, confirmed the ability

of 1 at 4 uM of concentration to cure the ScN2a froeRIML prion strain.
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Looking at the results, this reduction is mainlyaccterized with a decrease in the ThT

fluorescence, rather than in an increase in thphage.

A
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Figure 10. Chronic treatment with 1 on ScN2a-RML cls. (A) Schematic representation of the chronic treatment
with 1. ScN2a-RML cells were incubated with 4 pM of compd1 for 5 passages, after this period the treatmest wa
stopped, and the cells were passaged for othénse’s.tB) Representative WB of ScN2a-RML cell lysates. Tpper
part corresponds to the PK-resistant ®detected using the W226 primary antibody. The same used in the cell
lysates not subjected to PK-digestion. In the botjeart the actin is represented, detected usingatitep-actin
antibody. C) Aggregation curves of PrP after the addition skad, obtained from a chronic treatment on ScNZ&a-R
cells RT-QuIC performed with 0.2 mg of PrP and using lgfigonicated protein from ScN2a-RML cells. The RT-
QuIC experiment using only the PrP is shown in b it is presented in the legend the differerdbirepresented
curve aggregation using as a seed the differesgas obtained from the N2a-RML treated With
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3.4 Design and synthesis of more soluble 1 analogue
Despite its low effective concentration {JCin vitro, advancement ot as a promising lead

candidate was limited by a low solubility (see @lowhich might negatively affect its absorption,
and makes difficult to perform further in vivo stes. In light of this, we decided to improve
1'solubility by functionalizing the nitrogen of thghenothiazine ring, through the insertion of polar
groups. Derivativesl1-15 (Figure 11), bearing dimethylamino, piperidino, mptwlino and
methylpiperazino groups linked to the phenothiazimg by spacers of 2/3 methylenes, were
synthesized. Importantly, the selected solubilizingups were carefully selected among those more

frequently employed for the design and optimizatdi NS drugs [52].
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Figure 11. Chemical structures of 1 derivatives 115.

We performed the planned structural modificatiosieig the synthetic sequence described in

Scheme 2.
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Scheme 2. Synthetic procedure for the synthesis dérivatives 11-15 Reagents and conditions: a) NaH, DMF, 5h,
50°C; b)16, EtOH, AcOH, 24h, reflux.

The N-substituted 2-acetylphenothiazine-derivati¥@1 were synthesized through a simple N-

alkylation of 2-acetylphenothiazine with the copesding Cl-derivative2-26 (Scheme 2). In
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details, 2-acetylphenothiazine (1 eq) was reactdd 22-26 (2 eq), in the presence of NaH in DMF,
affording17-21 with low to good yields.

The aqueous solubility of all compounds at pH 7a&swletermined as shown in Table S5. The
introduction of the solubilizing groups led to siggantly improved solubilities compared to the
unsubstitued parent. Particularly, alkyldimethhylamino derivativeksl and 12 were the most
soluble of the series, being about 30 and 50 tima® soluble thad.

Then, the newly synthesized compounds were subjeoteell-based assays to ascertain their anti-
prion activity. Compounds were tested apl concentration, and dimethylamin@1( and 12),
piperidino (L3), and methylpiperazindlb) derivatives were even able to improve the abdityhe
parent compound to reduce Pr¥, with and without treatment with PK. The morpholiderivative

14 was the less potent of the series, while the nigitgrazinol5 the most active one (4.4 and

55.9% reduction, respectively) (Figure 12).

Compound +PK (%) -PK (%)
Ctrl 100 100

1 35.2+ 8.8 60.4+ 6.3

11 8.6+0.2 60.2+ 5.7

12 119+ 34 68.% 3.2

13 13.6+1.2 70.2£ 7.5

14 70.3+6.3 95.3+ 6.2

15 44+2.1 55.9+ 2.8

Figure 12. Anti-prion effect evaluation of 1's dervatives 11-15 at 1 uM of concentrationT he table shows the WB
guantification of the three-independent experinpaformed. The values under —PK represent the ricratian of the
total PrP on the actin, the values under +PK regethe Prffon the total PrP. Values are the means + SD frageth

independent experiment.

Conclusions

Prion diseases are triggered by the accumulatioabefrant misfolded isoforms of Prinh the
central nervous system (CNS). The conformationaingke and replication of the Prhnto its
pathological isoform PrP are followed by aggregation and cell spreadinthinCNS, which lead
to fatal neurodegeneration. So far, no therapiesnag TSEs have been identified. A number of

molecules have been developed and many have bsed te human clinical trials with no positive
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results [18,22,24,26,53,54], highlighting the ceafiing task of developing anti-prion drugs and
consequently understanding their mechanism of iactio

In this study, a QSAR model has been developedemwtify new chemotypes through virtual library
screening.l emerged as the most promising molecule, so ateemgire made to assess its
mechanism of action.

The efficient profile ofL might be ascribed to the bivalent structure of tholecule, which consists
of two main moieties, i.e. a phenothiazine and énléro-quinoline, bound by a hydrazone linker
(Figure 11). The two moieties are very well-knowmop recognition motifs. The phenothiazine
moiety was reported to be an anti-prion agent iNZeRML [55]. Likewise, several quinoline
derivatives, containing 7-chloro-quinoline fragmemave been tested as potential anti-prion drugs
with excellent results [56].

So, we conclude that the strong efficacyldb inhibit prion formation and to reduce Bffrom
prion infected cells is linked to its bivalent stture consisting of two pharmacophores separated by
a linker [64, 65]. No one of the other selected enales (2-10) share these peculiar chemical

features.

The three main cellular effects of anti-prion smalblecules are: (i) PfPstabilization; (ii) the
modulation of other proteins involved in the regtion process and (iii) the increase of ¥rP
clearance. We design a competition assay protacelvaluate a possible binding betweleand
PrP. The results have shown the abilityLad bind the PrP (23-231).

As our work progressed, low solubility df was observed as a major liability for further
development. Therefore, we have sought to overctimsechallenge by generating more soluble
compounds. Particularly, we applied the efficieatite developed for the synthesis Iofto the
synthesis of five derivatives, purposely designe@wercome its low solubility liability. Thus, by
slightly modifying its structure, five derivativethat bear classical solubilizing groups were
developed. Solubility assay confirmed our desigatsgy, as we were able to increase solubility
from 3 to 50 times. More importantly, we verifiedvih the performed modification affected the
activity. Notably, the introduction of an alkylansirchain on the phenothiazine ring makes that
portion of the molecules highly resemblance of mileiazine antipsychotics, which have been
clinically used for decades and widely shown tospgs anti-prion activity. In addition, a
phenothiazine moiety connected to an amino funatitpn through an alkyl linker has been
recognized as a privileged neuroprotective strecfar the development of new small molecules
against neurodegenerative diseases [57]. Both tiesses seem positive in terms of further

developability of this series of molecules.
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In this respect, one potential problem withand more soluble derivatives is the presence @f th
labile hydrazide linker, which might produce vivo toxic aryl hydrazine metabolites. Medicinal
chemistry studies are ongoing to replace the hydedznctionality and to expand the utility of this

promising hit compounds as lead candidates agpritst diseases.
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