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Abstract

The accumulation of abnormal prion protein (PrPS°) produced by the structure conversion of PrP (PrP€) in the brain induces prion
disease. Although the conversion process of the protein is still not fully elucidated, it has been known that the intramolecular
chemical bridging in the most fragile pocket of PrP, known as the “hot spot,” stabilizes the structure of PrP“ and inhibits the
conversion process. Using our original structure-based drug discovery algorithm, we identified the low molecular weight
compounds that predicted binding to the hot spot. NPR-130 and NPR-162 strongly bound to recombinant PrP in vitro, and
fragment molecular orbital (FMO) analysis indicated that the high affinity of those candidates to the PrP is largely dependent on
nonpolar interactions, such as van der Waals interactions. Those NPRs showed not only significant reduction of the PrP° levels
but also remarkable decrease of the number of aggresomes in persistently prion-infected cells. Intriguingly, treatment with those
candidate compounds significantly prolonged the survival period of prion-infected mice and suppressed prion disease-specific
pathological damage, such as vacuole degeneration, PrP>® accumulation, microgliosis, and astrogliosis in the brain, suggesting
their possible clinical use. Our results indicate that in silico drug discovery using NUDE/DEGIMA may be widely useful to
identify candidate compounds that effectively stabilize the protein.
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Introduction

Prion disease, also known as transmissible spongiform en-
cephalopathy, is a zoonotic infectious disease that affects both
humans and animals, such as bovine, deer, goats, and sheep.
The pathogenic mechanism of this disease involves the con-
version of a normal prion protein (PrP¢) within an organism to
an abnormal prion protein (PrPS®). Symptoms are caused by
the accumulation of PrP® as an insoluble amyloid in the brain.
Compared with PrP, PrPS° forms a stable amyloid structure
characterized by an extensive rich [3-sheet secondary structur-
al component and has characteristic features, such as partial
resistance to proteinase K digestion. Furthermore, unlike typ-
ical pathogens, such as bacteria and viruses, the prion patho-
gen cannot be inactivated by UV and X-ray because it is
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composed of protein only (without nucleic acid).

Sporadic Creutzfeldt—Jakob disease (sCJD) makes up ~
80% of human prion diseases, and the cause remains un-
known. The pathological condition begins with dementia
and ends with death after a persistent vegetative state. In the
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pathological processes, there are the cases are that are rapidly
progressing (< 1 month) and those that can persist over several
years. CJD is a type of rare lethal neurodegenerative disorder,
but it can affect everyone. In a rapidly progressing illness
state, CJD patients place a heavy burden on family and
healthcare workers. Moreover, handling CJD patients is chal-
lenging for healthcare workers because the blood and tissues
of these patients may be infected. Prion drugs, which enable
PrP5° reduction by acting on a variety of different mecha-
nisms, have been reported and described as those that down-
regulate PrP© by change of PrP® localization in the cell by
pentosan polysulfate (PPS) [1], amphotericin B [2], filipin [3],
and suramin [4]; promote PrP© degradation by IU-1 [5]; sta-
bilize PrP¢ conformation by GN8 [6], MS [7], and NPRs [8];
inhibit the interaction between PrP¢ and PrP¢ by anti-PrP
antibodies, such as Fab D18 [9], 6H4 [10], and ICSM18
[11]; inhibit PrPS¢ polymerization and accumulation by beta-
sheet breaker iPrP13 [12]; destabilize PrPS® by polypropylene
imine [13], tetracycline, and doxycycline (DOXY) [14, 15];
inhibit structural conversion from PrP€ to PrPS¢ by peptide as
PrP106-128, PrP113-141 [16], and Congo Red [17]; and en-
hance PrP%° degradation by lithium [18], trehalose [19],
rapamycin [20], FK506 [21], and tamoxifen [22]. Among
them, PSS, amphotericin B, and DOXY used to treat prion-
infected animals exhibited a clear therapeutic effect against
progressive clinical signs of neurological illness [15, 23, 24];
however, no therapeutic effect was observed following treat-
ment of CJD patients with those drugs [25-27]. Thus far, the
therapeutic agent for prion disease has not been developed.
Novel drug discovery is performed with structure-based
drug design (SBDD) approaches. SBDD is a concept in which
the discovered candidate compounds bind to the target pro-
teins of the diseases by virtual screening with computer sim-
ulation based on protein structure information, and it rapidly
achieves results in identifying effective compounds to treat
several diseases, such as raltitrexed, which targets thymidylate
synthase [28], and amprenavir, which targets antiretroviral
protease [29, 30], for human immunodeficiency virus; isonia-
zid, which targets InhA for tuberculosis [31]; flurbiprofen,
which targets cyclooxygenase-2 for rheumatoid arthritis and
osteoarthritis [32, 33]; STX-0119, which targets STAT3 for
lymphoma [34]; and dorzolamide, which targets carbonic
anhydrase for glaucoma and cystoid macular edema [35].
Recently, novel compounds for treating prion disease were
reported: 1) Cp-60 inhibited PrPS° replication by acting as
dominant-negative on PrP“ [36] and 2) GN8 and the GN§-
optimized derivative (MC) inhibited structure conversion
from PrP© to PrP%° by strongly stabilizing the conformation
after binding to PrP® and showed medicinal effect for prion-
infected animals [6, 7]. In addition, BMDs that strongly inter-
act with the binding site of GN8 in PrP© were identified by
virtual screening with the original simulation approach, and
the compounds suppressed PrPS° production in prion-infected

cells [37]. We also previously reported that NPRs identified
by the SBDD approach with original docking simulation soft-
ware, called Nagasaki University Docking Engine (NUDE),
have potential as novel therapeutic candidates for prion dis-
ease [8]. Our virtual screening can calculate the binding affin-
ities between not only PrP® but also other targeting proteins
for several diseases and small compounds in a large chemical
compound database using the DEstination for Gpu Intensive
MAchine (DEGIMA) supercomputer system [38]. The NPRs
significantly reduced PrP>° levels in prion-infected cells in a
dose-dependent manner, and their [C50 equaled that of GN8.
NPRs reduced PrP* levels in prion-infected mice brain at
110 days post infection (d.p.i.) before onset, but did not pro-
long survival periods of the prion-infected mice [8].

In this study, to enhance the accuracy of our docking simu-
lation, we conducted an analysis by increasing the number of
compounds and limiting the binding region of the compound to
PrPC. Following virtual screening, binding interactions of can-
didate compounds to PrP© were evaluated using surface plas-
mon resonance (SPR) analysis. Consecutively, to investigate
whether candidate compounds have potential as therapeutic
agents for prion disease, we analyzed the anti-prion effect of
the compounds using prion-infected in vitro and in vivo models.

Materials and Methods
Regents and Antibodies

All compounds (#01 to #73) were purchased from
ASINEX (NC, USA). The compounds were completely dis-
solved in dimethyl sulfoxide (DMSO). To detect proteinase K-
digested PrP5 in prion-infected cells and mice brains and
spleens, M20 (Santa Cruz Biotechnology, CA, USA) and
SAFS83 (SPI bio, Montigny Le Bretonneux, France) were used
for immunoblotting. 3-Actin (MBL, Nagoya, Japan) was used
for loading control in immunoblotting. SAF61 (SPI bio), which
detects denatured PrPS°, was used for immunofluorescence stain-
ing. SAF32 (SPI bio) detecting PrP>, Iba-1 (WAKO, Osaka,
Japan) detecting microglia, and glial fibrillary acidic protein
(GFAP) (DAKO, Glostrup, Denmark) detecting astrocyte were
used for immunohistochemistry. Those antibodies were pur-
chased from the indicated vendors. As secondary antibodies,
goat anti-horseradish peroxidase conjugates (Jackson
ImmunoResearch, Cambridge, UK) were used for immunoblot-
ting. EnVision polymer horseradish peroxidase-conjugated anti-
rabbit and anti-mouse IgG antibodies (Dako, Rabbit: K4002,
Mouse: K4000) were used for immunohistochemistry.

In Silico Screening

To determine candidate anti-prion compounds, we performed a
docking simulation using an original chemical compound
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library that included ~ 690,000 compounds. In the docking
simulation, a structure information of human PrP® (125th—
230th amino acid residues) was used, and the information was
provided by nuclear magnetic resonance spectroscopy [39]
(protein data band code: 2LSB). To calculate the binding affin-
ity between PrP© and compounds, the search region of the
docking simulation was limited to a small cubic space
(15 A x 15 A x 15 A), which included the PrP€ “hot spot” that
selectively binds to the anti-prion compound GN8 [6, 40]. The
calculation was performed using the DEGIMA supercom-
puter’s graphics processing unit (GPU)-designed docking sim-
ulation program. The DEGIMA supercomputer was construct-
ed with more than 100 GPUs, as previously described [8, 38].

Fragment Molecular Orbital Calculation

To analyze the binding structure obtained from the docking
simulation, ab initio quantum chemical calculations based on
the fragment molecular orbital (FMO) method [41] were per-
formed. To prepare appropriate atomic coordinates for the
FMO calculations, hydrogen atoms were added to the docking
structure, and the N-terminal (LEU125) and C-terminal
(SER230) were capped by -COCH; and -NHCH3, respec-
tively, which was followed by a classical energy minimization
using FF14SB [42] and GAFF [43] force fields. In the FMO
calculations, the amino acid residues and the compound were
treated as a single fragment except for cysteines forming a
disulfide bond, which were merged into one fragment.
Interaction energies were calculated at the Hartree—Fock
(HF) and second-order Mgller—Plesset perturbation (MP2)
levels, with the resolution of the identity approximation [44]
using the cc-pVDZ basis set [45]. In this study, PAICS [46]
was used for the FMO calculations.

SPR Analysis

The binding affinity between recombinant PrP and com-
pounds were analyzed using a Biacore T200 system (GE
Healthcare, MA, USA) as previously described [8]. The pro-
cedure of recombinant human and mouse PrP (23rd to 23 1st
amino acid residues) synthesis was carried out as previously
described [47]. Briefly, the recombinants were synthesized by
Escherichia coli (BL21) using the prnp-coded pET plasmids
and purified by imidazole. Those recombinants acting as li-
gands were immobilized on a CMS5 sensor chip (GE, BR-
100530) using an Amine Coupling Kit (GE, BR-1000-50),
according to the manufacturer’s protocol. Individual com-
pounds were adjusted at 10 uM with a running buffer
(10 mM HEPES, pH 7.4 containing 150 mM NaCl, 0.05%
Tween 20, and 5% DMSO), and we injected them sequential-
ly for 2 min at a flow rate of 30 mL/min. Data were corrected
by subtracting the value of a blank sensor chip as a back-
ground from individual measured values.
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Prion-Infected Cell Culture Model

Persistently infected prion-infected cells (N2a-FK) were
established from N2a-58 cells that had been infected with a
mouse-adapted Gerstmann—Straussler—Scheinker strain
(Fukuoka-1) and constitutively produced PrP®°, as previously
described [20, 48]. The N2a-58 cells are established from the
cells overexpressing PrP¢ and integrating mouse prnp gene in
mouse neuroblastoma Neuro2a (N2a) cells. Those cells were
cultured at 37 °C in 5% CO, in Dulbecco’s modified Eagle’s
medium containing 4500 mg/mL glucose, 10% heat-
inactivated fetal bovine serum, 100 units/mL penicillin, and
100 pg/mL streptomycin. To determine the cell viability after
treatment with the compounds, the proportions of live and
dead cells were determined by cell staining with Trypan
Blue solution.

Immunoblotting

The culture cells treated with various experimental conditions
were lysed in 1x Triton-DOC lysis buffer. For PrP>° analysis,
the cell lysates were digested with 20 pg/mL proteinase K,
followed by the addition of SDS-sample buffer. The adjusted
samples were loaded to 15% SDS-PAGE gel and subsequent-
ly blotted to a PVDF membrane. M20 and SAF83 were used
as primary antibodies, and anti-goat [gG-HRP and anti-mouse
IgG-HRP were used as secondary antibodies, respectively. (3-
Actin and anti-mouse IgG-HRP were used as primary and
secondary antibodies for gel loading control. Bands were vi-
sualized using Clarity Western ECL Blotting Substrate (Bio-
Rad, CA, USA), following quantification of band intensities
and were measured using the Image] software (National
Institutes of Health, MD, USA). Further details were previ-
ously described [8].

Immunofluorescence Staining

PrP%¢ detection in the prion-infected cells was performed as
previously described [20, 49]. Cells that were cultured for 48 h
after treatments were washed with PBS and fixed with 4%
formaldehyde. After permeabilization using 0.5% Triton
X-100, the cells were denatured with 3 M guanidine thiocya-
nate. They were blocked for 1 h in 5% skim milk at room
temperature and incubated overnight at 4 °C with a SAF61
primary antibody (1:200), followed by incubation with an
Alexa Fluor 488-conjugated anti-mouse 1gG secondary anti-
body (Invitrogen, CA, USA) (1:500) for 1 h at 37 °C. The
cells were mounted with a mounting medium containing
DAPI to stain nuclei (Vector Laboratories, CA, USA). For
the detection of protein aggregation, the cells were treated
with a dual detection reagent ProteoStat aggresome detection
kit (Enzo Life Science, NY, USA) (1:2000 ProteoStat, 1:1000
Hoechst 33342 for nuclei staining). The protein aggregation
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assay was performed as previously described [8]. All reagents
were prepared according to the manufacturer’s instructions.
All images were observed using a confocal laser-scanning
microscope LSM 700 (Carl Zeiss, Oberkochen, Germany).

Prion-Infected Animal Model

In vivo prion infection animal models were prepared as previ-
ously described [8]. We adjusted NPRs with Kolliphor HS 15
(BASF, Ludwigshafen, Germany), which is one of the sol-
vents used as pharmaceutical applications, and those com-
pounds were dissolved in PBS including 20% Kolliphor HS
15. Four-week-old CD1 male mice were purchased from SLC
(Hamamatsu, Japan) and intracerebrally inoculated with
20 pL of a 10% brain homogenate prepared from mice that
had been terminally infected with the FK-1 strain. Mice were
intraperitoneally administered 2.0 mg compound/kg/day ev-
ery other day from shortly after prion inoculation until the
terminal stage of the disease. Control mice group were treated
with PBS. The mice were monitored for disease progression
and sacrificed at 100 d.p.i. before clinical onset and terminal
stage, and the brains and spleens were collected for histolog-
ical analysis.

Pathological Analysis

Histopathological analysis was conducted as previously de-
scribed [8, 50, 51]. Briefly, 3-um-thick sections were cut from
the fixed brain tissues embedded in paraffin. Spongiform
changes were analyzed by staining with hematoxylin and eo-
sin. Gliosis were evaluated by IHC staining with Iba-1 and
GFAP antibodies. PrP%® was detected by IHC staining with
SAF32 antibody after preparing the samples by the hydrolytic
autoclaving and formic acid method [50]. As secondary anti-
bodies, EnVision polymer horseradish peroxidase-conjugated
anti-rabbit or anti-mouse IgG antibodies were used, followed
by visualization with 3,3-diaminobenzidine.

Ethics Statement

Animal experiments were approved by the Animal Care
and Use Committee of the Nagasaki University. All an-
imals were treated and cared for in accordance with the
Guidelines for Animal Experimentation of Nagasaki
University.

Statistical Analysis

Statistical analysis of all data was performed using
Statcel 2 of the Excel and GraphPad Prism software.
The graph and numerical data results represent the mean
+ standard deviation (SD) and standard error of the mean
(SEM) of at least three independent experiments.

Detailed information was previously described [51] and
can be found in the figure legends.

Results

Selection of Candidate Compounds by In Silico
Screening

Candidate compounds were ranked by docking scores,
which show the binding affinity of these compounds
with hot spot region of human PrP® from ~ 690,000
compounds. The compound library is a collection of
low molecular weight (MW) compounds, which are ~
400-600 MW. We focused on the compounds ranked
in top 73 and investigated whether those compounds
have potential as anti-prion agents; there was no overlap
between these 73 and the top 96 from the previous
screening selected from ~290,000 compounds [8].

Binding Ability Analysis of Candidate Compounds
Against PrP¢

To confirm the interactions between PrP“ and the com-
pounds deduced by virtual screening, we assessed the
direct binding affinity against human and mouse PrP®
using SPR analysis. The 73 compounds were adjusted
to a concentration of 10 uM and sequentially underwent
high-throughput screening using human or mouse PrP®
solid-phase sensor chips in a Biacore apparatus. The
quantification of binding affinity was evaluated as RU
value, which implies binding response and strength. The
ratios of compounds, which showed responses of 0 RU
or less, were 20.1% (15 out of 73 compounds: for hu-
man PrP) and 28.7% (21 out of 73 compounds: for
mouse PrP). On the other hand, compounds of ~12%
(9 out of 73 compounds) showed an intensity of more
than 10 RU and were confirmed to bind to recombinant
human PrP€. Moreover, compounds which showed an
intensity of more than 10 RU were ~9.6% (7 out of
73 compounds) in SPR analysis recombinant mouse
PrPC. NPR-130 and NPR-162, in particular, had high
responses for human and mouse PrPC, and those RU
values were at least two to three times higher than
others (Supplementary Fig. 1). Following a detailed ki-
netic analysis of NPR-130 and NPR-162 compounds
with recombinant human and mouse PrPs, the
sensorgram slopes of both compounds showed that the
compounds dose dependently bound to the PrPs. In ad-
dition, KD values showed that the binding affinity of
both compounds was stronger against mouse PrP than
human PrP (Table 1). These results indicate that candi-
date compounds calculated by our in silico system had
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Table 1 The binding affinity between PrP® and NPRs using SPR
analysis (KD)

Compounds KD (uM)*

HuPrP MoPrP
NPR-130 2.25%10%+0.58 x 10° 346 10°+0.61 x 10°
NPR-162 6.03 x 10°+3.02 x 10° 5.60 x 107 +2.04 x 10°

*This binding assay have been at least performed 3 times-trial,
independently

an ability binding to PrP€ in not only virtual simulation
but also SPR analysis (Fig. 1).

FMO Analysis of Molecular Interactions Between PrP¢
and Candidate Compounds

The interaction energies of NPR-130 and NPR-162 with 18
amino acid residues, which are located within 4.0 A from the
compounds, were calculated by the FMO method (Fig. 2). The
interaction energies with a negative and positive value repre-
sent attractive and repulsive interactions, respectively, and
energy obtained from the HF and MP2 levels mainly reflect
a polar and nonpolar interaction, respectively. We note that
the HF interaction energies (blue) of some residues were pos-
itively large, indicating that the polar interaction of both

candidates is repulsive. On the other hand, interaction energies
obtained by the sum of HF and MP2 energies (red) were
overall negative, which suggests that the repulsive nature of
the polar interaction is reversed to an attractive nonpolar in-
teraction. Consequently, the presence of a nonpolar interac-
tion is considered to be a major factor contributing to the high
affinity of the candidates to the “hot spot” of PrP.

Effect of Candidate Compounds on PrP>¢ in
Persistently Prion-Infected Cells

To assess the effect of the compounds on PrPS¢, we performed
immunoblotting analysis and increased the PrPS¢ levels in
individual lysates of persistently Gerstmann—Straussler—
Scheinker syndrome-derived Fukuoka-1 prion-infected cells
(N2a-FK) that were incubated for 48 h following treatment
with 10 1M compounds. The results revealed that the PrPS¢
levels in prion-infected cells were clearly decreased by treat-
ment with several compounds, including NPR-130, NPR-162,
and NPR-163, compared with the controls (cells using DMSO
only as the solvent) (Fig. 3a and Supplementary Fig. 2). The
quantification of PrP>° levels in N2a-FK cells following can-
didate compound treatment revealed that 17 compounds ex-
hibited anti-prion effects, which significantly reduced PrPS¢
levels in vitro (compounds given in red color in Fig. 3b). In
particular, 14 compounds, except NPR-111, NPR-163, and
NPR-169, had strong inhibitory effects that suppressed PrP>

Fig. 1 Binding affinity between a
recombinant PrPs and NPR ] NPR-130 100 NPR-162
compounds. Each sensorgram 007
shows the results of NPR-130 and . 80 5 807
NPR-162 binding with human (a) 2 x
or mouse PrP23-231 (b) using E 60 4 £ 607
Biacore T200. The concentrations 2 S
of both compounds were 0, 0.2, % 40 4 7 404
04,0.8,1.6,3.1,6.3,12.5, 25, > 2
and 50 uM (from bottom to top) 5 201 2 207
= m
0 0
T T T T T T T
0 50 100 150 0 50 100 150
Time (Sec) Time (Sec)
b
100 NPR-130 100 - NPR-162
5 0] g 804
< 604 £ 60+
§ © 5 ]
o e
£ 401 5 407
o 2
5 207 3 207 r’_’_
o % m
O 0
0 50 100 150 0 50 100 150
Time (Sec) Time (Sec)
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Fig. 2 Interaction energies of candidate compounds with amino acid
residues. Interaction energies of NPR-130 (a) and NPR-162 (b) with
the amino acid residues of PrP¢ located within 4.0 A from the
compounds were calculated by the FMO method. The blue value
indicates the HF level interaction energy, which is mainly caused by a

levels to 50% or less (Fig. 3b). These results suggested that
putative compounds, which were virtually simulated using the
NUDE on the DEGIMA supercomputer, had a suppressing
ability on the PrP*° levels in prion-infected cells with a high
probability (17 out of 73 compounds).

Dose Responses of Candidate Compounds Against
PrP*¢ in Persistently Prion-Infected Cells

To evaluate the dose-dependent responses of the 17 candidate
compounds, we measured PrP¢ levels in cells after NPR treat-
ment with several concentrations (0.1, 0.5, 1, 5, and 10 uM)
for 48 h (Fig. 4a and Supplementary Fig. 3). PrP>° levels were
dramatically decreased after 10 M NPR-130 and NPR-162
treatments in prion-infected cells. However, those compounds
did not show a clear dose—response effect (Fig. 4a). Based on
these results, we determined the concentration of the 17 com-
pounds that achieved a 50% reduction (ICs() of PrP%°, which
were between 2.7 and 8.3 uM (Table 2). Following immuno-
fluorescent staining with an anti-PrP antibody, the pretreat-
ment of guanidine thiocyanate enables the detection of aggre-
gated PrPS in persistently prion-infected cells [5, 20]. A

mmmm HF (polar)
mmm HF + MP2 (polar + non-polar)

polar interaction. However, the red value indicates the MP2 level
interaction energy, in which a nonpolar interaction is additionally
considered. The binding structure of NPR-130 and NPR-162 obtained
from docking simulations are also given, in which PrP is presented in
a cartoon model, and the compounds are presented in a stick model

remarkable reduction in aggregated PrPS¢ levels was observed
in the prion-infected cells after NPR-130 and NPR-162 treat-
ments for 48 h compared with the DMSO treatment (Fig. 4b).
Furthermore, those NPR compounds remarkably reduced the
number of aggresomes, which contained denatured and
misfolded protein aggregates, such as PrPS, in the cells
(Fig. 4c). These results suggest that the candidate NPR com-
pounds that were identified using the original docking system
obviously reduced PrPS¢ in persistently prion-infected cells.

Effects of Candidate Compounds on PrP€ Levels in
Prion-Uninfected Cells

To confirm the effect of NPRs on the normal form of PrP®
and cell toxicity, we measured PrP° levels and cell viability
in prion-uninfected cells after NPR treatment for 48 h. PrP®
levels in N2a-58 cells treated with several concentrations of
NPR-130 and NPR-162 were similar to the untreated cells
(Fig. 5a). Furthermore, the cell viability in the cells treated
with those NPRs was similar compared with the cells treat-
ed with DMSO only (Fig. 5b). Moreover, the cell viability
was not significantly different among the NPRs
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Fig. 3 Anti-prion screening of
candidate compounds using
prion-infected cell models. (a)
Effect of candidate compounds
(NPR-101 to NPR-173) on PrPS°
in N2a-FK cells. The cells were
treated with 10 uM compounds
for 48 h. PrP%° levels were
validated using immunoblotting.
Panels show the representative
results of the immunoblots (NPR-
126 to NPR-130 and NPR-160 to
NPR-164). The control lane
indicates lysates of DMSO-
treated cells as negative controls.
The lane numbers indicate the
individual candidate compounds
in each panel. (b) The graph
shows quantifications of PrPS°
band intensities in respective
compound-treated N2a-FK cells
for 48 h. The screening of
candidate compounds was
performed at least in five
independent trials. Statistical
significances were determined
using one-way ANOVA,
followed by the Tukey—Kramer
test for multiple comparisons.
*P<0.05 and **P<0.01 vs
control. Data are presented as
mean + SEM
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(Supplementary Fig. 4). These results indicate that NPRs  prion-uninfected cells. Therefore, NPRs may be safe to use
did not have an effect on PrP¢ levels and cell viability in  as anti-prion drugs.
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Fig. 4 Dose-response of the
PrPS° suppressive effects by anti-
prion compounds in prion-
infected cells. (a) PrPS inhibitory
effects of NPR-130 and NPR-162
compounds were validated using
N2a-FK cells treated with each
concentration (0, 0.1, 0.5, 1, 5,
and 10 pM) for 48 h. PrPS° levels
were detected using
immunoblotting. (b, ¢)
Localization of PrPS¢ (b) and
aggresomes (c) in N2a-FK cells
after 10 uM NPR-130 or NPR-
162 treatments for 48 h was
analyzed by immunofluorescent
staining. PrPS° (green),
aggresomes (red), and nuclei
(blue) in the cells were detected
using a SAF61 antibody,
ProteoStat, and DAPI,
respectively, and visualized using
confocal laser-scanning
microscopy. Scale bars represent
10 um

Bioassay Using Prion Disease In Vivo Model After
Candidate Compound Treatment

To investigate whether candidate compounds exhibited thera-
peutic effect against prion disease model animals, 4-week-old
male mice, inoculated with brain homogenate from terminal

a
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phase mice that infected Fukuoka-1 prion, were administrated
either compound NPR-130 or NPR-162 three times weekly
from immediately post inoculation until the terminal stage of
disease. In a bioassay to evaluate whether NPR-130 and NPR-
162 compounds have therapeutic effect against prion disease,
we discovered that the survival periods of prion-infected mice
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Table 2 The anti-prion

effects of NPRs in N2a- Compounds ICso (UM)*

FK prion-infected cells

(ICs0) NPR-110 32+18
NPR-111 5.8+£3.7
NPR-119 6.1 £3.9
NPR-121 47+1.0
NPR-130 6.7+39
NPR-132 83+£22
NPR-137 50+£24
NPR-141 33+£27
NPR-142 43 +0.7
NPR-144 59+£26
NPR-145 55+44
NPR-150 7.8 +22
NPR-162 50+23
NPR-163 47+29
NPR-169 42 +22
NPR-171 6.7+3.5
NPR-172 27+1.6

*This anti-prion assay has been at least
performed 3 times-trial, independently

treated with those compounds were markedly prolonged com-
pared with those of the vehicle treatment group (Fig. 6a). The
mice that were intracerebrally inoculated with Fukuoka-1 pri-
on were intraperitoneally administered those compounds at
2 mg/kg/day from 2 days post inoculation until sacrifice.
The survival periods of NPR-130-treated mice were signifi-
cantly longer (291 + 134 days, n=10; P=0.0381, log-rank
test) compared with the vehicle mice (189 +23 days, n=9).
Moreover, the survival periods of NPR-162-treated mice were
also significantly prolonged (258 +93 days, n=11; P=
0.0047, log-rank test) compared with those of the vehicle
mice. Intriguingly, some mice treated with the compounds
absolutely did not develop prion disease (Fig. 6a). We inves-
tigated PrPS° levels in the brain and spleen at 100 d.p.i. as the
presymptomatic period and at the terminal phase as the symp-
tomatic period with immunoblotting. NPR-162 treatment sig-
nificantly suppressed the PrP5° levels in the brain at the ter-
minal phase and in the spleen at both periods (Fig. 6b and
Supplementary Fig. 5a). In addition, NPRP-130 treatment
suppressed PrPS¢ levels in the brain and spleen compared with
the vehicle treatment, but these results were not significant
(Fig. 6b, Supplementary Fig. 5a, b). To evaluate the underly-
ing pathological mechanisms in prion disease, we analyzed
the histological changes in the brain at 100 d.p.i., with a par-
ticular focus on the thalamus area where critical pathological
changes in the brain of prion disease model mice could be
observed (Fig. 7). NPR-130 and NPR-162 treatments clearly
and significantly suppressed the vacuolar area, the PrP5°-pos-
itive area, with a significant reduction of 50% or less than in
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the vehicle treatment (Fig. 7a, b). Furthermore, to evaluate
gliosis levels, we performed immunohistochemical staining
with an ionized calcium-binding adaptor molecule-1 (Iba-1)
(a marker of microglial activation) and GFAP (a marker of
astrocyte activation) antibodies. The treatments with each
compound significantly reduced Iba-1 and GFAP-positive cell
area in the thalamus (Fig. 7 a, b). In addition to the histological
changes in other brain regions, such as the cortex, hippocam-
pus, pons, and cerebellum, NPR-130 and NPR-162 treatments
significantly reduced the vacuolar area in the hippocampus
and the PrP5° plaques in the pons (Supplementary Fig. 6a—
c¢). Moreover, NPR-162 treatment also significantly sup-
pressed the Iba-1-positive cell area in the cerebellum and the
GFAP-positive cell area in the cortex, pons, and cerebellum
(Supplementary Fig. 7a—c). NPR-130 treatment also signifi-
cantly reduced GFAP-positive cell area, but there was no sig-
nificant difference in Iba-1-positive cell area (Supplementary
Fig. 7a—c). These results showed that NPR-130 and NPR-162
inhibited the pathological changes caused by vacuolation,
PrP5¢ plaque formation, and gliosis in the brain after prion
infection and delayed prion disease progression. Thus, these
compounds might be effective therapeutic drugs for this
disease.

Discussion

Many clinical studies on prion disease have been conducted
by researchers around the world. However, there has been no
practical application of prion compounds in the development
of prion disease drugs until now. Challenges persist in eluci-
dating the mechanism involved in protein structure conversion
from normal forms, such as PrPS, to aberrant forms, such as
PrPsc, and the real conformation of PrPSC, which is an estimat-
ed pathogen of prion disease. In our previous report, we in-
vestigated ~210,000 compounds using the NUDE/DEGIMA
supercomputer system, which was developed as an original
docking simulation, and identified candidate compounds ex-
pected to have therapeutic effects against prion disease, but
the effects were not fully elucidated [8]. Therefore, we again
focused on the conformation of PrP® and investigated novel
compounds which bind to the PrPC, as well as the stabilization
of the protein structure to prevent this conversion [6, 8], and
searched for candidate compounds that bind to the “hot spot”
from ~ 690,000 compounds. Here, we discovered that 17 of
the top 73 compounds exhibited an anti-prion effect that sig-
nificantly decreased the PrPS° level in prion-infected cells,
indicating the hit rate in this study was 23.3% (17 out of 73
compounds), approximately four times higher than that of the
previous study results [8]. This indicates that the accuracy of
our analysis might have been enhanced by the greater number
of compounds in this library and the specificity of the target
region of PrP¢ conformation.
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Fig. 5 Effect of PrP¢ expression a
in noninfected cells after
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N2a-58 cells treated with different
concentrations of NPR-130 or
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1,5, and 10 uM) for 48 h
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Several compounds exhibited a PrP>° reduction effect in
prion-infected cells; however, those compounds never exhibited
a strong biding affinity for PrP in this SPR study (Figs. 1, 3,
and 5) because we analyzed the binding affinity between candi-
date compounds and full-length PrP, but not the restrictive “hot
spot” region of PrP“. If we had evaluated the SPR analysis using
only the “hot spot” of PrP, almost all compounds might have
shown RU values of higher intensity. Moreover, we would have
had to confirm the detailed binding region in PrP¢ and validate
whether the binding specificity of these compounds against
PrP€ by competition SPR analysis using hot spot binding com-
pounds such as GN8 or NPR analysis to evaluate similarly
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chemical shift perturbations. Thus, further experiments are need-
ed to clarify the speculation. The potential problem will be val-
idated and investigated in a future manuscript.

In our virtual screening, we calculated the docking simula-
tion using data of human PrP conformation. Thus, the number
of compounds that exhibited a binding of more than 10 RU in
SPR analysis were mostly cases of human PrP than of mouse
PrP (Supplementary Fig. 1). Compounds NPR-130 and NPR-
162, in particular, showed a high binding affinity to not only
human PrP but also mouse PrP compared with other com-
pounds. The FMO calculations indicated that this high bind-
ing affinity was mainly caused by nonpolar interactions (i.e.,
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Fig. 6 Efficacy evaluation of
candidate compounds using the
prion bioassay system. Analysis of
prion pathogenesis in prion-infected
mice treated with either NPR-130
or NPR-162 compounds from

2 days post inoculation (d.p.i.). (a)
Survival curves indicated candidate
compound-treated mice post prion
inoculation. Distinct mice in graph
are displayed as vehicle (circle: n =
9), NPR-130 (triangle: n=10), and
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40

20
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A NPR-130 (n=10)
m NPR-162 (n=11)

NPR-162 (square: n=11). (b)
Vehicle and compound-treated
mice were sacrificed at 100 d.p.i.
and PrP>° levels in the brains were
investigated by immunoblotting.
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way analysis of variance followed
by the Tukey—Kramer test for
multiple comparisons was used for
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vehicle. Data are presented as mean
+SEM

150

A

100 L4

PrPse ratio (%)

50

T
Vehicle

van der Waals or dispersion interactions). This binding char-
acter is very different from that of GNS, in which a polar
interaction is a major factor responsible for the molecular in-
teraction with PrP<. Both compounds also showed a therapeu-
tic effect that prolonged the survival periods after prion infec-
tion and suppressed typical brain lesions of prion-infected
mice before the onset of histopathological analysis (Fig. 7,
Supplementary Figs. 6 and 7), indicating that, unlike previous
candidate compounds, both compounds could exhibit excel-
lent effects on human prion disease.

Conclusion

In silico drug discovery based on data of protein conformation
is a ready and prominent method to enable us to efficiently
acquire candidate drugs for many diseases. However, accom-
plishment of the virtual screening demands reliable and accu-
rate information acquisition of the critical proteins related to the
disease. In the studies on prion disease, only conformation data
from PrP¢ of not full-length but restricted epitope has been
reported so far; meaning that nobody has a true conformation
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data of human PrP€. If docking simulation was calculated by
the DEGIMA system using precise information of a full-length
PrPC, we might be able to obtain better compounds than NPR-
130 and NPR-162 in this study. Furthermore, if we will acquire
the true conformation data of both PrP® and PrPS¢, we might be
able to develop a superior and practical compound as a sole
therapeutic drug for prion disease.

Recently, we already reported that using our original virtu-
al screening, we developed effective compounds that targeted
the PA—PB1 complex of influenza virus [38]. It is indicated
that our original in silico screening system using a structure-
based drug discovery is excellent for rapidly examining can-
didate compounds that bind to the distinctive pathogenesis-
related target protein in any disease and is likely to have ther-
apeutic effect against the disease. In the future, in silico
screening using STDD will be used more extensively, and this
has a promising potential.

Our study findings revealed that NPR-130 and NPR-162
compounds had an unprecedented therapeutic effect that pro-
digiously prolonged survival periods in prion-infected mice.
Thus, both compounds are proven to be overwhelmingly close
to being practical drugs and might treat prion discase
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Fig. 7 Histological analysis of the brain in prion-infected mice treated
with the candidate compounds. (a) Pathological analysis of the
vacuolation changes (HE), accumulation of PrPSe, microgliosis (IBA-1),
and astrogliosis (GFAP) in the thalamus area of the brain of compound-
treated mice at 100 d.p.i. Scale bars represent 50 um. (b) Those
pathological analyses are evaluated by quantifying the vacuolation area,

compared with candidate compounds that have been reported
until now. Collectively, these results prove the outstanding
nature of our drug discovery project strategy.
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