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ABSTRACT The search for antiprion compounds has been encouraged by the
fact that transmissible spongiform encephalopathies (TSEs) share molecular
mechanisms with more prevalent neurodegenerative pathologies, such as Parkin-
son’s and Alzheimer's diseases. Cellular prion protein (PrP) conversion into
protease-resistant forms (protease-resistant PrP [PrPRes] or the scrapie form of
PrP [PrP><]) is a critical step in the development of TSEs and is thus one of the
main targets in the screening for antiprion compounds. In this work, three trim-
ethoxychalcones (compounds J1, J8, and J20) and one oxadiazole (compound
Y17), previously identified in vitro to be potential antiprion compounds, were
evaluated through different approaches in order to gain inferences about their
mechanisms of action. None of them changed PrP mRNA levels in N2a cells, as
shown by reverse transcription-quantitative real-time PCR. Among them, J8 and
Y17 were effective in real-time quaking-induced conversion reactions using ro-
dent recombinant PrP (rPrP) from residues 23 to 231 (rPrP23-237) as the substrate
and PrPs< seeds from hamster and human brain. However, when rPrP from resi-
dues 90 to 231 (rPrP?0-237), which lacks the N-terminal domain, was used as the
substrate, only J8 remained effective, indicating that this region is important for
Y17 activity, while J8 seems to interact with the PrP¢ globular domain. J8 also
reduced the fibrillation of mouse rPrP23-231 seeded with in vitro-produced fibrils.
Furthermore, most of the compounds decreased the amount of PrP¢ on the N2a
cell surface by trapping this protein in the endoplasmic reticulum. On the basis
of these results, we hypothesize that J8, a nontoxic compound previously shown
to be a promising antiprion agent, may act by different mechanisms, since its ef-
ficacy is attributable not only to PrP conversion inhibition but also to a reduc-
tion of the PrP¢ content on the cell surface.

KEYWORDS prion protein, therapy, antiscrapie compounds, RT-QuIC, prion strains,
antiprion, antiscrapie, prions, PrP

he prion protein (PrP) is to date the only agent attributed to be responsible for

the transmissible spongiform encephalopathies (TSEs). These diseases comprise a
group of fatal neurodegenerative disorders which arise after the conversion of the
cellular prion protein (PrP<), normally present on the surface of many cell types, into a
form called scrapie (PrP><), which is disease associated (1). This conversion requires
contact between both PrP forms, wherein PrP>c catalyzes the misfolding of PrP<, giving
rise to new PrPsc molecules (2-4). Since the encounter between PrP< and PrPsc is
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essential, blocking this contact seems to be a promising strategy for the therapy of TSEs
(5-7).

Another interesting feature of these diseases is that PrP>c may adopt different
structures, which are associated with different prion strains (8-11). This is particularly
important for the treatment of TSEs, since some antiprion compounds appear to have
a strain-dependent effect (12-16). For this reason, it seems reasonable to look for
molecules that target PrP¢ rather than PrPs<, since the substrate is the same in all
conversion reactions. Albeit PrPS possesses physiological functions (17), research
groups showed that PrP knockout animals, PrP©/9, did not have significant clinical or
physiological impairments (18, 19). Thus, compounds that dynamically bind to PrP¢
may be of interest.

Most cases of prion diseases occur spontaneously and predominantly affect people
who are about 60 years old. The aging of the population, added to the fact that other
neurodegenerative diseases share the same characteristics of prion diseases, has driven
several research groups to search for new compounds with antiprion activity since
these diseases are still incurable. Many strategies have been exploited to treat TSEs,
such as PrP¢ stabilization, PrP>c clearance, and prevention of PrPS-PrP>< binding (20—
22). However, no treatment available to date has been able to slow or interrupt the
progression of the disease in humans. Besides strain selectivity, high toxicity and an
unfavorable pharmacokinetic profile (especially, low levels of permeation through the
blood-brain barrier) are factors that may hamper the attainment of therapeutic com-
pounds (21). Our group has previously reported four trimethoxychalcones (compounds
J1, J8, J20, and J35) and two oxadiazoles (compounds Y13 and Y17) that reduced
protease-resistant PrP (PrPRes) levels in prion-infected murine neuroblastoma (ScN2a)
cells, with 50% inhibitory concentrations ranging from 1 to 10 uM (23). Furthermore, at
a concentration of 25 uM, these compounds were not toxic to noninfected murine
neuroblastoma (N2a) cells. In a real-time quaking-induced conversion (RT-QulC) assay
(24), compounds Y13 and Y17 delayed and partially blocked the conversion of PrP< to
PrPRes at a concentration of 50 uM (23). Using in silico approaches, these molecules
were predicted to be sufficiently brain permeant, satisfactorily bioavailable after oral
administration, and capable of binding to the same hydrophobic pocket of PrP< (23).
Moreover, none of these compounds elicited acute toxicity in Swiss mice (25). Hence,
the aromatic compounds J1, J8, J20, J35, Y13, and Y17 have been shown to be
promising candidates for prion disease therapy.

Herein, we investigated the mechanisms underlying the antiprion role played by the
trimethoxychalcones J1, J8, and J20 and the oxadiazole Y17 using in vitro strategies. As
assessed by the RT-QuIC reaction, compounds J8 and Y17 inhibited PrP<-to-PrPRes
conversion when the reaction mixture was seeded with hamster PrP>c and even with
Creutzfeldt-Jakob disease (CJD) agent-infected human brain-derived PrP5c. Regarding
their mechanisms of action, we showed that the PrP< N terminus is crucial to the
activity of Y17, while J8 seems to bind to the PrP< globular domain. Furthermore, J1, J8,
and Y17 decreased the PrP< content on the N2a cell surface by trapping this protein in
the endoplasmic reticulum, which may be related to their antiprion effect in infected
cells.

RESULTS

Effects of the compounds on PrPRes accumulation in cells infected with differ-
ent prion strains. In a previous study, we analyzed a panel consisting of over 200
aromatic compounds and found four chalcones (compounds J1, J8, J20, and J35) and
two oxadiazoles (compounds Y13 and Y17) able to decrease PrPRes levels by at least
50% in RML strain scrapie-infected N2a (ScN2a-RML) cells with 50% effective concen-
trations up to 10 uM. Additionally, these compounds were devoid of toxicity for ScN2a
cells and were predicted to have an adequate drug-like profile (23). The acute toxicity
of these substances was evaluated in vivo, and we found that single oral administration
(300 mg/kg of body weight) or repeated intraperitoneal administration (10 mg/kg 3
times a week for 4 weeks) did not cause toxic effects in mice (25). Based on these
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FIG 1 Chemical structures of the antiscrapie compounds evaluated.

findings, in the study described here we analyzed by the RT-QuIC assay the efficacies
of four of these compounds (compounds J1, J8, J20, and Y17, the structures of which
are shown in Fig. 1) against other prion strains using different infected cell cultures and
also in a cell-free PrP<-PrP5c system.

The existence of distinct prion strains is an intriguing characteristic of TSEs. Each
prion strain confers a different conformation to PrP, and the strains are distinguished
by differences in incubation times (26, 27), the times of onset of clinical symptoms (28),
neuropathological patterns and the extent of cerebral damage (29), glycosylation
profiles, and resistance to digestion by proteinase K (PK) (30). For these reasons, testing
the antiprion activity of the antiscrapie drug candidates against different strains is
crucial.

The initial screening was performed by dot blotting using ScN2a-RML cells (23).
Here, in addition to the RML strain, we also performed our analyses on scrapie agent
strain 22L-infected N2a (ScN2a-22L) cells. The latter strain is naturally more resistant,
since it originated from the reinfection of ScN2a-RML cells that had been cured after
seven passages in medium containing 1 ng/ml pentosan polysulfate (PPS) (31). We also
used chronic wasting disease agent-infected mule deer brain (MDB-CWD) cells (32) in
order to test the effects of the compounds on a nonmurine cell line.

As previously demonstrated (23), all compounds decreased the PrP>c content in
ScN2a-RML cells by ~80% (Fig. 2). However, the same effect was not observed in
ScN2a-22L cells and MDB-CWD cells, in which only compounds J1 and J8 had a
significant effect. J1 reduced the PrP>< levels in ScN2a-22L cells by ~40%, while J8
decreased the level of PrPSc accumulation in MDB-CWD cells by ~50%. These results are
in agreement with published data showing that the effect against other prions strains
is less intense than that observed against the RML strain (31, 33, 34). Since there is no
human cell line persistently infected with PrP5c up to the present moment, we
evaluated the efficacy of the compounds by the RT-QuIC assay, which allowed us to use
infected human brain homogenate as a seed in this cell-free conversion assay.

Evaluation of the effects of the compounds by RT-QuIC assay. One of the most
important features of prions is the ability of the infectious prion molecule, PrPs, to
recruit PrP< and convert it into the abnormal form. This is the central event in prion
diseases (1). Therefore, inhibition of this conversion has been exploited as a therapeutic
strategy, and investigators have searched for compounds able to inhibit this conversion
(5-7, 23).
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FIG 2 Effects of the compounds on PrP5c accumulation in ScN2a-RML, ScN2a-22L, and MDB-CWD cells.
The cells were incubated in the presence of the compounds at 10 uM for 4 days in 96-well plates. All
conditions were tested in quadruplicate in each experiment. Cell lysates were treated with PK and
submitted to dot blotting. PrPRes was detected with the anti-PrP antibody 6D11. Quantification of the
assay was done by integrating the density of each dot using ImageJ software. One-way ANOVA was
performed. Error bars indicate standard errors of the means (SEM) for at least two replicates. *, P < 0.05
relative to the control; ***, P < 0.001 relative to the control. The data shown are representative of those
from two independent experiments.

The RT-QuIC assay is an in vitro amplification method used to detect very small
quantities of PrP>c particles in biological fluids, such as cerebrospinal fluid, olfactory
mucosa (35), and saliva (36). In RT-QuIC reactions, recombinant prion protein (rPrP) is
used as the substrate and infected brain homogenate is used as a source of the PrP>c
seed, which promotes the conversion (37, 38). The in vivo conversion of PrP< into PrP>c
is characterized by a conformational change wherein there is a reduction in the
a-helical content accompanied by an increase in the B-sheet structure (1, 39). This gain
in B-sheets allows PrP>c molecules to assemble and give rise to structured aggregates
(40), such as amyloid fibrils. These fibers interact with thioflavin T (ThT), an established
dye for amyloid fibrils (41), leading to an increase in its fluorescence intensity. Since the
PrPRes formed in vitro keeps the same properties, ThT is used to monitor PrPRes
formation. Using this assay, it is also possible to identify molecules able to decrease or
inhibit PrPRes amplification. For this reason, this approach has been used to screen
antiprion compounds and also to characterize their mechanisms of action (7, 23, 38, 42,
43). Recently, Hughson and colleagues successfully employed this assay to test the
ability of hypochlorous acid to inactivate prions (44). Thus, we applied this technique
to check the efficacy of the compounds investigated here.

Using 263K scrapie agent-infected hamster brain homogenate as the seed, we
verified that compounds J8 and Y17 decreased the amount of PrPRes formed (Fig. 3A).
J8 was the most effective one, sharply inhibiting this reaction. These compounds did
not delay the beginning of the ThT-probed fibrillation process (lag phase), as indicated
by comparing the times to the half-maximal ThT fluorescence (T,,,) of the reactions
(Fig. 3A). Compounds J1 and J20 were not inhibitory in this assay (data not shown).

To confirm that the decreases in the ThT fluorescence intensity could be attributed
to interference with rPrP conversion rather than a direct artifactual quenching of ThT
fluorescence, we performed Western blotting to quantify the amount of rPrPRes after
the end of the reactions. There was less intense antibody staining of the rPrPRes bands
in the lanes corresponding to the samples with J8 and Y17 (Fig. 3B; see also Fig. S1 in
the supplemental material). Normal brain homogenate (NBH) treated with PK revealed
no labeling, as expected, while a fragment of about 23 kDa corresponding to full-length
rPrP was identified in the untreated lane. The quantification of the gel (Fig. 3C) showed
that J8 decreased the PrPRes content by ~70% in the RT-QuIC reaction. However, Y17
had only a minor effect, reducing the PrPRes content by less than 10%.

February 2018 Volume 62 Issue 2 e01441-17

Antimicrobial Agents and Chemotherapy

aac.asm.org 4


http://aac.asm.org

Antiprion Compounds Change PrP¢ Cellular Location

>

20 263K (T,:37.66£0.18 h)

-

~N

o
1

150

263K+Y17 (T, 26.20 + 0.40 h)

125

100 ~

ThT fluorescence (103 a.u.)

0 25 50 75 100 125
Time (hours)
B NBH 263K NBH 263K +PK+
| e——
-PK +PK +PK J8 Y17
25
20 ——
15 —]
10 — |

40
20
[E
v ® o &
oS &

FIG 3 Effects of the test compounds on rPrP23-231 fibrillation in reaction mixtures seeded with 263K
scrapie agent-infected hamster brain homogenate. (A) RT-QuIC reactions with full-length hamster rPrPsen
at 0.1 mg/ml (4.3 uM) in the absence (positive control) or in the presence of the test compounds at 40
M (1:10 molar ratio). Normal brain homogenate (NBH) was used as a negative control. T,,, values are
shown. All conditions were tested in quadruplicate in each experiment. a.u., absorbance units. (B)
Western immunoblots of the reaction end products. The contents from each experiment (4 wells) were
mixed, treated with 10 ng/ml (0.35 wM) PK at 37°C for 1 h, and subjected to Western blotting. PrPRes was
labeled with the antibody R20. Molecular size markers (in kilodaltons) are shown on the left. (C) PrPRes
quantities normalized to the values for the positive control (100%) and the negative control (0%). The
experiment was performed three times, and the data shown here are representative of those from one
experiment. The lanes were cut from the same blot, with no differential adjustments being made to the
image contrast or intensity. The results for compounds J1 and J20 were removed, since they were not
effective in this assay. The original blot is shown as Fig. S1 in the supplemental material.
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We then performed the RT-QuIC reaction using CJD agent-infected human brain
homogenate as the seed. As with hamster scrapie agent-seeded reactions, compounds
J8 and Y17 decreased the level of fibril amplification seeded by human PrP>c (Fig. 4A).
This time, these compounds not only decreased the amount of rPrPRes formed but also
affected the reaction kinetics, retarding the lag phase and increasing the T,,, values.
A similar effect was observed by Vieira and colleagues (42), wherein low-molecular-
weight heparin affected both the extent and the kinetics of PrP fibrillation. For the same
reason described above, we subjected the RT-QuIC reaction end products to Western
blotting (Fig. 4B and S2), wherein a reduction in the amount of rPrPRes was evoked by
J8 (Fig. 4Q).

Among the mechanisms of action already identified for bioactive compounds with
antiprion activity are (i) direct binding to PrP< or PrP5<, which can stabilize either one
or both forms and prevent further interaction between them; (i) the ability to decrease
the level of PrP¢ expression on the cell surface, which reduces the availability of
substrate for the conversion; and (iii) PrPs< clearance (discussed in references 5 and 43).

Some of our compounds were effective in the RT-QuIC assay, leading us to believe
that they act by direct binding to PrP molecules (either PrP< or PrP><). To assess what
region of PrP is crucial for the effects of the compounds in this assay, we performed an
RT-QuIC reaction with truncated PrP (rPrP from residues 90 to 231 [rPrP°0-231]), This
construction lacks the N-terminal region, which comprises a critical binding site for
PrPsc and is therefore crucial for prion propagation. Mice expressing PrP< with a
deletion in this region (a deletion from residues 23 to 31 [A23-31]) exhibit resistance to
prion infection, as evidenced by elongated incubation times and delayed accumulation
of PrP>< (45). PrP interaction with ligands putatively associated with its physiological
function can also be mediated by this region (reviewed in references 17 and 46). ThT
fluorescence was less intense when we used the rPrP20-231 construct (Fig. 5) than when
we used the rPrP23-231 construct (Fig. 3) as the substrate. J8 remained effective against
the truncated construct, indicating that this compound probably interacts with the PrP¢
C-terminal, globular domain (Fig. 5). On the other hand, Y17 was ineffective in this
assay, showing that the N-terminal region is essential to its activity.

RT-QuIC reactions were also performed after preincubation of the compounds with
the seed only (in the absence of the substrate), which resulted in the loss of their
efficacy (Fig. 6). However, the screening in cell lines infected with different prion strains
showed a strong strain-dependent effect for all compounds (Fig. 2), indicating that an
alternative mechanism of action may exist. Based on our results, we cannot rule out the
possibility that the compounds bind to both PrP forms (PrP< and PrP><) or that another
substance in the brain homogenate might be quenching the compounds, thus making
them unavailable to bind to PrP< (or even PrP><). Additionally, the interaction of the
compound with PrP>< from the brain homogenate might somehow allow the infectious
form to convert PrP< in vitro.

Effect on fibrillation kinetics seeded with in vitro-produced fibrils. Baskakov and
colleagues developed a technique to induce rPrP fibrillation in vitro under partially
destabilizing conditions (1 M guanidinium HCl and 3 M urea) without the need for a
PrP>< seed (47, 48). Herein, we used this method as a tool to generate fibrils and employ
them to seed the in vitro conversion of murine rPrP23-231 under nondenaturing
conditions, as in the RT-QuIC assay. This technique provided a simplified and econom-
ical approach to investigate the ability of the compounds to influence rPrP fibrillation
in vitro. Although none of the compounds delayed the lag phase, as indicated by
comparing the T,, values for the reactions, the total conversion was significantly
reduced in the presence of J8 in relation to the level of conversion of the control (Fig.
7). This finding corroborates the results from the RT-QuIC assays, reinforcing our
hypothesis that J8 interacts with PrP< and prevents its conformational transition into
misfolded, amyloid forms.

Molecular docking simulation. Previous works have indicated that some residues
in PrP< a-helices 2 and 3 have a reduced conformational stability compared to others.
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FIG 4 Effects of the test compounds on rPrP23-231 fibrillation in reaction mixtures seeded with CJD
agent-infected human brain homogenate. (A) RT-QuIC reactions with full-length hamster rPrPse" at 0.1
mg/ml (4.3 uM) in the absence (positive control) or in the presence of the test compounds at 40 uM (1:10
molar ratio). Normal brain homogenate (NBH) was used as a negative control. T, , values are shown for
all experiments except the experiment with the CJD agent and J8, in which the T, ,, values could not be
correctly determined. All conditions were tested in quadruplicate. (B) Western immunoblots of the
reaction end products. Molecular size markers (in kilodaltons) are shown on the left. (C) Quantities of
PrPRes relative to the values for samples containing the CJD agent seed (positive control) and NHB
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FIG 5 Effects of test compounds on RT-QuIC kinetics with rPrP9°-231 as the substrate and strain 263K as
the seed. The reactions were performed with truncated hamster rPrPse" at 0.1 mg/ml (6.3 uM) in the
absence (positive control) or in the presence of the test compounds at 40 uM. Normal brain homogenate
(NBH) was used as a negative control. T,,, values are shown for all experiments except the experiment
with 263K and J8, in which the T, , values could not be correctly determined.

Conformational fluctuations in these regions could account for the transition from PrP¢
to high-energy intermediate states and PrPs< (49, 50). Kuwata et al. (51) reported an
effective antiprion compound, named GN8, which reduced the PrPRes content in cells
infected with four prion strains, prolonged diseased mouse survival after intraventric-
ular and subcutaneous administration, stabilized the PrP¢ structure against thermal
denaturation, and directly bound to PrP< globular domain. As evidenced by nuclear
magnetic resonance (NMR) and computer simulation analyses, this group showed that
GNB8 interacted with the Asn159 (located in the a1-82 loop) and Glu196 (located in the
a2-a3 loop) residues by hydrogen bonding and proposed that the intercalation be-
tween these two hot-spot regions stabilizes the PrP< conformation. Subsequent com-
putational studies reinforced the chemical chaperone activity exhibited by GN8 (52, 53).

In order to obtain further information about the mode of interaction of J8 with
the PrP¢ globular domain, we performed a molecular docking simulation between
Prp121-231 (PDB ID 1AG2) and J8 using AutoDock (version 4.2.6) software. To validate
our method, we first executed the docking analysis with GN8 and found a molecular
orientation and interactions very similar to those evidenced in previous work (Fig. S3)
(51-53). J8 was predicted to form hydrogen bonds with «1-82 loop residues Asn159
and GIn160 and with «2 residue His187 (Fig. 8). We thus hypothesize that the connec-
tion between these two sites made by J8 may restrict conformational fluctuations in the
PrPC globular domain and hamper the conversion into B-sheet-rich structures, like
those in PrPse,

Effects on cellular PrP gene expression. Our next approach was to investigate
whether changes in PrP¢ expression could be a key event in the antiprion activity
displayed by the compounds. We treated N2a cells with the compounds and analyzed
PrP< gene expression by reverse transcription-quantitative real-time PCR (RT-gqPCR).
Treatment with J1, J8, J20, or Y17 did not alter the Prnp mRNA content in relation to

FIG 4 Legend (Continued)

(negative control). Lanes were cut from the same blot, with no differential adjustments being made to
the image contrast or intensity. The results for compounds J1 and J20 were removed, since they were not
effective in this assay. The original blot is shown as Fig. S2 in the supplemental material.
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FIG 6 Effect of preincubation of the test compounds with the strain 263K seed on rPrP23-231 fibrillation.
The reactions were performed with full-length hamster rPrPse" at 0.1 mg/ml (4.3 uM) in the absence
(positive control) or in the presence of the test compounds at 40 wM. Normal brain homogenate (NBH)
was used as a negative control. T,,, values for the RT-QuIC reaction kinetics are shown.

that in untreated cells (Fig. 9). This finding strongly suggests that the mechanisms of
action of these compounds are independent of the regulation of Prnp mRNA levels.
Effects of the compounds on PrP€ localization. As the compounds did not alter
the PrP< mRNA content, we evaluated if the antiprion effect could be due to changes
in PrP cellular location by analyzing the N2a cells treated with the compounds by
immunofluorescence. One of the ways to prevent PrPSc formation is to promote the
internalization of PrPS, thus reducing the amount of substrate available on the cell
surface to be converted into PrPsc. Our results showed that J1, J8, and Y17 were able
to drastically reduce the level of PrP< exposure on the cell surface (Fig. S4). In order to
determine if the test compounds were able to restrain the PrP< at the endoplasmic
reticulum, we measured by structured confocal microscopy the amount of PrP< colo-
calized with GRP78/BiP (endoplasmic reticulum-resident chaperone GRP78/binding
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FIG 7 Kinetics of murine rPrP23-231 fibrillation in reaction mixtures seeded with in vitro-produced fibrils.
The assay was performed with 2 uM rPrP, 1% (mol/mol) seed, and the test compounds at 20 uM (1:10
molar ratio). T, , values are shown. The data shown are representative of those from five independent
experiments.
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FIG 8 Molecular docking simulation of J8 with PrP'21-231 (PDB ID 1AG2). The carbon atoms in the main
residues of the PrP< hot-spot regions are colored in green, and the carbon atoms in J8 are colored in
cyan. Hydrogen bonds are represented as yellow dashed lines. Hydrogen bonds were formed between
the J8 2-methoxy group and the His187 side chain (3.1 A) and between the J8 carbonyl group and both

the Asn159 main chain (2.7 A) and the GIn160 main chain (2.7 A). The binding energy was —7.35
kcal/mol.

immunoglobulin protein) (Fig. 10A). We verified that cells treated with the same
compounds able to reduce PrP¢ membrane location (J1, J8, and Y17) demonstrated
high levels of GRP78/BiP-PrP¢ colocalization (Fig. 10B). The same analysis was per-
formed using as the target microtubule-associated protein 1A/1B light chain 3B (LC3),
a marker of autophagosomes, but no association between PrP< and LC3 was demon-

150

1254 T T

-
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o
1

Prnp mRNA level
(Gapd normalized)
8 o

)
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& ¢ N ® N a
$ & s § $ K
40

FIG 9 RT-gPCR analysis of Prnp mRNA expression in N2a cells. Cells were treated with the test
compounds (J1, J8, J20, and Y17) at 10 uM or the vehicle (DMSO 0.1%). Prnp mRNA levels were
normalized to the Gapd mRNA content and were expressed relative to the value for untreated cells (UT).
One-way ANOVA was performed using GraphPad Prism software. Error bars indicate standard errors of
the means (SEM). The number of independent experiments for each condition was 4 for untreated cells,

1 for vehicle-treated cells, 1 for J1-treated cells, 3 for J8-treated cells, 2 for J20-treated cells, and 1 for
Y17-treated cells.

February 2018 Volume 62 Issue 2 e01441-17

Antimicrobial Agents and Chemotherapy

aac.asm.org 10


http://www.rcsb.org/pdb/explore/explore.do?structureId=1AG2
http://aac.asm.org

Antiprion Compounds Change PrP¢ Cellular Location
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FIG 10 PrP< neuronal location after test compound treatment. (A) Representative fields of images from
structured illumination confocal immunofluorescence analysis of PrPC (green) and BiP (red) cellular
colocalization in mouse neuroblastoma N2a cells treated with 10 uM test compounds (J1, J8, J20, and
Y17) or 0.1% DMSO (vehicle). Arrows, areas of PrP¢ and BiP colocalization, indicating PrP< arrest at the
endoplasmic reticulum. The nuclei were stained with DAPI (blue). Bar, 10 um. (B) Colocalization analysis
was performed with ImageJ software. Twenty fields with more than 30 cells each were analyzed per
condition. One-way ANOVA was performed. Error bars indicate standard errors of the means (SEM). *, P <
0.05 relative to the control; ***, P < 0.001 relative to the control.

strated (Fig. S5), indicating that the mechanism of action of compounds J1, J8, and Y17
is related to PrP¢ arrest in the endoplasmic reticulum.

Effects of the compounds on rPrP stability in vitro. We then investigated whether
the antiprion activity exhibited by the compounds could be attributable to an ability to
stabilize the PrP< structure. This was performed by subjecting mouse rPrP23-231 to
temperature-induced denaturation in the presence of the compounds. Circular dichr-
oism was used to monitor the changes in the PrP secondary structure along the
process. The ellipticity values at 222 nm, which are distinctive for the a-helical content
(54), were recorded during temperature scanning from 25 to 80°C. None of the
compounds altered the stability of rPrP< at molar ratios of 1:1 and 1:10 (Fig. S6), as they
did not elicit any significant difference in T,,, values in relation to the value for the
vehicle. This finding may be explained by transient binding to the protein.
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DISCUSSION

The unceasing search for antiprion drugs has been stimulated not only because TSEs
comprise a group of untreatable diseases but also because prion diseases share some
pathological characteristics with other neurodegenerative diseases, such as Alzheimer’s
and Parkinson’s diseases (6, 55). The most common strategy exploited to discover new
antiprion drug candidates is based on screening for molecules that are able to decrease
the amount of PrPsc in prion-infected cells or that are effective in inhibiting PrP<-to-
PrPSc conversion. In this sense, several antiscrapie compounds have previously been
identified through in silico and in vitro methodologies, including 2-aminothiazoles,
tetrapyrroles, methoxychalcones, oxadiazoles, pyrazolones, and polyanionic or polyca-
tionic molecules (23, 56-61). Members of several classes of compounds have extended
the survival time of prion-infected animals when they were administered prophylacti-
cally or well in advance of the clinical phase of disease, but no treatments are known
to be effective in humans at any stage of prion infection. Thus, it remains important to
continue the search for more effective compounds that may directly interact with PrP¢
or PrPs<, affect PrP>< clearance, or act via additional mechanisms of action. Regarding
the direct interaction with PrP<, Hosokawa-Muto and coworkers (62) investigated a
library of 60,000 compounds and identified, through in silico screening using AutoDock
software, 590 potential ligands able to interact with PrP. From these, 205 were selected
for evaluation in prion-infected cells, and only 24 significantly inhibited the accumu-
lation of PrPs<, Besides that, some of the compounds decreased PrP>< levels but had a
low affinity of binding to PrP, as evidenced by surface plasmon resonance. Subse-
quently, the same group classified antiprion substances into four categories according
to their effect: (i) those that specifically stabilize the conformation of PrP, (ii) those that
nonspecifically stabilize the conformation of PrP, (iii) those that aggregate and precip-
itate PrPS, and (iv) those that interact with molecules other than PrP<. Considering the
multifactorial nature of prion diseases, a molecule with two motifs, one for prion
recognition and another for metal chelation, was synthesized (63). Beyond its antiprion
activity in ScN2a cells, this compound (multitarget-directed ligand 1) extended the lag
phase in an in vitro amyloid seeding assay, inhibited metal-induced prion aggregation,
and decreased the amounts of reactive oxygen species (63), indicating that multitarget-
directed ligands may be of value for the treatment of TSEs. It is crucial to consider that
beyond PrP aggregation and accumulation, these diseases also involve brain inflam-
mation, synaptic alterations, and neuronal death (64), and therefore, it is reasonable to
identify compounds that act against other targets, besides PrP. In this work, we
investigated the mechanisms of action of four compounds previously identified to have
antiprion activity in ScN2a cells (23). It is worth mentioning that one of the main
reasons for the failure of various antiprion compounds as drugs is in vivo toxicity. In this
sense, the selected compounds, which were previously tested in healthy mice (25), did
not elicit acute toxicity, thus encouraging us to further investigate their mechanisms of
action. Since two of the most common targets of antiprion drugs are PrP< and PrP>¢, we
performed RT-QuIC reactions to check this possibility. We found that J8 was effective
when both seeds (263K and the CJD agent) were used, while Y17 was active only
against the CJD agent seed. Furthermore, J8 and Y17 also delayed the lag phase,
increasing the T,,, of the reaction from ~18 h to 32 and 26 h, respectively. We
performed docking assays with J8 using murine PrP (PDB ID 1AG2) to support our
proposal that this compound interacts with the globular domain of PrP< (Fig. 9), as it
was effective both in RT-QuIC reactions and also when rPrP?°-231 was used as the
substrate. In the absence of the PrP N-terminal region, the inhibitory effect was
intensified, probably because the unstructured region could hamper the interaction
between this molecule and the protein. Performance of the RT-QuIC assay with
preincubation of the compounds with the brain homogenate showed a loss of com-
pound efficacy (Fig. 6), indicating that these compounds may interact with other
molecules in the brain homogenate (or even with PrPs<). As discussed above, other
mechanisms apart from direct PrP</PrP>< binding can contribute to antiprion activity.
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None of the compounds altered significantly the PrPS mRNA content, as verified by
RT-gPCR (Fig. 9). To explore that, we analyzed the effects of compounds in the cellular
environment by structured illumination confocal microscopy. We observed that J1, Jg,
and Y17 decreased the amount of PrP< on the cell surface, causing PrP arrest in the
endoplasmic reticulum (Fig. 10). The association of PrP< with GRP78/BiP could signifi-
cantly impact the outcome of the disease, due to the involvement of GRP78/BiP in the
reduction of the level of PrPsc replication and the disease phenotype associated with
the inhibitory activity on PrP misfolding. Park and collaborators demonstrated that
reducing the amount of GRP78/BiP in vitro and in vivo led to a significant increase in the
level of PrPsc replication and disease progression (65). More interestingly, overexpres-
sion of GRP78/BiP reduced the level of PrPs< formation in cells. In summary, we suggest
that compound J8 is an interesting candidate for further in vivo analysis in diseased
mice, as it was effective in the in vitro conversion and aggregation assays, and this
effect might be due to a direct interaction with PrP<. Nevertheless, we propose that
compounds with mechanisms other than direct binding to PrP</PrPs< and also clear-
ance of PrPsc be investigated in the search for antiprion compounds. This proposal is
supported by the fact that several inhibitors of PrP<-to-PrP>c conversion are identified
annually but in fact there is no proportional progress in preclinical and clinical studies
of these compounds.

MATERIALS AND METHODS

Compounds. The chalcones (compounds J1, J8, and J20) and oxadiazole (compound Y17) (Fig. 1)
analyzed in this work were synthesized as previously described (66-68). Structural characterization was
performed by "H and '3C nuclear magnetic resonance (NMR) in CDCl, or dimethyl sulfoxide-d6 (DMSO )
solution and by electrospray ionization mass spectrometry (ESI-MS). The NMR and MS-ESI spectra
obtained for the chalcones (compounds J1, J8, and J20) and oxadiazole (compound Y17) were according
to the assigned structures and the structural data available in work previously published in the literature
(66-68).The purity of the tested compounds was assessed by analytical high-performance liquid chro-
matography (HPLC) using a Shimadzu LC-20AD chromatograph with a Kromasil 100-5C,4 column (4.6
mm by 250 mm) and a Shimadzu SPD-M20A detector. The isocratic HPLC solvent system was acetonitrile-
water at 60:40 or 80:20, and the flow rate was 1.0 ml/min. All compounds presented purities higher than
95%. These substances were solubilized in dimethyl sulfoxide (DMSO) and then diluted in phosphate-
buffered saline, glucose, and phenol red (PBBS) at pH 7.3 for scrapie agent-infected cell assays or in
phosphate-buffered saline (PBS) at pH 7.0 for spectroscopy measurements.

rPrP expression and purification. rPrP was expressed in E. coli and purified by affinity chromatog-
raphy as previously described (24).

Cell lines. Murine neuroblastoma (N2a) cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 10 wg/ml gentamicin (complete medium).
We also used a murine neuroblastoma cell line, ScN2a, infected with the prion strains RML (69) and 22L
(70) and cells of a transformed mule deer cell line persistently infected with the chronic wasting disease
agent (MDB-CWD cells) (32). Scrapie agent-infected cells were grown in Opti-MEM medium (Gibco Life
Technologies) supplemented with 2 mM glutamine, 10% FBS, penicillin, and streptomycin. All cells were
incubated at 37°C in a 5% CO, atmosphere.

Dot blot assays. Dot blot assays were performed as previously described (23, 31). Cells that had
previously been cultured in bottles until they reached confluence were seeded into a 96-well plate and
incubated for 4 h to enable adhesion to the plate surface. After this period, the compounds were applied
into the medium to a final concentration of 10 uM, and the culture was incubated for 4 days. Each
treatment was tested in quadruplicate. The vehicle corresponded to DMSO at 0.1%. Before proceeding
to subsequent steps, the cells were inspected by optical microscopy, and no change in cellular
appearance relative to that of the control cells was observed. After removal of the culture medium, the
cells were lysed and treated with 25 ng/ml (0.88 uM) proteinase K (PK; Calbiochem) for 1 h at 37°C; then,
200 ul of Pefabloc at 1T mM (Boehringer Manheim) was added to each well to inhibit PK activity. The
lysates were applied to the dot blot apparatus (Minifold 1; Schleicher & Schuell, BioScience GmbH) and
transferred to a polyvinyl difluoride membrane. The Prnp©® mouse-derived monoclonal 1gG2a anti-
mouse PrP antibody 6D11 (1:7,500; code sc-58581), which recognizes PrP residues 97 to 100 (71, 72), was
diluted 1:7,500 in a 5% nonfat milk plus Tris-buffered saline-Tween 20 (TBS-T) solution for 1 h. After 3
washings in TBS-T, the alkaline phosphatase-conjugated secondary antibody was added and the mixture
was incubated for at least 30 min. The membrane was then washed with TBS-T, and the AttoPhosH
reagent (Promega) was applied to the center of the membrane, which was left to dry prior to being read
in a Typhoon scanner (GE Healthcare). The intensity density for each well was quantified using ImageJ
software (http://imagelJ.nih.gov/ij).

RT-QuIC assays. Real-time quaking-induced conversion (RT-QuIC) reactions were performed as
previously described (23, 24). Each well of a black-walled, clear-bottom 96-well plate (Nunc, Rockford, IL,
USA) was loaded with a reaction mixture containing the following components at the indicated final
concentrations: 10 mM phosphate buffer (pH 7.4), 300 mM NaCl, 10 uM thioflavin T (ThT), 1 mM EDTA
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tetrasodium salt, test compounds at 40 uM, substrate (rPrP5e") at 0.1 mg/ml, and 2 ul of a 1 X 10~7
dilution of 263K scrapie agent-infected hamster brain homogenate and CJD agent-infected human brain
homogenate containing ~10 fg of PrPRes, as quantified by Western blotting. Two different substrates
were used: full-length hamster PrP (PrP23-231) and truncated hamster PrP (PrP°°-231), which does not have
the N-terminal region. Each treatment was tested in quadruplicate. The vehicle corresponded to 0.4%
DMSO. The plates were sealed with a sealer (Nalgene Nunc International) and placed in a FLUOstar
Omega microplate reader (BMG Labtech, Germany). Experiments with continuous cycles of 1 min of
double-orbital shaking at 700 rpm and 1 min of rest were performed. Recordings of the ThT fluorescence
(excitation wavelength, 450 = 10 nm; emission wavelength, 480 = 10 nm) at the bottoms of the wells
were taken every 45 min. The final curves represent the means for 4 wells. The results were fitted to
four-parameter logistic regression curves described by the following equation on SigmaPlot software
(Systat Software, Inc.):

a

yEyob T (1)

1+(7)
Xo

where y is the fluorescence intensity, y, is the minimum value of the fluorescence intensity, x is time, x,
is the time required for 50% of the maximum fluorescence intensity (T, ,,), a is the maximum value of the
fluorescence intensity, and b is the curve slope. The RT-QuIC reaction products were submitted to
Western blotting. The contents from 4 wells were treated with 10 pug/ml (0.35 uM) PK and then
submitted to Western blotting. PrP was labeled with anti-PrP antibody R20, which recognizes residues
218 to 232 (73). Band intensity density was quantified using ImageJ software (http://imagel.nih.gov/ij).

Fibril amplification seeded with in vitro-produced fibrils. Initially, rPrP fibrils were produced in
vitro following the protocol described by Baskakov and colleagues (47, 48). Briefly, a stock solution of
murine rPrP23-231 in 6 M guanidinium HCl was diluted to a final concentration of 10 uM in 10 mM
phosphate buffer (pH 6.8) containing 1 M guanidinium HCl, 3 M urea, and 150 uM NaCl. The subsequent
steps were based on the RT-QuIC assay and were performed as described above, with the following
differences: (i) the reaction mixtures contained 10 mM phosphate buffer (pH 7.4), 300 mM NaCl, 10 uM
ThT, test compounds at 20 uM, substrate (murine rPrP23-237) at 2 uM, and in vitro-produced fibrils at 1%
(mol/mol); (ii) the vehicle corresponded to 0.2% DMSO; and (iii) recording of the ThT fluorescence signals
at the bottoms of the wells was performed every 41 min. Results were fitted to four-parameter logistic
regression curves described by equation 1 in SigmaPlot software (Systat Software, Inc.).

Molecular docking simulation. The method used for molecular docking simulation was based on
that described by Hyeon et al. (74). Initially, the energy-minimized three-dimensional structures of the
tested compounds were generated in Avogadro (version 1.2.0) software (75). The compounds were then
docked into the mouse PrP< globular domain (PDB ID 1AG2) using AutoDock (version 4.2.6) software
(76).The search space was delimited in a grid of 64 by 58 by 54 points with a default spacing of 0.375
A and centered on x, y, and z coordinates of 4.913, 7.305, and 2.540, respectively. A total of 50 docking
simulation runs were executed with the Lamarckian genetic algorithm (LGA), using the default param-
eters. The results were subjected to the clustering of conformations, and the conformer selected for
further analysis was the one which presented the lowest Gibbs free energy of binding in the most
populated cluster.

RT-qPCR. The reverse transcription quantitative real-time PCR (RT-gPCR) protocol was executed as
previously described (77, 78). N2a cells were seeded in complete medium at a density of ~1 X 10*
cells/cm? into 6-well plates and were incubated for 3 h at 37°C in a 5% CO, atmosphere. The compounds
were then applied to the cultures at a final concentration of 10 uM. The vehicle corresponds to 0.1%
DMSO. After 4 days of incubation, the medium was removed and the cultures were washed with PBS.
Total RNA extraction was performed using the TRIzol reagent (Thermo) in accordance with the manu-
facturer’s instructions. Afterwards, genomic DNA contamination was eliminated by digestion with DNase
| from a DNA-free kit (Ambion). The RNA concentration was measured by determination of its absorbance
at 260 nm, and its integrity was verified by electrophoresis on 1% agarose and ethidium bromide
staining. In order to ensure that the samples were devoid of DNA, conventional PCR was carried out using
three primers for the proto-oncogene myc. RNA from noncontaminated samples was then reverse
transcribed using a first-strand ¢cDNA synthesis kit (GE Healthcare). Subsequently, RT-qPCR was per-
formed using an Applied Biosystems 7500 system. Amplification mixtures (20 ul) included TagMan
master mix buffer, template ¢cDNA, primers, and TagMan probes with a 6-carboxyfluorescein (FAM)
reporter at the 5" end and a black hole quencher (BHQ) at the 3’ end. The sequences of PrP (Prnp) and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase; Gapd) primers and probes are shown in Table S1
in the supplemental material. Prnp mRNA levels were normalized to the Gapd mRNA content.

Fluorescence microscopy. N2a cells were seeded at a density of ~1,500 cells/cm? into 24-well plates
containing coverslips. The cells were exposed for 48 h to the different test compounds at 10 uM, using
a 0.1% solution of DMSO as the vehicle. Following the incubation, the medium was removed and the
cells were fixed for 2 h with 4% paraformaldehyde, permeabilized for 1 h with 50 mM glycine, and
blocked with 2% bovine serum albumin (BSA) in phosphate-buffered saline (PBS). After that, the primary
antibodies anti-mouse PrP 6D11 (1:500), rabbit-derived polyclonal IgG anti-mouse GRP78/BiP (1:500;
code sc-13968), and rabbit-derived polyclonal IgG anti-mouse LC3 (1:3,000; code ab51520) were added
and the mixture was incubated overnight. The cells were then incubated with Alexa Fluor 488-
conjugated goat anti-mouse immunoglobulin antibody (Invitrogen, CA, USA) and Alexa Fluor 594-
conjugated goat anti-rabbit immunoglobulin antibody (Invitrogen, CA, USA) for 2 h, and the nuclei were
stained with DAPI (4’,6-diamidino-2-phenylindole; Sigma-Aldrich, St. Louis, MO, USA). The coverslips were
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then removed from the wells, mounted on slides with Vectashield mounting medium (Vector Labora-
tories), and analyzed on a Zeiss Axio Observer Z1 fluorescence microscope, operated by AxioVision
(release 4.8.2.0) software (Carl Zeiss, Heidenheim, Germany). Confocal images were generated with a
structured illumination system (Apotome 2; Carl Zeiss, Heidenheim, Germany). Samples were excited by
XBO illumination using a Zeiss Plan-Neofluar 63X objective (numerical aperture, 1.40). Images were
acquired with an HMR Axiocan monochrome camera controlled by AxioVision (version 3.2) software (Carl
Zeiss, Heidenheim, Germany). Colocalization analysis was performed with ImageJ software. Briefly, the
red (BiP) and green (PrP<) signals were extracted, the background pixilation was removed from the
analysis, and then merged channels were analyzed using the built-in colocalization threshold function of

the software. A minimum of 100 cells per sample were scored in each experiment.

Statistical analysis. Data from the dot blot and RT-qPCR assays were analyzed using one-way
analysis of variance (ANOVA) with Tukey’s multiple comparisons. Microscopy data were analyzed using
a nonparametric one-way ANOVA, with a Kruskal-Wallis test conducted as a posttest to compare relevant
groups. All statistical evaluations were performed with GraphPad Prism software.
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