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Abstract: A variety of antiprion compounds have been reported that are effective in ex vivo and

in vivo treatment experiments. However, the molecular mechanisms for most of these

compounds remain unknown. Here we classified antiprion mechanisms into four categories: I,
specific conformational stabilization; II, nonspecific stabilization; III, aggregation; and IV,

interaction with molecules other than PrPC. To characterize antiprion compounds based on this

classification, we determined their binding affinities to PrPC using surface plasmon resonance
and their binding sites on PrPC using NMR spectroscopy. GN8 and GJP49 bound specifically to

the hot spot in PrPC, and acted as ‘‘medical chaperones’’ to stabilize the native conformation.
Thus, mechanisms I was predominant. In contrast, quinacrine and epigallocathechin bound to

PrPC rather nonspecifically; these may stabilize the PrPC conformation nonspecifically including

the interference with the intermolecular interaction following mechanism II. Congo red and
pentosan polysulfate bound to PrPC and caused aggregation and precipitation of PrPC, thus

reducing the effective concentration of prion protein. Thus, mechanism III was appropriate.

Finally, CP-60, an edarabone derivative, did not bind to PrPC. Thus these were classified into
mechanism IV. However, their antiprion activities were not confirmed in the GT 1 FK system,

whose details remain to be elucidated. This proposed antiprion mechanisms of diverse
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antiprion compounds could help to elucidate their antiprion activities and facilitate effective

antiprion drug discovery.

Keywords: prion protein; anti-prion compounds; action mechanism; medical chaperones

Introduction

Transmissible spongiform encephalopathies (TSEs)

are neurodegenerative diseases that include Creutz-

feldt–Jakob disease, chronic wasting disease, scra-

pie, bovine spongiform encephalopathy, and others.

Although the conversion of prion protein (PrP) from

the normal cellular form (PrPC) to the misfolded

scrapie form (PrPSc), and the accumulation of PrPSc

in the central nervous system are the characteristic

features of these diseases,1,2 the detailed structure

of PrPSc and the details of the conversion reaction

remain unknown. The occurrence of TSEs is associ-

ated with specific mutations in PrP, inoculation with

infectious material, or spontaneous onset. Because

there are currently no established therapies, it is im-

portant to identify compounds with therapeutic or

prophylactic activity against TSEs. The purpose of

this study was to understand the various mecha-

nisms of action of previously reported antiprion com-

pounds and obtain further insights into optimizing

their antiprion activities as well as the conversion

mechanism of prion proteins.

To date, no purification method for a unique

PrPSc strain has been fully established;3 thus,

quantitative binding experiments for a single PrPSc

conformer is not feasible. Ideal stoichiometric deter-

minations of ligand binding akin to the oxygen–

hemoglobin binding scheme4 are rather restricted

because of the limitation of quantifying PrPSc.

In contrast, populations of PrPSc are considered

to be kinetically regulated.5 If the reaction rate of

the PrPC!PrPSc conversion could be successfully

reduced to a certain level, the population of avail-

able PrPSc would gradually be reduced.6 Following

this strategy, we can completely examine the binding

properties of ligands with PrPC and evaluate their

stabilization effects on PrPC, their interference

effects on the interaction between PrPC and PrPSc,

and such other effects. These activities are well rep-

resented by the notion of chemical chaperones.6

We previously reported a variety of antiprion

compounds that were discovered based on the struc-

tures and dynamics of prion proteins.6,7 Among

these antiprion compounds, GN86 and its deriva-

tives8 are unique because of their affinities for PrPC,

their binding sites at atomic resolution, and their

antiprion activities that were clarified in both

ex vivo and in vivo experiments.6,8 Other compounds

have also been reported to bind to PrPC and inhibit

its pathogenic conversion.7,9 Several groups have

also reported various antiprion compounds based on

ex vivo and/or in vivo experiments.10–13 However,

the details of their antiprion activities remain

unknown. Thus, we attempted to characterize their

antiprion mechanisms based on their binding prop-

erties to PrPC.

Although previous studies on antiprion com-

pounds primarily emphasized the biological effects of

these compounds (IC50), this study examined the

various mechanisms of antiprion effects based on

their binding properties to PrPC. Thus, this study

may offer new insights into the mechanisms of prion

diseases. To characterize these antiprion compounds,

we determined their binding affinities to PrPC using

surface plasmon resonance (SPR) and their binding

sites on PrPC using NMR spectroscopy.

We selected 13 typical antiprion compounds,

including GJP49, GJP14, quinacrine, Congo red, epi-

gallocatechin gallate (EGCG), pentosan polysulfate

(PPS), CP-60, Edaravone derivative 13, D-PEN, and

Indole-3-glyoxylamide derivatives (see Table I). We

classified these compounds into several classes based

on their binding properties to PrPC. GJP49 and

GJP14 are antiprion compounds that were discov-

ered through in silico screening.7 Quinacrine, which

has been used as an antimalarial drug for over 60

years, has also been shown to be an antiprion com-

pound.10 Congo red, a dye used for staining amyloid

fibrils, has been reported to have antiprion activ-

ity.14 EGCG is a polyphenolic compound in tea that

has been reported to have antiprion activity,15 and

PPS, which is used as a therapeutic agent for

chronic cystitis, has also been reported to be an

antiprion compound.16,17 We also examined CP-60,11

edaravone derivative 13,18 D-PEN,19 and indole-3-

glyoxylamide derivatives.20 In addition, we discuss a

novel concept, ‘‘medical chaperone,’’ in the context of

further optimization of these previously identified

antiprion compounds.

Results

GJP49 and GJP14 specifically bind to PrPC

We previously reported the binding affinity of

GJP49 for PrPC as determined by SPR.7 The SPR

data were fit using a 1:1 binding model of equilib-

rium analysis, and the dissociation constant (KD)

was estimated to be 50.8 lM. To identify the interac-

tion sites on PrPC for GJP49, we measured the
1H-15N HSQC spectra with or without GJP49 and

superimposed them, as shown in Figure 1(A). We

also calculated the chemical shift perturbations (Dd)
of 1H and 15N nuclei in PrPC upon binding with this

compound [Fig. 1(B)], and significantly perturbed
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Table I. Antiprion Compounds Used in This Study

Compound Chemical structure M.W.
Relative

PrPSc levela (%)
Antiprion
mechanism References

GJP49 344.5 47.4 I 7

GJP14 342.5 51.3 I 7

Quinacrine 400 Toxicb II 10

Congo red 696.7 39.6 II þ III 14

Epigallo-catechin gallate
(EGCG)

458.4 65.6 II þ III 15

Pentosan polysulfate (PPS) 366.3n NDc II þ III 16,17

CP-60 333.4 94.3 IVd 11

Edaravone derivative 13 281.3 93.0 IVd 18

D-PEN 149.2 95.5 IVd 19

Indole-3-glyoxylamide
derivative 2

278.3 81.8 IVd 20

Indole-3-glyoxylamide
derivative 10

298.7 110 IVd 20

Indole-3-glyoxylamide
derivative 12

294.3 103 IVd 20

Indole-3-glyoxylamide
derivative 13

294.3 Toxice IVd 20

a Mean PrPSc level (%) using 10 lM of each compound on Fukuoka-1 strain-infected GT þ FK cells.
b Relative PrPSc level is 37.1 at 2 lM for quinacrine.
c Though PrPSc level at 10 lM cannot determined because the compound concentration could not be determined, relative
PrPSc level at 10 lg/mL is 24.4 for PPS.
d Binding to PrPC nor antiprion activities in GT þ FK system were not confirmed.
e Relative PrPSc level is 144 at 5 lM for indole-3-glyoxylamide derivative 13.
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PrPC residues were mapped onto the three dimen-

sional structure of mouse PrP (PDB ID: 1AG2).

Figure 1(E) shows the specific binding of GJP49 to

the C-terminal region of helix B and at part of the

B-C loop of PrPC.

We also examined the interaction sites for

GJP14, another effective antiprion compound that

was found by in silico screening.7 This compound

also bound to the same region of PrPC [Fig. 1(C)].

The region of PrPC that binds GJP49 and GJP14

corresponds to that of GN8, another antiprion com-

pound that we examined in a previous article.6 This

region of PrPC undergoes a global fluctuation on a

time scale of micro- to milliseconds.21

As a negative control for these binding experi-

ments, we also examined the interaction sites of

Figure 1. Characteristics of the binding sites for the antiprion compound GJP49. GJP49 was discovered by in silico

screening using Autodock.7 (A) 1H-15N HSQC spectra of 15N-labeled recombinant prion protein, mouse PrP(121–231) (33 lM),

with (red) or without (blue) GJP49 (500 lM). (B–D) Plots of chemical shift perturbations (Dd ¼ [(Dd1H)
2 þ 0.17(Dd15N)

2]1/2) as a

function of the residue number. (E) Mapping of the significantly perturbed residues on the three-dimensional structure of the

prion (1AG2). The perturbed residues with Dd values of >0.04 ppm are shown in red, and those with 0.4 < Dd < 0.3 ppm are

shown in orange. The binding pocket is overlaid in green. S1, HA, S2, HB, and HC indicate S1 strand, helix A, S2 strand,

helix B, and helix C, respectively. The image was created using PyMol.
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GFP55, which belongs to a low-binding, ineffective

group of compounds.7 In contrast to GJP49 and

GJP14, the addition of GFP55 did not result in a

significant chemical shift change [Fig. 1(D)].

Therefore, we considered that GJP49 and GJP14

specifically bound to a flexible pocket of PrPC and

inhibited the pathogenic conversion of PrPC to

PrPSc.

Figure 2. Surface plasmon resonance sensorgrams for various antiprion compounds. (A) Quinacrine; the concentrations

from bottom to top are: 0.781, 1.56, 3.13, 6.25, 12.5, 25, 50, and 100 lM. (B) Epigallocathechin gallate; the

concentrations from bottom to top are: 3.91 7.81, 15.6, 31.3, 62.5, and 125 lM. (C) Congo red; the concentrations

from bottom to top are: 1.56, 3.13, 6.25, 12.5, 25, 50, and 100 lM. (D) Pentosan polysulfate; the concentrations is:

1.95 lg/mL. (E–H) CP60, Edarabone derivative 13, D-PEN, and indole-3-glyoxylamide derivative 10; the concentrations

from bottom to top are: 0.75, 1.25, 2.5, 5.0, 10, 20, and 40 lM. The symbol * indicates spike noise. Insets show the

compound concentration dependence of the Biacore response. For quinacrine, Congo red, and pentosan polysulfate

binding experiments, recombinant mouse PrP(121–231) was fixed on the surface of the sensor chip. For

epigallocatechin gallate, CP60, edarabone derivative 13, D-PEN, and indole-3-glyoxylamide derivative 10 binding

experiments, recombinant mouse PrP(23–231) was fixed on the surface of the sensor chip.
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Quinacrine binds to PrPC in a nonspecific

manner

We analyzed SPR responses to examine the specific-

ity of the interaction between quinacrine and PrPC

[Fig. 2(A)]. The SPR response increased as the con-

centration of test compound increased, without any

trend toward saturation [inset in Fig. 2(A)]. The SPR

response for quinacrine could not be fit using a sim-

ple binding model, which suggested nonspecific adhe-

sion possibly due to strong hydrophobic interactions.

It has been reported that quinacrine accumu-

lates in the brain after long-term administration.22

In addition to PrPC binding, quinacrine may also

bind to other proteins without being degraded,

which would cause the observed accumulation in the

brain and significant side effects. To characterize the

interaction sites between quinacrine and PrPC, we

obtained the chemical shift perturbations (Dd) from

the 1H-15N HSQC spectra [Fig. 3(C)] and mapped

these onto the three dimensional structure [Fig.

3(D)]. When quinacrine was added to a 30.6 lM
solution of PrPC at a final concentration of 500 lM,

no significant change in chemical shift was observed.

When we increased the concentration of quinacrine

(to 5.3 mM), the chemical shift perturbations

increased to >0.04 for residues covering the entire

molecular surface, particularly around parts of heli-

ces A, B, and C, including residues Y225, Y226, and

D227. This result strongly suggested a nonspecific

interaction.

Based on the results of an ex vivo assay using

the GT þ FK cell line,23 the IC50 values for GN8

and quinacrine were 1.40 lM and 1.11 lM, respec-

tively.8 The mean Dd values with GN8 at 1.0 mM

and PrPC at 26 lM roughly corresponded to those

for quinacrine at 5.3 mM and PrPC at 32.4 lM,

respectively. Although their IC50 values were close,

quinacrine required an approximately fourfold

Figure 3. Chemical shift perturbations (Dd) as a function of residue number and the mapping of Dd onto the three

dimensional structure of recombinant mouse PrP(121–231) (PDB ID: 1AG2). (A, B) GJP49, (C, D) quinacrine, and (E, F)

epigallocatechin gallate (EGCG). Final concentrations of the protein and compounds were, respectively, 31 lM and 500 lM
for GJP49 and EGCG binding experiments and 32 lM and 5.3 mM for quinacrine binding experiment.
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greater concentration than GN8 to reach the same

Dd level in its NMR spectrum.

This discrepancy can be explained by the differ-

ences in the specificities of the ligand–protein inter-

action (i.e., the binding regions for quinacrine are

broadly distributed over the entire protein surface).

In addition, the local structural stability of the

ligand–protein complex may be important because

structural fluctuations may reduce the Dd values

through an averaging effect. Quinacrine has also

been reported to be transported into the intracellu-

lar space by endocytosis; lysosomes have a 10,000

times greater concentration of quinacrine than what

is found in the extracellular space.24 Thus, locally

concentrated quinacrine may have been able to

interact with PrPC in the ex vivo experiment.

EGCG binds to PrPC in a nonspecific manner

and partially aggregates PrPC

Although we measured the SPR responses of PrPC

upon binding with EGCG [Fig. 2(B)], the interaction

was too strong to reverse the sensorgram to its original

level, even after an exhaustive washing and subsequent

recovery procedure. Before NMR determinations, we

found that mixing PrPC and EGCG at a molar ratio of

1:10 resulted in precipitating 80% of the PrPC (data not

shown). When we measured the 1H-15N HSQC spec-

trum for PrPC and EGCG at a molar ratio of 1:8.2, we

observed large chemical shift perturbations (Dd) for the
regions that diffusely covered the entire molecule [Fig.

3(F)], which indicated nonspecific binding. Although

EGCG binds to PrPC, which forms aggregates and

causes the precipitation of PrPC, a significant fraction

of this complex remains in the soluble phase.

Congo red promotes aggregation and reduces
the concentration of PrPC

Affinity analysis showed that increased concentra-

tions of Congo red resulted in significantly increased

SPR responses [Fig. 2(C)] without any significant

saturation effect [inset in Fig. 2(C)]. Thus, Congo

red nonspecifically adheres to PrPC. In addition,

PrPC was precipitated as the concentration of Congo

red was increased in the NMR tube [Fig. 4(A)]. To

characterize this interaction at the atomic level, we

measured the NMR spectrum for a sample of PrPC

and Congo red at a molar ratio of 1:2, but we could

not observe any significant chemical shift perturba-

tion (Dd; data not shown). When we increased the

molar ratio of PrPC and Congo red to 1:16.3, PrPC

was precipitated [Fig. 4(A)] and the signal heights

were shifted by 20% [Fig. 4(B)].

Consequently, we could not obtain a high quality

two-dimensional spectrum for the chemical shift per-

turbation. Thus, under in vivo conditions, Congo red

binds nonspecifically to PrPC and promotes its

aggregation. In addition, even at a lower PrPC con-

centration, this would reduce the amount of avail-

able PrPC required for the conversion reaction.

Congo red also induced aggregation of hen lysozyme

and reduced the protein concentration (Supporting

Information Fig. 1), indicating that the aggregation

by Congo red is not specific to PrPC.

PPS promotes aggregation and reduces the

concentration of PrPC

Affinity analysis showed that increased concentra-

tions of PPS resulted in significantly increased SPR

responses, and incomplete dissociation [Fig. 2(D)].

The amount of PPS that was bound was greater for

full-length PrP, but PPS did significantly bind to the

C-terminal domain of this protein (data not shown).

Thus, PPS adheres strongly and nonspecifically to

PrPC. In addition, PrPC was precipitated as the con-

centration of PPS was increased (data not shown),

as was observed with PrPC and Congo red. Thus,

under in vivo conditions, PPS nonspecifically binds

to PrPC and promotes its aggregation. PPS induced

Figure 4. Aggregation and precipitation of mouse PrP(121–231) by Congo red. (A) Precipitation of mouse PrP(121–231) by

Congo red in a Shigemi tube. (B) 1D 1H NMR spectra with (lower trace) and without (upper trace) Congo red.
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aggregation of hen lysozyme and reduced the protein

concentration (Supporting Information Table I), indicat-

ing that the aggregation by PPS is not specific to PrPC.

CP-60, Edaravone derivative 13, D-PEN, and
indole-3-glyoxylamide derivatives do not

bind to PrPC

The responses on the SPR sensorgrams using mouse

PrP(23–231) and CP-60 [Fig. 2(E)], edaravone deriv-

ative 13 [Fig. 2(F)], D-PEN [Fig. 2(G)], indole-3-

glyoxylamide derivative 10 [Fig. 2(H)], and indole-3-

glyoxylamide derivatives 2, 12, and 13 (data not

shown) were all minimal. Thus, these data

suggested that these compounds did not directly

interact with either the C- or N-terminal domain of

PrPC. As shown in Table I, CP-60, edaravone deriva-

tive 13, D-PEN, and indole-3-glyoxylamide deriva-

tives did not inhibit PrPSc formation. The mean PrPSc

levels using 10 lM of each of these compounds were

94.3, 93.0, 95.5, 81.8, 110, and 103% for CP-60, edara-

vone derivative 13, D-PEN, and indole-3-glyoxyla-

mide derivatives 2, 10, and 12, respectively. Indole-3-

glyoxylamide derivative 13 was toxic at a concentra-

tion of 10 lM. Thus we could not confirm the antip-

rion activities for these compounds. This could

depend on the strain used for the ex vivo assay.

Table II. Classification of the Antiprion Mechanisms

Class Mechanism Biacore NMR

I Specific conformational stabilization of PrPC Specific binding Specific binding
II Nonspecific stabilization of PrPC Nonspecific binding Nonspecific binding
III Aggregation and precipitation to reduce PrPC

population
Nonspecific binding Not detectable

IV Interaction with molecules other than PrPC No binding No interaction

Figure 5. Illustration of the pathogenic conversion process from PrPC to PrPSc in the absence (A) and presence (B) of

antiprion compounds and the classification of antiprion mechanisms based on interactions with PrPC. Mechanism I molecules

(c1), designated ‘‘medical chaperones,’’ stabilize the PrPC conformation. Mechanism II molecules (c2) bind to PrPC

nonspecifically to stabilize the PrPC and interfere with the interaction between PrPC and PrPSc. Mechanism III molecules (c3)

induce prion protein aggregation and cause precipitation, which reduces the amount of PrPC. Mechanism IV molecules (c4)

interact with molecules other than PrPC, such as PrPSc, PrP*, or membrane proteins.
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In this study, we used GT þ FK cells that pro-

duce significant amounts of PrPres as well as PrPC.

Hence the assay system using GT þ FK cells is reli-

able, reproducible, and less sensitive to minor per-

turbations such as those due to the culture condi-

tions.9 However, it has been reported that

administering these compounds to prion-infected

mice days after the onset of their symptoms

extended their life spans.19 Although these com-

pounds are reported to have antiprion activities, we

could not confirm them. In other systems, they may

possibly interact with the intermediate prion protein

(PrP*), PrPSc, membrane proteins, or other relevant

proteins,25 and may regulate a prion’s toxicity.

Discussion

Classifying antiprion mechanisms

Although there have been many reports on antiprion

compounds, their mechanisms of action have not

been clearly defined. In particular, comparisons of

the mechanisms between various antiprion com-

pounds are not available. Antiprion compounds can

be classified as shown in Table II and Figure 5 based

on their binding properties to PrPC. We classified

antiprion activities into four categories: I, specific

conformational stabilization of PrPC;6 II, nonspecific

stabilization including the interference with the

interaction between PrPC and PrPSc as well as the

contribution of binding to the hot spots; III, aggrega-

tion and precipitation to reduce the amount of avail-

able PrPC; and IV, interactions with molecules other

than PrPC. Here, we examined the activities of repre-

sentative antiprion compounds (GJP49, GJP14, quin-

acrine, EGCG, Congo red, PPS, CP-60, edaravone de-

rivative 13, D-PEN, and indole-3-glyoxylamide

derivatives) and characterized their antiprion activ-

ities based on their binding properties with PrPC.

Characterizing antiprion compounds

GN8 and GJP49 directly bound to PrPC at specific

binding sites on PrPC and inhibited its pathogenic

conversion. These binding regions are shown in Fig-

ure 1(B,E), and are essentially the same as those for

GN8 (i.e., hot spot).6 Specific binding to this region

is associated with mechanisms I.

In contrast, quinacrine and EGCG bound non-

specifically to PrPC as shown in Figure 3(C,E). To

check correlation between the Dd values for each

compound, we compared Dd values for each residue

between each compound (Supporting Information

Fig. 2). However, except GJP14-GJP49, clear correla-

tion could not be observed. This also indicates the

nonspecific binding property of quinacrine and

EGCG. This nonspecific binding may be attributed

to mechanism II. For conformational stabilization,

binding to the specific hot spot that is responsible

for conformational instability is required, while for

interference between PrPC and PrPSc, nonspecific

binding to PrPC would be allowed to some extent

because they mutually interact with large contact

areas that form oligomers,26 amyloid fibrils,27 or

nonspecific aggregates28 depending on the character-

istics of the relevant strains. Hence, small com-

pounds can interfere with these interactions at vari-

ous nonspecific sites. However, these binding regions

of these compounds also included the hot spots,

therefore, there may be partially attributed to mech-

anism I.

Congo red and PPS induced PrPC aggregation

and reduced its effective concentration. In general,

many small compounds inhibit amyloid formation

by binding with amyloidogenic proteins via p–p
interactions and form aggregates.29,30 Thus, their

mechanisms of action are basically described by

mechanism III. However, the nonspecific binding

properties of these compounds indicate that they

may also act by mechanism II, especially at low con-

centrations of these compounds and protein.

Finally, CP-60, Edaravone derivative 13, D-

PEN, and indole-3-glyoxylamide derivatives do not

bind to PrPC, and we could not confirm their antip-

rion activities. Though in other system, they may

possibly interact with other proteins or membranes

and thus, indirectly reduce the amount of PrPSc.

Thus, mechanism IV could be assigned.

Compounds associated with mechanism I share

a common binding site

We compared the binding sites for the compounds

that bound directly to PrPC and found that GJP49,

GJP14, quinacrine, and EGCG bound to a common

site, the C-terminal region of helix B and the B-C

loop, which is shown in Figure 3(A,C,E) (blue boxes)

and Figure 3(B,D,F) (blue oval shapes). In a previ-

ous study, we demonstrated that GN8 also bound to

this region.6,8 This region is known to undergo

global fluctuations on a time scale of micro- to milli-

seconds.6 Each of the compounds examined here

with antiprion activity via direct binding to PrPC

had affinity for this region. Thus, these compounds

can be referred to as ‘‘medical chaperones’’ that sta-

bilize the native conformation of the target protein

and inhibit its transition to the abnormal conforma-

tion, PrPSc.

Medical chaperones can be considered to sup-

press the seismic fluctuations of a protein (i.e., pro-

tein quakes),31,32 which results in destroying its

native structure. Among the compounds examined

in this study, GJP49 specifically bound to the com-

mon binding site. Thus, GJP49 may not induce any

side effects and could be a candidate therapeutic

agent for prion diseases.

It has been assumed that factor X is required

for the pathogenic conversion of PrP,25 although fac-

tor X has not yet been identified. It is reported that
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quinacrine binds to Tyr225, Tyr226, and Gln227

(Asp227 for mouse)24 which is located near the factor

X’’ binding sites.33 As shown in Figure 3(D), Dd val-

ues in the presence of 2.67 mM quinacrine indicated

that Tyr225, Tyr226, and Gln227 were also involved

in the binding with quinacrine. Thus, quinacrine

may inhibit the pathogenic conversion of PrP by

competitive binding with factor X. However, it must

be noted that even the maximum Dd values for

Tyr226 at this site were comparable to that at other

quinacrine binding sites [Fig. 3(C)], and that this

site was not a common binding site for the other

compounds (Fig. 3).

Medical chaperones

It is considered that a high-energy barrier exists

between PrPC and PrPSc,34,35 and that prion proteins

in the PrPC state rarely overcome this barrier; they

only achieve the PrPSc state when triggered by some

unknown causes. Compounds in the first and second

classes (GN8, GJP49, GJP14, quinacrine, and

EGCG) bound to the residues surrounding the major

binding pocket, which may be the cause of the seis-

mic fluctuations that lead to pathogenic conversion.

Medical chaperones prevent these protein quakes

and suppress these fluctuations. Thus, these would

stabilize the PrPC conformation (i.e., reduce the free

energy level of PrPC), which would result in an

increase in the energy barrier between PrPC and

PrPSc.36 Therefore, these would suppress the patho-

genic conversion of PrPC to PrPSc.

Although the PrPC conformations are nearly

identical between species, PrPSc conformations are

quite heterogeneous and are referred to as different

‘‘strains.’’ Strain conformation is conserved after

transmission between individuals.37,38 Antiprion

compounds that vary significantly in their efficiency,

depending on the strain,39 may directly affect the

PrPSc conformation rather than the PrPC conforma-

tion. A great advantage of a ‘‘medical chaperone’’ is

that its effect is strain-independent6,40 because it

acts on PrPC which has a common structure in

nearly all mammals.

Medical chaperones also act by mechanism II,

interference with the interaction between PrPC and

PrPSc, as described in the following section.

Interference with the interaction between

PrPC and PrPSc during the template-dependent

self-replication process
PrPC interacts with PrPSc during the process of

pathogenic conversion. Compounds that bind to

PrPC nonspecifically can interfere with the interac-

tion between PrPC and PrPSc. Although there have

been no evidence for the direct interference of the

interaction between PrPC and PrPSc, this mecha-

nism constructs the critical difference from the origi-

nally proposed chemical chaperone for the misfold-

ing diseases.41 Specific binding of a medical

chaperone with this function could be advantageous

in clinical use by reducing side effects.

The possibility of administering a cocktail of

antiprion compounds

We classified 13 different antiprion compounds into

four classes based on their antiprion mechanisms of

action. Compounds associated with different mecha-

nisms of action can be administered together (e.g.,

GJP49 and indole-3-glyoxylamide derivative 13).

GJP49 binds specifically to PrPC and suppresses the

available population in the intermediate state

(PrP*), while indole-3-glyoxylamide derivative 13

does not bind to PrPC, which indicates that this com-

pound interacts with molecules other than PrPC.

Indole-3-glyoxylamide derivative 13 reduced PrPSc

formation at the nanomolar concentration range

when it was screened using a scrapie infected mouse

cell line (SMB).42 Cocktail administration of antip-

rion compounds might possibly reduce the concen-

tration of each compound, which could decrease

their associated side effects. Cocktail administration

has also been reported for HIV43,44 and yeast

prions,45 and could be useful for mammalian prion

diseases.

Toward further optimization of chemical
structures

GJP49, GJP14, quinacrine, and EGCG bind to the

major pocket of PrPC and contribute to its structural

stabilization. We need to quantitatively evaluate the

degree of stabilization using relaxation measure-

ments for PrPC, particularly around the major

pocket in the presence of each compound. We also

need to determine the structures of complexes using

X-ray crystallography. This dynamical and struc-

tural information will be important for the rational

optimization of antiprion compounds.

A specific interaction at the common binding

site is critical for antiprion efficiency according to

mechanism I. Specific interactions may also be ad-

vantageous for reducing side effects. Therefore,

selecting specifically interacting derivatives may be

important for compound optimization. For this pur-

pose, we may able to use the Dd values from NMR

as shown in Figure 3. For example, quinacrine binds

to PrPC in a nonspecific manner [Figs. 2(A) and

3(C,D)] and has been reported to be toxic22 (Table I).

By selecting specifically interacting derivatives of

quinacrine, we may be able to find compounds that

have fewer side effects than quinacrine.

It should be noted that the above discussion was

focused entirely on the interactions between com-

pounds and PrPC. When the interactions of com-

pounds with PrPSc or the cell surface can be moni-

tored, we will obtain additional insights into the
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detailed mechanisms of prion diseases, which will

aid in the development of therapeutics.

Conclusion
Elucidating the molecular mechanisms of action of

previously identified antiprion compounds is one of

the most important steps for developing novel antip-

rion drugs and optimizing the most promising com-

pounds. When this strategy (i.e., ‘‘medical chaper-

ones’’) has been established for prion diseases, it

could also be applied to the rational design of drugs

for other neurodegenerative diseases, such as

Alzheimer’s disease, Parkinson’s disease, and amyo-

trophic lateral sclerosis.

Materials and Methods

Compounds
Compounds GJP49, GJP14, GJP55, and Indole-3-

glyoxylamide derivatives were purchased from ASI-

NEX (Moscow, Russia). Quinacrine, Congo red, and

EGCG were purchased from Sigma-Aldrich (Japan,

Tokyo). PPS, CP-60, Edaravone derivative 13, and

D-PEN were obtained from bene-Arzneimittel GmbH

(Munich, Germany), Ambinter (Orl�eans, France),

Labotest (Niedersch€ona, Germany), and Wako Pure

Chemical Industries (Osaka, Japan), respectively.

Recombinant mouse PrP
An expression plasmid for recombinant mouse PrP

residues 23–231 [PrP(23–231)] was prepared accord-

ing to a previously described protocol.6 An expres-

sion plasmid for mouse PrP residues 121–231

[PrP(121–231)] was a kind gift from Professor Kurt

Wüthrich and Dr. Simone Hornemann.46 Recombi-

nant PrP was prepared as previously described.6

The concentrations of mouse PrP(23–231) and

PrP(121–231) were estimated by absorbance at 280

nm using specific absorbances (e280) ¼ 2.68 and 1.49

(mg/mL)�1 cm�1, respectively.

SPR measurements

Interactions between prion proteins and the different

compounds were analyzed using the Biacore T200

system (GE Healthcare, Buckinghamshire, UK).

Recombinant mouse PrP was immobilized on a sensor

chip (CM5) according to the manufacturer’s instruc-

tions. Varying concentrations of each compound were

injected into the running buffer (10 mM HEPES

buffer, pH 7.4, containing 0.15 M NaCl, 0.1% Surfac-

tant P20, and 5% DMSO) for 1 to 2 min at a flow

rate of 30 mL/min. Running buffer without com-

pounds was then injected for 10 min at the same flow

rate. Data were corrected by subtracting the response

of blank sensor chip from that of protein-bound sen-

sor chip, so the contribution of nonspecific binding of

the compounds to SPR chip surface was removed.

Nuclear magnetic resonance (NMR)
measurements and data analysis

For NMR measurements, mouse PrP(121–231) uni-

formly labeled with 15N was prepared in 30 mM ace-

tate-d3 buffer (pH 4.5) containing 1 mM NaN3, 4.5

lM AEBSF, 20 lM EDTA, 0.4 lM Bestatin, 0.06 lM
pepstatin, 0.06 lM E-64, and 1 nM DSS dissolved in

90% H2O/10% D2O. NMR spectra were recorded at

20.0�C on a Bruker Avance600 spectrometer (Bruker

BioSpin, Rheinstetten, Germany) at Gifu University.

The spectrometer operated at a 1H frequency of

600.13 MHz and a 15N frequency of 60.81 MHz. A 5-

mm 1H inverse detection probe with triple-axis gra-

dient coils was used for all measurements. 1H-15N

HSQC spectra were acquired with 2048 complex

points covering 9600 Hz for 1H and 256 complex

points covering 1200 Hz for 15N. NMR data were

processed using the TOPSPIN software package

(Bruker BioSpin, Rheinstetten, Germany) and NMR

assignment and integration software Sparky.47 Reso-

nance frequencies in these spectra were identified

using the chemical shift lists for mouse PrP(121–

231).48 The backbone 1H and 15N chemical shifts for

a compound-bound protein were assigned by tracing

the corresponding peaks in 1H-15N HSQC spectra

determined with varying concentrations of the com-

pounds. The protein structures were generated using

PyMOL Molecular Graphics System Version 0.99rc9

(Schr€odinger, LLC, NY).

Ex vivo assay for antiprion activity
An ex vivo assay was performed as described previ-

ously.7 Briefly, we used an immortalized neuronal

mouse cell line that was persistently infected with a

human TSE agent (Fukuoka-1 strain),23 which was

designated GT þ FK. This cell line was grown and

maintained in 5% CO2 at 37�C in D-MEM (Invitro-

gen, Carlsbad, CA) supplemented with 10% fetal bo-

vine serum (Equitech-bio, Kerrville, TX), 50 U/mL

penicillin G sodium, and 50 lg/mL streptomycin sul-

fate (Invitrogen, Carlsbad, CA). Stock solutions of

the test compounds were prepared fresh in 100%

DMSO at a concentration of 10 mM and stored at

4�C. Before use, the test compounds were diluted

with medium to a concentration of 10 lM. Control

cells were treated with medium containing solvent

alone (0.1%). Approximately 3.0 � 105 cells were

plated in each well of a six-well plate, and treatment

with a test compound was started 15 h later. After

72 h of treatment, cells were lysed in 150 lL of 1�
Triton X-100/DOC lysis buffer.49 Western blotting for

PrPSc was done as described previously.7
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