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Transmissible spongiform encephalopathies are associated with the conformational conversion of the prion
protein from the cellular form (PrP€) to the scrapie form. This process could be disrupted by stabilizing the
PrP€ conformation, using a specific ligand identified as a chemical chaperone. To discover such compounds,
we employed an in silico screen that was based on the nuclear magnetic resonance structure of PrP¢. In
combination, we performed ex vivo screening using the Fukuoka-1 strain-infected neuronal mouse cell line at
a compound concentration of 10 pM and surface plasmon resonance. Initially, we selected 590 compounds
according to the calculated docked energy and finally discovered 24 efficient antiprion compounds, whose
chemical structures are quite diverse. Surface plasmon resonance studies showed that the binding affinities of
compounds for PrP€ roughly correlated with the compounds’ antiprion activities, indicating that the identi-
fication of chemical chaperones that bind to the PrP€ structure and stabilize it is one efficient strategy for
antiprion drug discovery. However, some compounds possessed antiprion activities with low affinities for PrPC,
indicating a mechanism involving additional modulation factors. We classified the compounds roughly into five
categories: (i) binding and effective, (ii) low binding and effective, (iii) binding and not effective, (iv) low binding
and not effective, and (v) acceleration. In conclusion, we found a spectrum of compounds, many of which are
able to modulate the pathogenic conversion reaction. The appropriate categorization of these diverse com-
pounds would facilitate antiprion drug discovery and help to elucidate the pathogenic conversion mechanism.

Transmissible spongiform encephalopathies (TSEs) are neu-
rodegenerative diseases that include Creutzfeldt-Jakob dis-
ease, chronic wasting disease, scrapie, and bovine spongiform
encephalopathy. These diseases are characterized by the accu-
mulation of the scrapie form of the prion protein (PrP5¢) in the
central nervous system (4, 23). The conversion of PrP from the
normal cellular form (PrP<) to the PrP5¢ form is a character-
istic feature of the diseases, although a detailed structure of
PrP>¢ is still unknown. The occurrence of TSEs is associated
with specific mutations in PrP, inoculation with infectious ma-
terial, or apparently spontaneous onset. Since there are cur-
rently no established therapies for TSEs, it is important to
identify compounds with therapeutic or prophylactic activity
against these diseases.

The purpose of this study was to characterize the effects of
small compounds (molecular weight of 150 to 350) on the
prion’s pathogenic conversion reaction and to investigate the
structure-activity relationship among a broader spectrum of
compounds. The structure-activity relationship would also give
us a clue for designing a chemical chaperone (15). This work
applied an in silico screening method using AutoDock soft-
ware (19) to target a wider area around the major PrP pocket,
and a larger compound database was utilized for screening.
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During pathogenic conversion, various regions may be in-
volved, including the factor X-binding site (11) and the hot
spots (15). Small compounds that are able to interact with those
regions may modulate the conversion reaction (2, 26, 27).

Currently, it is known that various docking programs are
generally not accurate in predicting binding affinities or bind-
ing modes (28). Although the antiprion effects of compounds
can also be characterized by these two parameters, the diffi-
culties described above can be somewhat diminished because
pathogenic conversion involves various sites. This conforma-
tional change in the protein is quite distinct from the enzymatic
reaction in which only the active site is involved. Because PrP
contains broadly distributed binding sites, in silico screening
could provide a broad spectrum of candidates as antiprion
ligands, even if predicted binding sites or binding affinities are
not very accurate (21). However, the resulting broad spectrum
of effective small compounds finally examined by the ex vivo
screening could provide a clue regarding how to optimize the
compound structure and a potential hint for elucidating the
mechanism of the conversion reaction.

Here, neuronal mouse (GT1-7) cells chronically infected
with the Fukuoka-1 strain (18) have been used as a model for
examining antiprion activities. The Fukuoka-1 strain was iso-
lated from a case of human Gerstmann-Straussler-Scheinker
syndrome. This cell line could provide a useful model for
screening compounds with antiprion activity because it pro-
duces PrP5¢ quite stably. Additionally, this cell line allows for
the examination of cellular processes associated with the pro-
duction of PrP*¢. To examine the antiprion activity of approx-
imately 200 compounds selected by using an in silico method,
we used a Western blotting technique described previously
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(15). Results indicated that a variety of compounds could in-
hibit PrP5¢ formation when added to the medium of these cells.
Compounds that were able to accelerate the formation of
PrP5° were seen as well.

To further elucidate the mechanisms of action, we measured
the compound binding affinities by using surface plasmon res-
onance (SPR) and investigated the correlation between an-
tiprion activities and binding affinities. The possible mecha-
nisms behind the effects of small compounds on the prion’s
pathogenic conversion reaction are discussed below, and we
provide direction for further optimization.

MATERIALS AND METHODS

Database and preparation of compounds. A subset composed of approxi-
mately 600,000 compounds from a free compound database named ZINC (10)
was used for docking simulations. ZINC is provided by the Shoichet laboratory
in the Department of Pharmaceutical Chemistry at the University of California,
San Francisco. ZINCS (2005 version of the database) was used in this study. The
flexibility of compounds was determined automatically using AUTOTORS,
which is a program in AutoDock software (19), and the united-atom model for
the compound was also created with AUTOTORS. Nonpolar hydrogen atoms in
the compounds were removed after their partial charges were moved to the
covalently bonded carbon atoms, whose charge information was given in the
ZINC database.

Preparation for protein and grid space. The nuclear magnetic resonance
structure of mouse PrP (PDB code 1ag2) was used for the target structure of
PrP€. AutoDockTools was used to obtain charge information (Kollman united-
atom charge) and to build a united-atom model of PrP€. The solvation param-
eters were prepared automatically using ADDSOL, which is a program in the
AutoDock software package. The dimensions of the grids for the docking anal-
ysis were 120 by 120 by 80 points (45 A by 45 A by 30 A), with a grid point spacing
of 0.375 A. The center position was set around the center of the major binding
pocket of PrP<, which is the putative GN8 binding site previously reported (15)
between helix-2 and the loop between helix-1 and B-strand S2.

Automated docking. AutoDock version 3.05 was used for automated docking
simulation (19). Standard parameters, which were created with mkdpf3, a script
program in the AutoDock software package, were used. Parameters were as
follows: population size, 50; random starting position and conformation; maximal
mutation in translation, 2 A; mutation in rotation, 50 degrees; elitism, 1; muta-
tion rate, 0.02; crossover rate, 0.8; runs, 10 times; energy evaluations, 250,000;
and the Lamarckian genetic search algorithm was selected. Calculations were
performed with a 26-node PC cluster in which each node has a dual-core central
processing unit (2.8 GHz, Pentium-D; Intel). To select compounds for exami-
nation, we conducted in silico screening with AutoDock. We made a list of about
600,000 compounds by ranking the compounds according to the docked energy
calculated by AutoDock.

Compounds. We selected compounds depending on the lowest docked energy
among 10 runs. In total, 205 compounds were purchased from Maybridge (Corn-
wall, United Kingdom), Asinex (Moscow, Russia), and Enamine (Kiev,
Ukraine). All compounds were tested for antiprion activity.

Cell culture and antibodies. We used the immortalized neuronal mouse cell
line that was either uninfected or persistently infected with the human TSE agent
(Fukuoka-1 strain). The former (uninfected) cell line is known as GT1-7, while
the latter (infected) line is designated GT+FK (18). These cells were grown and
maintained at 37°C in 5% CO, in Dulbecco’s modified Eagle’s medium (Invitro-
gen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Equitech-bio,
Kerrville, TX), 50 U/ml penicillin G sodium, and 50 pg/ml streptomycin sulfate
(Invitrogen, Carlsbad, CA). The GT+FK cells were maintained for more than 2
years in our laboratory. Stock solutions of compounds were prepared fresh in
100% dimethyl sulfoxide (DMSO) at 10 mM and stored at 4°C. Before being
used, compounds were diluted with medium as indicated in Fig. 1A. Control cells
were treated with medium containing solvent (0.1%) alone. Approximately 1.5 X
10° cells were plated in each well of a six-well plate, and compound treatment
was started 15 h later. After 72 h of treatment, cells were lysed in 150 ul of 1X
Triton X-100-deoxycholate lysis buffer (150 mM NaCl, 0.5% Triton X-100, 0.5%
sodium deoxycholate, 50 mM Tris-HCI [pH 7.5]) (20), and the total protein
concentration of the sample was adjusted to 2 mg of protein per milliliter.
Western blotting for PrPS® was done as described previously (20). For the
primary antibody, PrP M-20 antibody (Santa Cruz Biotechnology, Santa Cruz,
CA) was used to detect PrP5¢ and PrP€. The signals were visualized by Super-
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TABLE 1. Summary of the ligand-screening test in silico and

ex vivo’
Method Parameter Number H(i}%r)zzte
Compounds tested Compounds with a binding 590
in silico score of less than
—11.45 kcal/mol
High-ranking and available 205
compounds (out of 590)
Compounds tested  Cytotoxic compound 1
ex vivo Not effective (relative 180
PrP5¢ level of >70%)
Effective (relative PrPSc 24 11.7
level of <70%)
More effective (relative 4 2.0
PrP5¢ level of <50%)
“ The numbers of compounds (total n = ~600,000) in in silico and ex vivo tests

are summarized.
® The hit rate was calculated from 205 compounds tested ex vivo.

Signal (Pierce Biotechnology, Rockford, IL) and scanned using a LAS-1000 UV
mini analyzer (Fujifilm, Tokyo, Japan).

The density of PrPS¢ derived from GT+FK cells in each solution was mea-
sured and compared with that of the control treated with medium containing
solvent. Compounds were judged to be effective if levels of PrPS¢ were reduced
to less than 70% of the control, as reported previously (8). At least two inde-
pendent experiments were performed to determine the levels of PrPSe.

Recombinant mouse PrP(121-231). The expression plasmid for mouse
PrP(121-231) (the PrP region from amino acids 121 to 231) was a kind gift from
Kurt Wiithrich and Simone Hornemann. The recombinant PrP was prepared for
SPR measurements as described previously (9, 15). The concentration of mouse
PrP was estimated by using the specific absorbance of € at 280 nm of 1.49
(mg/ml)~! em™.

SPR measurements. Interactions between the PrP and the compounds were
analyzed using a Biacore T100 system. A recombinant mouse PrP(121-231) was
immobilized on a sensor chip (product CMS5) according to the manufacturer’s
instructions. Various concentrations of compounds were injected into running
buffer (0.1% surfactant P20 in 0.01 M HEPES [pH 7.4]-0.15 M NacCl [product
HBS-N; Biacore] containing 5% DMSO [pH 7.4]) for 1 min at a flow rate of 30
pl/min. Then, running buffer without compounds was injected for 10 min at the
same flow rate. Data were corrected using a blank sensor chip as a control. The
dissociation constant (K,;) was calculated from the analyte concentration depen-
dence of the sensorgram response.

RESULTS

In silico screening. We first picked up the top 590 com-
pounds from the list, all of which showed a docked energy level
lower than —11.45 kcal/mol (Table 1). The differences in the
docked energies of these compounds were within 1.87 kcal/
mol. From these 590 compounds, we selected 205 commer-
cially available compounds and purchased them from May-
bridge, Asinex, or Enamine.

Ex vivo screening. To evaluate the effect of the selected
compounds on the PrP conversion process, we conducted ex
vivo screening. We used GT+FK cells (18) to test the above-
listed 205 compounds. From among them, 24 compounds that
significantly inhibited production of PrPS¢ in the GT+FK cells
at a concentration of 10 wM were identified. The other com-
pounds were almost ineffective, and one compound was highly
toxic to the cells at 10 puM. Of the 24 effective noncytotoxic
compounds, four compounds reduced PrP5¢ levels to less than
50% of that of the control (Fig. 1A), and the effects of these
compounds were dose dependent (data not shown). Previously
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FIG. 1. Ex vivo screening. (A) Western blotting of PrP%¢ in
GT+FK cells after treatment with different compounds identified
through in silico screening. The cells treated with GFP07 or GFP23
showed a significant reduction of PrPS¢. Lane DMSO, 0.1% DMSO;
lane GNS8, 2-pyrrolidin-1-yl-N-[4-[4-(2-pyrrolidin-1-yl-acetylamino)-
benzyl]-phenyl]-acetamide (15). Dashes at left represent molecular
mass markers (37, 25, 20, and 15 kDa). (B) A histogram shows the
number of compounds as a function of the relative PrPS¢ level. The
relative PrPS¢ levels were divided into subsets of 10%, and the number
of compounds contained in each subset is shown. The distribution of
the relative PrP5° levels is close to the normal distribution, and intrigu-
ingly, some compounds increased the relative PrP5¢ levels to more than
150% of the control.

identified inhibitors, such as quinacrine (6, 13), also inhibited
PrPS° production in the ex vivo assay using GT+FK cells (data
not shown). On the other hand, some other compounds in-
creased the levels of PrPSc. After GT+FK cells were treated
with these nine compounds, levels of PrPS¢ were more than
150% higher than that of the control (Fig. 1B).

Figure 2 shows four of the hit compounds (effective com-
pounds [relative PrP5¢ levels of <70%]) and their best docking
modes, as calculated with AutoDock. Common chemical moi-
eties were not obvious among these compounds. In the best
docking modes, these compounds were commonly located in
the major pocket or the putative GN8 binding site. For these
compounds, other docking modes were also obtained, with
docked energies similar to the lowest ones among 10 docking
runs. In addition to the four highly effective compounds listed
in Fig. 2, we also obtained a variety of moderately effective
compounds (Fig. 3). Any common characteristics among these
effective compounds were not observed at this stage.

Determination of the K, between representative compounds
and PrP€, using the SPR technique. To evaluate the direct
binding affinity of the compounds for PrP“, we used SPR
measurements. For the top 13 effective compounds and the 3
most ineffective compounds from ex vivo experiments, we de-
termined K, values by using SPR sensorgram responses (Fig. 4
and Table 2).

SPR sensorgram response curves were roughly categorized
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FIG. 2. Chemical structures of effective compounds against PrPS
accumulation. The structures of compounds and their predicted modes
of docking with PrP€ are shown for the top four compounds: GFP23,
GFP07, GJP45, and GJP49.

into three types of curves. The first type was typically observed
for compounds that exhibited single and specific binding to
PrP€ (Fig. 4A). Fitting the compound concentration depen-
dence of the sensorgram response enables the estimation of
the K,,. The K, values were estimated to be about 10 to 90 uM
for the top four compounds (GFP23, GFP07, GJP45, and
GJP49), which were comparable to the antiprion compound
GNS8. In the second type of sensorgram response curve, a
saturation of response was not observed for the compounds
(GJP36, GJP14, GJP32, and GJP50), as shown in Fig. 4B.
These compounds bound to PrP<, but it was not possible to
calculate the K, by using a single binding model, which strongly
suggested multiple or nonspecific binding with PrP<. The third
type of response curve was observed for compounds with no
binding (GFP01, GFP66, GJP82, and GJP61) to PrPC, at least
at the concentrations displayed (Fig. 4C). Table 2 indicates
that most compounds with high antiprion activity can bind
directly to PrP€ and that the ineffective compounds hardly
bind to PrP€.

Comparison between antiprion activity and binding affinity.
PrP5° levels in the presence of effective or ineffective com-
pounds in ex vivo screening were compared with docked en-
ergies obtained by in silico screening or with K, values derived
from SPR responses (Table 2). Docked energies of the listed
compounds were similar, from —12.46 to —11.46 kcal/mol, and
there were no correlations between PrPS¢ levels and docked
energies. No correlation was seen as well for the 205 com-
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FIG. 3. Chemical structures of moderately effective compounds
against PrP5¢ accumulation. Compounds with a rank order from 5th to
24th are shown, along with the relative level of PrP%¢, from 50% to
70%, in the antiprion ex vivo assay.

pounds selected (data not shown). Meanwhile, a variety of
binding patterns was presented in the SPR experiments, but
the correlation between PrP*¢ levels and K, values was ambig-
uous. Consequently, to compare the antiprion activities ob-
tained from the ex vivo screening with the binding affinities
between compounds and PrP“, we measured SPR responses
for 37 compounds at a fixed and relatively high concentration
of 100 wM. This analysis included both the effective and the
ineffective compounds (Fig. 5). Most effective compounds
showed a high Biacore response (>30 response units [RU]),
and it was suggested that a compound with antiprion activity
might have a high capacity for binding to PrP€. Thus, we tried
to confirm the correlation between relative PrPS¢ levels in the
ex vivo screening and Biacore responses in in vitro screening.
As shown in Fig. 6, we built a scatter plot from relative PrP5°
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FIG. 4. Examples of the concentration dependence of the Biacore
response for (A) GFP23 as a single and specific binding compound,
(B) GJP36 as a multiple or nonspecific binding compound, and
(C) GJPS2 as a nonbinding compound to mouse PrP€.
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TABLE 2. Results of in silico and ex vivo screenings and K, values”

Docked ener Mean level of K M) +

Compound (kealimol) PrPS = SD (%) a1 B pe

GFP23 —11.68 36.78 = 0.63 512 122

GFP07 —-11.78 37.33 = 4.23 20.0 = 17.6

GJP45 —11.46 41.85 = 18.82 86.1 = 4.6

GJP49 —11.48 47.40 = 19.89 50.8 = 11.1

GJP36 —-11.93 50.62 = 21.26 ND?

GJP14 —12.38 51.32 = 7.76 ND?

GJP32 —12.46 53.05 = 10.72 ND?

GJP52 —12.00 54.71 = 9.21 ND¢

GFP06 —-11.78 55.33 = 12.35 48.6 = 20.3

GFPO1 —-11.82 56.73 = 13.15 No binding

GJP51 —-11.56 57.44 = 1.62 ND“

GJP50 —11.67 57.55 + 4.88 ND?

GJPI1 —-11.86 58.78 = 5.89 219 = 164

GJP30 —-12.29 62.89 + 3.93 —°

GJP43 —11.47 63.16 = 7.91 —

GJP22 —-12.16 63.70 = 5.23 —

GFP45 —11.60 64.86 = 16.55 —

GFP80 —-11.51 65.01 + 35.45 —

GJP58 -11.71 65.03 = 4.59 —

GFP33 —11.64 66.94 + 0.11 —

GFP72 —11.54 67.11 = 33.65 —

GFP16 —11.74 67.24 = 1.24 —

GFP75 —-11.52 67.43 + 23.22 —

GFP04 —11.81 68.77 = 11.7 —

GFP66 —11.54 93.68 = 13.69 No binding

GJPS82 —11.83 94.61 = 8.17 No binding

GJP61 —-11.50 95.70 = 0.74 No binding

“The 24 effective and 3 noneffective compounds in ex vivo tests are shown.
Values are the means = standard deviations (SD) of two to four independent
experiments.

> K, was not determined (ND) because of an unlimited increase in Biacore
responses.

¢ K, was not determined because of the low solubility of the compound.

4 K, was not determined because of the slow binding kinetics.

¢ —, experiments were not performed.

levels and Biacore responses of these compounds. Excluding
two compounds with an extremely high PrP5¢ level (GFP22) or
Biacore response (GFP73), a moderate correlation between
PrP5¢ levels and Biacore responses was observed (r = 0.45) for
35 compounds.

Also, we were able to classify the compounds roughly into
five categories: (i) binding and effective (BE), (ii) low binding
and effective (LBE), (iii) binding and not effective (BNE), (iv)
low binding and not effective (LBNE), and (v) acceleration
(A). In category BE there were 11 compounds (GJP14, GJP36,
GJP45, GIP49, GJP51, GJIP52, GFP04, GFP06, GFP23,
GFP75, and GFP80) (Fig. 2 and 3); in LBE there were 3
(GJP91, GFPO1, and GFP72) (Fig. 3); in BNE there were 10;
in LBNE there were 11; and in A there were 2. Chemical
structures of compounds belonging to categories BNE through
A are listed in Fig. S1 through S3 in the supplemental material.

DISCUSSION

Development of the in silico screening techniques has
greatly expedited our search for new, potentially therapeutic
inhibitors of PrPS¢ accumulation (15). Currently, 100,000 com-
pounds per day can be tested via high-throughput screening
technology (24), but it is almost impossible to test the same
number of compounds in the search for a leading compound
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FIG. 5. Invitro screening using the Biacore system. The affinities of
compounds to the mouse PrP“ immobilized on a sensor chip were
evaluated using Biacore response units (RU). The concentration of
each compound was 100 wM. %, Compounds judged to be effective
based on comparatively high RU values. GN8 was used as a positive
control.

against prion diseases because of the complexity of the assay.
Although Kocisko et al. have developed a high-throughput
screening assay for PrPS¢ inhibitors, they screened only 2,000
compounds (12). Clearly, one cannot evaluate all compounds
in a database such as the Available Chemicals Directory (MDL
Information Systems), which includes over 107 compounds.

To date, various in silico screening computer programs have
been widely applied for the discovery of small compounds such
as enzyme inhibitors, in which well-defined active sites usually
serve as the target regions (14). Since PrP has not been proven
to have catalytic activity, we used the slow-dynamic informa-
tion obtained by using Carr-Purcell-Meiboom-Gill relaxation
dispersion experiments to assign the appropriate target region,
termed “hot spots.” Each compound in the database was eval-
uated through an analysis of the potential binding sites, and
finally, a novel antiprion compound, termed GN8, was discov-
ered (15). GN8 efficiently inhibited the production of PrP5¢ in
ex vivo screening and stabilized the PrP¢ conformation
through specific binding with the major pocket. Thus, we dem-
onstrated that GN8 works as a chemical chaperone. Mean-
while, in vivo experiments showed that GN8 profoundly pro-
longed the survival time of prion-infected animals when
administered peripherally. In that study, we identified merely
one effective compound, but that result is likely explained by
our strict selection process (15).

In contrast, here, a variety of compounds with a large struc-
tural diversity were identified as potent inhibitors, and our
study demonstrated that they have therapeutic efficacy against
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FIG. 6. The correlation between the relative PrPS° levels and Bia-
core responses (RU). A scatter plot was built from the relative PrP%°
levels and Biacore responses of 37 compounds, including effective and
noneffective compounds. Relative PrP5° levels are the means of two to
four independent experiments. Error bars represent standard devia-
tions. Based on binding affinities and antiprion activities, these com-
pounds were roughly classified into five categories, i.e., BE, LBE,
BNE, LBNE, and A. Compounds GFP22 and GFP73 exhibited high
values for levels of PrPS¢ and Biacore responses, respectively.

PrPs at a rate of 2%, as shown in Table 1. Based on these data,
we expect that the in silico screening would be valuable as the
initial screening for potential antiprion drugs from huge com-
pound libraries. Any compounds that simply targeted the ma-
jor binding pocket of PrP< would be helpful in characterizing
the distribution of the active compound structures. Thus, ap-
plying in silico screening for use with TSE-infected cell cultures
should provide us with a hint regarding the nature of the
pathogenic conversion reaction, as well as the way it is regu-
lated by small compounds.

The hit rate of this in silico screening was about 12% (Table
1). It seems that this hit rate is relatively high compared with
1.2% and 5.4% for in silico screens targeting the formylpeptide
receptor (7) and AmpC B-lactamase (22), respectively. How-
ever, the targets in those screens are different from the PrP.
There might be several reasons for the higher hit rate of the in
silico screening. One possibility is that the pathogenic conver-
sion from PrP€ to PrPS¢ is a folding phenomenon. The three-
dimensional structure of PrP5° is considerably different from
that of PrPS, i.e., PrP€ is largely a-helical, whereas PrP%° is
B-sheet dominant, and the conversion reaction is postulated to
be mediated by an active intermediate between PrP€ and
PrP5¢, PrP* (5). Therefore, any ligands interacting with resi-
dues that are involved in this process can modulate the reac-
tion. In fact, compared to the active site of an enzyme, hot
spots relevant to the pathogenic conversion of the PrP are
somewhat broadly distributed (15) and multiple binding sites
are possibly involved. Nonspecific binding with the PrP, most
likely a hydrophobic interaction, may be somewhat effective in
inhibiting the conversion reaction, because this type of non-
specifically bound substance could reduce the fluctuation of
protein, thereby decelerating the pathogenic conversion reac-
tion. This phenomenon is represented by the relatively high hit
rate and the diverse chemical structures of hit compounds.



770 HOSOKAWA-MUTO ET AL.

A acceleration

Free energy

-~
inhibition
Prpu

Prpse

Y

Conformational space

FIG. 7. An illustration of Gibbs free energy as a function of the
conformational space of the PrP explains the inhibition (down arrow,
dashed line) and acceleration (up arrow, dashed line) mechanism of
small compounds bound to PrP€. Compounds in category BE could
stabilize the PrP¢ conformation and reduce the populations of PrP*
(an active intermediate), PrP in the unfolded state (PrPV), and PrPS°.
On the other hand, compounds in category A could destabilize the
PrP€ conformation and accelerate the conversion by decreasing the
barrier between PrP¢ and PrP*.

The calculated docked-energy differences between com-
pounds listed in Table 2 were quite small and not statistically
significant. This is because the evaluation function utilized in
the software was not necessarily designed for the interaction
between PrP€ and small compounds. In view of the pathogenic
conversion reaction, it may be necessary to further evaluate the
change in the entropy of solvation associated with binding and
the change in the chain entropy of the PrP. Rigorous evalua-
tion of these effects can help provide information for the con-
version that occurs from PrP€ to PrP5¢ and how the small
compounds interact with each substate of the prion.

Intriguingly, some compounds could accelerate the conver-
sion, as shown in Fig. 1B and Fig. S3 in the supplemental
material. These compounds include GJP41 and GFP22. There
are many likely explanations for this result, but one possibility
is that the free energy of PrPC could be perturbed by its
interaction with small compounds. Some compounds would
stabilize the PrP< conformation and inhibit the pathogenic
conversion as a chemical chaperone (17), but other compounds
could destabilize the protein and accelerate the conversion by
decreasing the barrier between PrP< and PrP*, as shown in
Fig. 7. However, another possibility is that these compounds
could accelerate the conversion process by interacting with
molecules other than PrP<, like sodium dodecyl sulfate or
Triton X-100, in protein misfolding cyclic amplification reac-
tions (1). However, these compounds do not have the charac-
teristics of a detergent. The common scaffolds of these com-
pounds are not obvious.

Measurements of the K, were complicated, as shown in
Table 2 and Fig. 4. In SPR measurements, nonspecific binding
should be carefully removed. However, for some compounds,
such as GJP36, GJP14, GJP32 and GJP50, nonspecificity was
rather overwhelming, and it is technically impossible to remove
it (Table 2 and Fig. 4B). On the other hand, this nonspecific
binding with PrP€ is considered a significant contribution to
the inhibitory effect, especially for GJP36. Such a nonspecific
interaction could also affect the free energy of PrP< shown in
Fig. 7. However, this kind of nonspecificity must be avoided
because many side effects could result from the nonspecific
binding with many physiologically important proteins other
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than PrP€, which is unfavorable from a pharmacological point
of view.

As shown in Fig. 6, we were able to classify the compounds
roughly into five categories. Compounds in category BE, in-
cluding GJP36, GJP14, GJP32, and GJP50, are considered
candidates for the chemical chaperones that are capable of
stabilizing the PrP¢ conformation. On the other hand, the
existence of compounds belonging to the LBE group indicates
the involvement of modulation factors other than direct bind-
ing with PrP€. These modulation factors may include factor X
(25), detergent-resistant microdomains on the cell membrane
(16), the lysosome in which chaperone proteins are degraded,
and so on (6). The existence of compounds belonging to cat-
egory BNE suggests that they bind with regions of PrP< that
are less important for the pathogenic conversion reaction. In
our previous work, we putatively identified the hot spots in
PrP€ for pathogenic conversion (15). For example, the com-
pounds that bind to the region far from these spots may be less
effective at altering the pathogenic conversion reaction. The
compounds belonging to category A would destabilize the
PrP€ conformation and facilitate the pathogenic conversion
reaction (Fig. 7). These small compounds would be potentially
hazardous.

Most effective compounds bound to PrP<, whereas the non-
effective compounds did not (Table 2), and there was a mod-
erate correlation between binding affinities and antiprion ac-
tivities (Fig. 6). Therefore, identification of chemical
chaperones that bind to the PrP€ structure and stabilize it is
one efficient strategy for antiprion drug discovery. Addition-
ally, in vitro screening by binding affinity might be useful for
antiprion drug discovery. Such compounds should have an
advantage over the strain-independent antiprion activity be-
cause PrP<, which is the precursor of PrP5¢, is identical in all
prion strains.

Caughey et al. suggested that well-known anti-TSE com-
pounds such as pentosan polysulfate, certain cyclic tetrapyr-
roles, and phosphorothioated oligonucleotides attached to the
N-terminal region of the PrP and induced the clustering of
PrP€ to prevent conversion to PrP5¢ (3). Our results indicated
that the inhibitory mechanism of our compounds may be quite
distinct from those of known anti-TSE compounds. Our com-
pounds may work as chemical chaperones to stabilize the PrP“
conformation through binding with the C-terminal region, be-
cause our results are for the binding affinity between the com-
pounds and the PrP lacking the N-terminal region.

Although the common chemical structures of the com-
pounds in each category were not found, compounds belonging
to category BE are basically considered to be lead compounds,
and thus, each chemical structure could be optimized indepen-
dently for antiprion activity by referring to the relative levels of
PrP5¢ in the ex vivo screening. Data acquired from this re-
search are also useful for improvement of the docking program
and the screening system.

In conclusion, 24 new inhibitors were identified in our
screening of 600,000 compounds in the ZINC database. These
potent inhibitors have chemical structures that may be easily
optimized, and those derivatives might become candidates for
a future therapeutic drug. The series of screens has brought a
spectrum of compounds that can modulate the pathogenic
conversion reaction. These results suggest that some com-
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pounds inhibit PrP%® formation through direct interactions
with PrP<, whereas other inhibitors may work indirectly. The
fact that a number of new inhibitors are classified into the
appropriate categories according to their affinities for PrP<
distinguishes them from many previously identified PrP5¢ in-
hibitors and makes them attractive as potential anti-TSE ther-
apeutic agents.
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