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a b s t r a c t

Background: Prion diseases involve the conversion of a normal, cell-surface glycoprotein (PrPC) into a
misfolded pathogenic form (PrPSc). One possible strategy to inhibit PrPSc formation is to stabilize the
native conformation of PrPC and interfere with the conversion of PrPC to PrPSc. Many compounds have
been shown to inhibit the conversion process, however, no promising drugs have been identified to cure
prion diseases.
Objective: This study aims to identify potential anti-prion compounds from plant phytochemicals by
integrating traditional ethnobotanical knowledge with modern in silico drug design approaches.
Materials and methods: In the current study medicinal phytochemicals were docked with swapped and
non-swapped crystal structures of PrPC in silico to identify potential anti-prions to determine their
binding modes and interactions.
Results: Eleven new phytochemicals were identified based on their binding energies and pharmacoki-
netic properties. The binding sites and interactions of the known and new anti-prion compounds are
similar, and differences in binding modes occur in structures with very subtle differences in side chain
conformations. Binding of these compounds poses steric hindrance to neighbouring molecules. Residues
shown to be associated with the inhibition of PrPC to PrPSc conversion form interactions with most of the
compounds.
Conclusion: Identified compounds might act as potent inhibitors of PrPC to PrPSc conversion. These might
be attractive candidates for the development of novel anti-prion therapy although further tests in vitro
cell cultures and in vivo mouse models are needed to confirm these findings.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Institute of Transdisciplinary Health Sciences
and Technology and World Ayurveda Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Prion diseases are fatal neurodegenerative diseases caused by
the conversion of a normal, cell-surface glycoprotein (PrPC) into a
misfolded pathogenic form (PrPSc), which results in a wide array of
degenerative neurological disorders [1,2]. The more stable PrPSc

(also referred to as PrPres for protease-resistance) denotes scrapie
associated prion protein which are misfolded, beta-sheet-rich
structures with low Gibbs free energy [3,4].

To date nomedication has been shown to halt or even slow prion
or other neurodegenerative conditions [5]. All putative anti-
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Transmissible Spongiform Encephalopathy (anti-TSE) drugs tested
to date are prophylactic rather than therapeutic [6,7]. Many anti-
prion compounds like suramin, pentosanpolysulfate, amphotericin
B, cyclodextrins, phenothiazine, statin [8], doxycycline, Congo red,
rapamycin, dendritic polyamines, polyphenol, diphenylpyrazolebis-
acridine, anti-histamine, and some anti-malarial agents including
quinacrine, mefloquine, etc., have been reported to inhibit PrPSc

formation or to reduce the level of PrPC in vitro. Anti-PrPC antibodies,
aptamers, and intrabodies/nanobodies have shown to inhibit the
prion conversion in vitro [9,10]. However, they were not useable
because of their toxicity and inability to cross the bloodebrain
barrier (BBB) [11].

High throughput virtual screening and structure-based drug
design are cost-effective and speed up the drug discovery process
[12]. Many compounds identified through such in silico screening
methods are under clinical trials or have been approved for ther-
apeutic use [13e15]. Compounds like GN8 (2-pyrrolidin-1-yl-N-[4-
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[4-(2-pyrrolidin-1-yl-acetylamino)-benzyl]-phenyl]-acetamide)
[16], GJP49 (8-Methyl-7-{[2-(1-piperidinyl)ethyl]sulfanyl}-2,3-
dihydro [1,4]dioxino [2,3-g]quinoline) [17], ellagic acid, curcumin
pentagalloylglucose [18], polydatin [19], and LD7 (Phenethyl Pi-
peridines) [20] have been shown to stabilize PrPC and prolong the
survival of the mice infected with prions. Recently, flavonoids
baicalein and baicalin (baicalein 7-O-glucuronide), the active
compounds from the North American traditional medicinal herb
Scutellaria lateriflora, were found to reduce PrPSc accumulation in
scrapie-infected cell cultures and cell-free conversion assays [21].

The science of ethnobotany has contributed to natural product
research for the development of drug molecules or ethnobotanical
leads. A wide range of Central Nervous System (CNS) active me-
dicinal plants with resins and volatile oils are used in different
cultures to treat headaches, improve mood, alter perceptions, and
improve CNS health [22,23]. In this study, we have integrated
traditional ethnobotanical knowledge with in silico Computer
Aided Drug Designing for the identification of potential plant de-
rivative compounds that might inhibit the pathogenic conversion
of PrPC to PrPSc.

The normal globular domain of the human PrPC structure con-
tains three a-helices comprising the residues 144e154, 173e194,
and 200e228, and a short anti-parallel b-sheet comprising the
residues 128e131 and 161e164 [24]. The crystal structures of the
human prion proteinWT/M129 (1I4M) [24], 4KML [25], and human
prion protein variants WT/V129 (3HAK & 3HAF), D178N/M129
(3HEQ), and D178N/V129 (3HJX) [26] have been determined at high
resolution and have been shown to occur as swapped (1I4M and
3HAF) or un-swapped (3HEQ, 3HJX) dimers, non-swapped mono-
mers (3HAK) and an ordered N terminus b sheet containing
structure stabilized by a nano-molecule (4KML).

The binding modes of known anti-prion molecules are either
not known, or have been determined with only the non-swapped
structures of PrPC. The pathogenic conversion of PrPC protein into
PrPSc during disease progression involves a process of conforma-
tional change that includes domain-swapping. This domain-
swapping process could be a crucial step in facilitating the dimer-
ization and subsequent oligomerization of the protein [26]. Small
pharmacological compounds that can interfere with this structural
transition and oligomerization of the PrPC may potentially inhibit
the PrPSc formation [24]. It is possible that the known anti-prion
compounds may exert their inhibitory effects by directly interact-
ing with PrPC or PrPSc, or by reducing the levels of PrPC through the
modulation of various cellular processes [27]. The virtual screening
approach for identifying the small compounds targeting the region
of the PrPC that interact with the compound GN8 has successfully
demonstrated reduction in the amount of PrPSc in the cells infected
with the Rocky Mountain Laboratory scrapie prion strain [11,28].

In our study, we performed in silico virtual screening supported
by molecular docking against the individual monomers of swapped
and non-swapped human PrPC structures to identify eleven com-
pounds from the manually constructed in-house library of phyto-
chemicals with CNS and other publicly available databases with
phytochemicals. We also determined their potential bindingmodes
and interactions, which revealed eleven potential novel anti-prion
compounds.

2. Material and methods

2.1. Construction of phytochemicals database

For the construction of the in-house library, the plants, which
are traditionally used to treat different neurodegenerative diseases,
were listed by searching the dendrimer-based drug delivery system
[29] on PubMed Central focusing on plants known to have CNS
2

stimulant activity. The bioactive constituents of these plants
(phytochemicals) and their derivatives were searched for in the
literature and structure databases including Pubmed (described in
Supplementary Materials S3), PubChem, Dr. Duke Phytochemical
and Ethnobotanical databases, and Traditional Chinese Medicine
Database System. The 3D structures of these phytochemicals/bio-
actives were downloaded from PubChem [30], eMolecules (www.
emolecules.com), and ChemSpider [31]. For the structures that
were not available, we created them using ACD/Labs 2016 Freeware,
v14.00, [32]. In total, we constructed an in-house library of 207
structures of phytochemicals known to act on the CNS.

The final phytochemical compounds library used for docking
consisted of a total of 2550 molecules, which included the 207
compounds in our in-house library and additional compounds
obtained from various databases, such as AfroDB [33] containing
954 potent natural products from African medicinal plants, NuB-
BEDB [34] containing 643 bioactives from Atlantic forest, Brazil and
IBScreenBioactives (http://www.ibscreen.com) containing 746
biologically active compounds, were downloaded from ZINC data-
bases [35]. Energy minimization was done for all molecules using
universal force fields (UFF) from OpenBabel [36,37], before docking
to protein structures.

2.2. Target protein and binding pocket preparation

The high-resolution crystal structures of human prion protein
PrPC with PDB (Protein Data Bank) accession code 3HAK, 3HAF,
3HEQ, 1I4M, 4KML, and 3HJX were downloaded from the PDB. The
water molecules were deleted from all of the six structures, missing
amino acids in the 3HEQ and 3HJX were added and the nano-
molecule from the 4KML was removed using Accelrys's Discovery
Studio Visualiser v16.1.0.153,350 (DassaultSyst�emes BIOVIA, BIOVIA
Workbook, Release 2017). Energy minimization of the added resi-
dues for 3HEQ and 3HJX was done using chimera-1.13.1 [38]. The
co-ordinates of the nanomolecule that co-crystallized with PrPC in
4KML were removed, and only the PrPC coordinates were used for
docking. The PDB IDs of the structures in the text have been
mentioned without the preceding digits and the helices and sheets
are mentioned as a and b respectively.

2.3. In silico virtual screening

We performed docking using AutoDock Vina within the open-
source software PyRx ePython Prescription 0.8 [39]. The Lamarck-
ian Genetic Search Algorithm with default parameters was used in
the automated docking simulation. The search region cubic space
encompassed the entire protein and the grid box dimension for
respective protein structures (Supplementary Materials S2, Table 1):
only monomers (swapped or non-swapped) were included in the
docking. The compounds of the in-house database along with com-
pounds shown to have anti-prionic activity, namely GJP49, GN8, and
LD7 were also docked against the human PrPC protein as controls.

2.4. Pharmacokinetics and binding mode

The drug-likeness was evaluated, based on ‘rule of 5’ (Ro5),
developed by Lipinski et al. [40] predicted with the online tool Pre-
ADMET (http://preadmet.bmdrc.org) for the top 31 compounds
based on docking scores. The pharmacokinetic properties of poten-
tial anti-prion compounds in the human body, including their ab-
sorption, distribution, metabolism, blood-brain barrier penetration,
excretion and Toxicity (ADMET) were predicted using AdmetSAR
(http://lmmd.ecust.edu.cn/admetsar1). Compounds with binding
energies comparable to or higher than the known anti-prion com-
pounds and satisfying the ADMET criteria were selected for analysis
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of the binding modes, analysis of interactions, site of fit, and dis-
tances using Accelrys's Discovery Studio Visualiser v16.1.0.153,350.

3. Results

31 compounds showed a binding energy that was either com-
parable to or higher than that of the known anti-prion compounds.
The compounds selected for further evaluation in this study are
only those that comply with the Lipinski's rule, having no more
than one violation of the “rule of 500 criteria (Supplementary
Materials S1, Table 2). Eleven new plant derivatives that can serve
as potential inhibitors of PrPC aggregation are listed in Table 1. All of
the compounds are predicted to be absorbed in the intestine and
cross the blood-brain barrier, are non-toxic, and non-carcinogenic.
They did not inhibit renal organic anion transporters and showed
low CYP 450 inhibitory promiscuity. Only RAU25 and BIO115
amongst the new compounds were inhibitors of CYP450 2C9, as
was GJP49 from the known anti-prions (Supplementary Materials
S1, Tables 1e2).

3.1. Binding energies

Compounds binding to the prion protein through pi-alkyl/alkyl/
piesigma interactions bind more strongly compared to those that
bind through hydrogen bonding. The known anti-prion compounds
bound to the swapped structures (mean ¼ �7.31 kcal/mol) more
Table 1
List of newly identified plant derivatives, their sources, chemical names, modes of bindin
Binding energy, R-alkyl, HBehydrogen bond.

Comp. Plant Chemical name B
K

3HAF (WT/V129) (Swapped)
ILE2 Ilex paraguariensis b-amyrin �
CEN39 Centella asiatica campesterol �

PTY55 Ptychopetalum olacoides b -sitostenone �

EA150 African medicinal plant (9b,13a)
13,28Epoxyoleanane-
3,22-dione

�

I4M (WT/M129) (Swapped)
PTY55 Ptychopetalum olacoides Stimast-4en-3-one �

CEN39 Centella asiatica Campesterol �

HAK (WT/V129) (Non-swapped)
CEN36 Centella asiatica Asiatic Acid �

RAU31 Rauvolfia serpentina Rescinnamine �

BNP 8864 Sophora velutina Olean-12-en-3-ol �

BNP 2069 Glyptopetalum sclerocarpum 22-Hydroxytingenone �

HEQ (D178N/M129) (Non-swapped)
RAU25 Rauvolfia serpentina Ajmalicine �

HJX (D178N/V129 (Non-swapped)
EPH18 Ephedra sinica Ellagic acid �

Bio115 Handroanthus impetiginosus atovaquone �

KML (WT-M129 in complex with nanobody Nb484), with Nb484 deleted (Non-swa
RAU31 Rauvolfia serpentina Rescinnamine �

Bio115 Handroanthus impetiginosus atovaquone �

3

strongly than to the non-swapped structures (mean ¼ �6.59 kcal/
mol). The newly identified compounds also bound stronger to the
swapped (mean ¼ �9.125 kcal/mol) than to the non-swapped
structures (mean ¼ �7.728 kcal/mol) (Supplementary Materials
S1, Table 3). The strongest BE (Binding Energies) was that of the
compound EA150 to HAF (�10.8 kcal/mol).

3.2. Binding regions

The binding sites for both known and potential anti-prion com-
pounds are illustrated in Fig. 1B for the three types of structures
available. All of these compounds bound to the a1-a2 or the a2-a3
loops or to both (Fig.1A), with a few interactionswith residues of the
C-termini of a1 and a2. Subunits of swapped dimers had a very small
region of binding and very few ionic interactions while binding to
non-swapped PrPC also extended towards the N-terminus of a3 and
C-terminus of a2 including the a2-a3 hinge loop residues. Binding to
the structure with ordered b sheet N-terminus residues uniquely
showed binding throughout a2 and the C-terminus of a3.

3.3. Binding sites: swapped structures

The swapped dimers I4M and HAF structurally aligned with root
mean square deviation (r.m.s.d) of 0.294 Å. The known anti-prion
compounds interacted with the same regions of the prion protein
structures as the new compounds, with the exception of LD7, which
g and binding energies with the swapped and non-swapped crystal structures. BE-

E
cal/mol

Interactions Regions

8.6 Pro 158 (R), Ile 184(R),Tyr157 (p-R) a1- a2, a2, a1- a 2
8.3 Tyr149 (p-s),Tyr145 (p eR),

Tyr149 (p eR), Tyr157 (p eR)
N-ter, a 1- a 2

8.4 Pro158 (p eR), Tyr157 (p eR),
Phe141(p eR),Tyr149 (p eR)

a1-a 2, N-ter, a1

10.8 Pro137(p eR),Tyr157 (p eR),
Tyr150 (p eR), Tyr149 (p eR)

N-ter, a 1-a 2, a 1

8.7 Pro158(R), Tyr157 (p eR),
Phe141(p eR)

a 1-a 2, N-ter

8.4 Phe141(p eR), Pro158(R),Tyr157 (p
-s)

N-ter, a 1-a 2

7.4 His187(Pi-Alkyl), Tyr162 (HB),
Thr183(HB)

a 2, b 2

7.4 Lys194(H-bond), Thr183 (CeH),
Tyr162 (HB), Gln160 (CeH),
His155(CeH)

a 2, b 2, a 1- a 2

8.6 His187(Alkyl), His187(Alkyl)
Pro158(Alkyl)

a1- a2, a 2

8.2 His187 (p eR), Tyr162 (p eR),
His155(HB),Arg136(HB)

a 2, b 2, a 1-a 2, N-ter

7.8 Thr191(HB), Lys194(HB), Pro158(p
-s)

a 2, a 1-a 2

7.3 Pro158(p eR), His155(HB),
Tyr157(HB), Thr191(HB)

a 1- a 2, a 2

7.4 His155(HB), Tyr157(HB),
Asn159(HB)

a 1- a 2

pped)
7.1 Tyr163(HB),Asp167(HB),Pro165(p

eR), Ala224(HB),Glu221(HB)
b2, a1-a2, C-ter

6.6 Glu207(HB), Thr188 (p -s),
Val203(p eR)

a3, a 2



Fig. 1. A: Binding regions of known and new compounds to the non-swapped (left), swapped (center), and non-swapped with ordered N-terminus structures (right). Compounds
binding to different structures in the superimposed figures are shown in different colors. B: Regions of prion protein showing regions of interaction. Swapped structures show
binding with residues of a2-a 3 regions (left), residues of a 2 and a 3 facing each other as well as residues of a 1 (center) form interactions in the swapped structures, residues
throughout a 2, a 2-a 3 switch regions, as well as those of a 3 C-terminus (right), interact with compounds in the ordered N-terminus non-swapped structure. All regions are shown
on the ordered N- terminus colored N- to C-terminus (blue to red) structure for comparison.
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formed all interactions with a2 (Table 1, Fig. 1A). The number of ionic
interactions between swapped monomers and new compounds
were very few compared to those of the known compounds, which
interacted extensively with all helices and loops. In all cases, the site
of binding of these compoundswas throughhydrophobic residues on
a2 which formed the interface of association with a3 of another
monomer to form the dimer. Steric clashes of the bound compounds
became apparent with a3 when the dimer is created from the com-
poundbound monomers (Fig. 2A). Monomers of both swapped
structures I4MandHAFboundCEN39 andPTY55 in the same regions.
However, the known anti-prion compounds LD7 and GJP49 bound
with similar binding energies to different sites on I4M and HAF: to a
crevice formed by the switch loop and the C-termini of a1 and a2 in
I4M versus a surface binding between a1 and a2 in HAF (Fig. 3).

3.4. Binding sites: non-swapped structures

Binding to non-swapped monomers mostly occured to resi-
dues of the C-termini of a1 and a2, with some interactions with
the a2-a3 switch region (Fig. 1A and B). HAK presented a
“tighter” structure as residues 190e194 continues as a2 helix,
whereas in other non-swapped structures, they formed a loop.
HJX, which presented a more disordered and open a2-a3 loop
allowed molecules to extend into the space created by a loos-
ening of this loop. However, only the known anti-prions GJP49
and GN8 were able to occupy this space. Rau31 bound to
different sites on HAK and KML which superimposed with r.m.s.d
0.655 Å. The site of binding of RAU31 in KML, involved residues
4

of a3 C-terminus and a2 N-terminus (Figs. 1A and 4B). However,
no residue from the N-terminus b sheets was seen to interact
with the compound. Bio115 bound to KML as well as HJX (r.m.s.d
1.367 Å) at different sites: to the hinge loop region towards the
flip side of a1 in KML whereas in HJX, it bound to the front of the
hinge loop facing a1, along with all other compounds. As with
other non-swapped structures compared with HJX, the hinge
loop region was more organized in KML and tighter, with Thr190
to Lys194 a part of a2 in the latter.

The Binding of compounds in all structures resulted in steric
clashes either with the partner monomer or with a crystallo-
graphic symmetry-related molecule (Fig. 2B). BIO115 in HJX ste-
rically clashed with another BIO115 as well as its a2-a3 loop on its
partner monomer (Fig. 2B(c)). Ligands bound to HAK sterically
clashed with residues of three different symmetry-related
monomers (Fig. 2B (a)). Steric clashes in HEQ occured only be-
tween known anti-prions in the symmetry-related dimers (Fig. 2B
(d)). RAU31 in KML sterically clashed with residues from a sym-
metry-related molecule (Fig. 2B(c)).

3.5. b sheet regions

The residues 188e195 were involved in hydrogen bonding with
the same region of the other monomer to form a b sheet in both
swapped structures. The known anti-prions LD7 and GJP49 steri-
cally clashed with the Lys194 side chain of the partner monomer in
this region in swapped structures. No interactions occured in either
type of structures with residues of the b-strand formed by residues



Fig. 2. A: Swapped structure dimers (I4M top and HAF bottom) showed steric clashes of bound molecules bound between a1 and a2 of one monomer (blue to red) with the
swapped a3 of the partner monomer (grey). Clashes are also seen with the residues of the switch region of the partner molecule. B: Steric clashes of bound compounds with partner
monomers of the dimer and molecules related through crystallographic symmetry in the non-swapped structures. a. HAF showed steric clashes of compounds bound to one
monomer (blue to red) with molecules related through crystallographic symmetry (grey and beige) b. Steric clash of RAU31 bound to the C-terminus of KML (grey) with residues of
another molecule related through crystallographic symmetry (cyan) c. Steric clashes of bound compounds with each other in the dimer formed in HJX d. Two dimers of com-
poundbound HEQ showed steric clashes with subunits of another dimer (grey) as well as compounds bound to them, but not with each other (blue to red).

Fig. 3. Differences in binding sites of LD7 and GJP49 to the swapped structures. Bound to HAF on the surface (cyan) while to I4M in the crevice (grey) (Left) when the only difference
in the binding regions of either structure was a slight shift in side chain conformations of Glu196 and Asn197 (right) between I4M (grey) and HAF (cyan) so that ionic interactions
with surrounding residues changed (red I4M, cyan HAF).
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128e131. All new compounds bound to the non-swapped struc-
tures interacted with one or the other of Tyr162, Tyr 163, Lys194,
Thr188 , and Thr191, which were constituents of b strands in either
swapped or non-swapped structures.
4. Discussion

Compounds listed in Table 1 as potential anti-prion compounds
bind with comparable or higher binding energies as those of the
known anti-prion compounds. The binding sites of the newly found
compounds are also the same as the known anti-prion compounds
LD7, GJP49, and GN8, with minor differences in residue-specific
interactions. None of the new compounds have an extended
structure as GN8 or LD7, which can form interactions with more
residues and hence, can block more surface area of the protein to
prevent association. The new compounds show high binding en-
ergy and might not be able to dissociate easily from the protein
once they are bound, acting as potential inhibitors by steric hin-
drance of other prion proteinmolecules as depicted in Fig. 2A and B.
However, high binding energies through docking do not always
5

correlate with binding to PrPC in vivo [28], and the sites to which
binding occurs on the protein also play an important role in
determining the conversion to PrPSc.

Binding of all known and potential anti-prion compounds in the
same region of swapped structures: I4M and HAF is expected, as
they are very similar except for the Met and Val respectively at
position 129. The binding of LD7 and GJP49 to the two structures at
different sites (Fig. 3) highlights the effect of subtle changes in side
chain conformations irrespective of the binding energies which are
around �7 kcal/mol (Supplementary Materials S1, Table 3). The
side-chain conformations of Asn 197 and Glu196 are different in the
two structures (Fig. 3), such that the Glu196 side-chain in HAF
extends into the cleft that is formed by residues of the switch re-
gion. Similarly, the binding of CEN39 to both I4M and HAF is in the
same site, but the molecule is flipped to bring the OH group to the
opposite end. Although there are slight differences in the side-
chain conformations of nearby residues 140e146 in the two
structures, these are unlikely to affect CEN39 binding, and both
orientations might be possible in a swapped structure. This is re-
flected in the similar binding energies of CEN39 to both structures
(Table 1).



Fig. 4. A: Distances between Arg156 of helix 1 and His 187 of helix 2 in the swapped structures that might determine access to binding of compounds. As h1 moved away, binding
shifted towards the h2 eh3 loop Left:HAK, Center: HEQ, Right: HJX Fig. 4B: Differences in binding of RAU31 to HAK (pink) and KML (grey) showed differences in the R164-S170 short
helix region (left). Residues in this region are displaced in the two structures (right) and may be responsible for allowing RAU31 (shown in lines) to bind in KML while restricting it
in HAK.
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The new compounds identified are highly hydrophobic and bind
mainly through hydrophobic alkyl and piealkyl interactions to
residues of a1 (Table 1). It has been proposed that when a1 is
caused to either unravel or be pushed away from the a2- a3 sub-
domain, misfolding is accelerated [41]. Tight binding of compounds
to residues of a1 can help stabilize it and prevent its movement.
Inhibition of PrPC to PrPSc conversion by potential anti-prion
compounds differs with cell types and correlates with in-
teractions with Asn159 and Glu196 [28]. The ionic interactions
between the new compounds and both the swapped structures are
very few and encompass Glu146, Pro158, Asn159, and Gln160,
while their hydrophobic regions extend along the protein surface.
Dimerization of PrPC has been found to be the rate-limiting step
during oligomerization and misfolding [41]. As these compounds
occupy the region that is filled in by the swapped a3 of another
monomer to form a dimer, the prevention of association of a3 of
one monomer with a1 of the other can contribute to the inhibitory
activity of these compounds towards PrPC to PrPSc conversion.

There is a shift in the binding of molecules from mainly the
hinge loop in HJX towards mostly surface binding to HAK between
a1 and a2. The non-swapped structures differ from each other in
the rotation of a2 away from the N-terminus of a3. Accompanying
the unraveling of the C-termini residues of a2, comprising Thr191e

Lys194, which form an additional helix fold in HAK, are somewhat
ordered into a helix in HEQ, and completely disordered in HJX. The
energy-minimized structure of this loop in HJX shows Lys194 side
chain extended towards the solvent while Asn197 extends towards
the protein interior. In the other two structures, Lys 194 turns in-
wards while Asn 197 extends into the solvent away from the
6

protein surface. LD7 binds to the surface opposite to where the rest
of the compounds bind in HAK, which also shows a strong (2.8 A)
interaction between the imidazole ring of His187 with the main
chain carbonyl oxygen of Arg156. HAK and HJX show larger dis-
tances between these residues as shown in Fig. 4A. It is likely that
the access to residues in the loop region is reduced due to residues
interacting with each other as in HAK.

The conformation of the side chain of Met 166 is flipped in KML
compared to HAK so that it is turned towards the C-terminus of the
protein. However, in HAK, the Met 166 side chain is turned towards
the exterior of the protein and exposed to solvent (Fig. 4B). Simi-
larly, the side chain of Tyr 169 in KML turns towards the interior of
the protein, while in HAK it faces the solvent. Although the short
helix in this region ranges from Pro165 to Tyr169, the side chains of
the residues comprising this region are arranged in different con-
formations which probably cause the difference in binding of RAU
31 to different regions of these two structures. Residues Tyr162 to
Asn171 in KML constitute a loop-b-helix-loop secondary structure
domain that interacts closely with the N-terminus b sheet as well as
the stabilizing nano-molecule co-crystallized with PrPC. The R164-
S170 loop has been suggested to allow transmission of conforma-
tional information to influence intermolecular b sheet formation
[42]. RAU31 interacts with the small b sheet in both HAK as well as
KML and could help disrupt the intermolecular b sheet structures
comprising Tyr162, Tyr163, Met/Val129, and Ile 130 seen in the
D178N mutants [42]. RAU31 also forms ionic interactions with
residues Arg 220, Glu221, and Ala224 of C-terminus a3 in KML. The
known anti-malarial drug quinacrine, which has also been shown
to be an inhibitor of PrPSc formation has been shown to bind to
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Tyr225, Tyr 226, and Gln 227 of a3 in PrP [43]. Anchorless PrPC

truncated at the C terminus is more prone to PrPSc formation at low
pH [44], presumably due to a decrease in intra-molecular in-
teractions in the C-terminus residues so that they are available for
inter-molecular interactions. Following this theory, RAU31 binding
to residues of the C-terminus can also decrease the availability of
ionic interactions for another PrP monomer, reducing the chances
of dimerization. RAU31 hencemight be able to act by stabilizing the
N- and C- termini, interacting with Asn159, residues of the switch
region, and the residues of the intermolecular b sheet, to inhibit
PrPC to PrPSc conversion.

Based upon ex vivo and in vivo treatment experiments [45], anti-
prion compounds have been proposed to act through specific or
non-specific conformational stabilization, reduction of PrPC

through precipitation, and interaction with molecules other than
PrPC [42]. Inhibition of PrPC to PrPSc conversion by potential anti-
prion compounds differs with cell types and correlates with in-
teractions with Asn159 and Glu196 [28]. Compounds binding to
both swapped and non-swapped structures show ionic interactions
with Asn159, none interact with Glu196. But many of the newly
found compounds strongly interact with Pro158 and Asn197. It can
be assumed that the binding of compounds to regions of PrPC de-
termines inhibition rather than binding to specific amino acids and
that binding to residues 158 and 197 will be as effective for inhi-
bition as binding to residues 159 and 196. Moreover, binding to
Asn197 is possible only in the non-swapped forms where it is fully
exposed. Asn197 is a site of glycosylation of PrPC [46], and its
blocking by an inhibitor can influence both the movement of the
hinge region to prevent a3 from swapping as well as by mimicking
an in vivo glycan as seen in PEGylated (Polyethylene glycol) PrP at
181 and 197 that inhibit PrPSc formation [47].

A number of studies have shown changes in the conformation of
PrPC resulting from lowering of pH and/or chemical denaturants,
and these altered conformation intermediates display one or the
other characteristics of PrPSc [48]. A lowering of pH causes marked
chemical shifts in the C- termini of a1 and a2; specifically, Asn186,
His187, Thr188, Thr192, Lys194, and Glu196 of a2 and His155,
Arg156, and Asn159 of a1 as a result of protonation of His187 and
His155 [48]. The protonation of His187 favors PrPSc-like confor-
mation while de-protonation favors native PrPC [48]. The known
anti-prion compounds LD7, GJP49, and GN8 bind to one or the other
of these residues. All new compounds that bind to the non-
swapped forms interact either with His155 or His187. Involve-
ment of these histidines in interactions with the compounds might
discourage their protonation and hence also the development into
an altered conformation intermediate. A low pH treatment of re-
combinant mouse PrPC is also accompanied by increased solvent
exposure of tyrosine side chains in addition to 25 times higher
recognition of PrPSc by Tyr-Tyr-Arg antibodies compared to PrPC

[49]. The Tyr-Tyr-Arg motif occurs in two regions res.149-151 and
res.162-164 in the prion protein. The new compounds stack with
one or the other of these tyrosines and also form non-polar in-
teractions with Pro 158 in the swapped monomers. Stacking of
rings of the terpenes and sterols can be visualized as tightening
hydrophobic interactions and preventing the alteration in the side
chain conformations of tyrosines, and by extension of the PrPSc

forming intermediates. Flanking proline residues in prion proteins
have also been proposed to have a containment role and confine
the b sheet within a specific length [50]. Hydrophobic interactions
of compounds with prolines will reinforce its position and hence its
role in prevention of lengthening of the b sheet.

All potential new bioactive anti-prion compounds are either
tetra- or pentacyclic terpenoids, sterols, or naphthoquinones. Most
of these have been shown to be utilized for various medicinal
purposes in humans. All of them are able to cross the BBB, bind very
7

strongly to PrPC, and can prove to be potent anti-prion compounds.
Different compounds bind to different forms, the swapped dimer
being the least amenable to binding. The presence of the N-ter-
minus b sheet structure might offer more binding sites for stabili-
zation of the soluble monomeric form and prevention of
dimerization.

Rau25 or Ajmalicine is an a1 adrenergic receptor antagonist
used as an anti-hypertensive drug [51]. It is a heteropentacyclic
monoterpenoid indole alkaloid and methyl ester found in the root
or bark of several plant species including Rauwolfia spp, Cathar-
anthus rosea etc [52]. RAU31 or Rescinnamine, is a heteropentacylic
vinca alkaloid also derived from Rauwolfia serpentina and other
species of Rauwolfia [53] used as an antihypertensive drug and an
angiotensin converting enzyme inhibitor.

CEN36 (Asiatic acid) and CEN39 (campesterol) are triterpene
and sterol derivatives respectively from Centella asiatica. C. asiatica
contains a variety of saponins, of which asiaticoside, an asiatic acid
derivative, has been suggested to exert a therapeutic effect in Alz-
heimer's disease [54]. Asiatic acid has also been found to be neu-
roprotective in a mouse model of focal cerebral ischemia [55].
C. asiatica synthesizes saponins (triterpenes) including asiatic acid
and sterols including campesterol from mevalonic acid via the
isoprenoid pathway [56]. Campesterol has been demonstrated to
be able to cross the BBB in mice [57]. There is no flux of lipoprotein-
bound cholesterol across the BBB, but the presence of an alkyl
group on the 24-position of cholesterol side chain (campesterol)
results in a markedly increased ability to cross the intact BBB [58].

BNP2069(22 hydroxytingenone or tingenin B), a pentacyclic
quinine methide triterpenoid compound has been found to possess
antibacterial, antiparasitic, and anticancer activities [59]. BNP8864
and ILE2 are different representations of olean-12en-3-ol or b-
amyrin, a very commonly occurring pentacyclic triterpenoid that is
oleanane substituted at the b position by a hydroxyl group, with a
double bond between C12 and C13 and is found in many higher
plant species [60]. b amyrin has been found to ameliorate the
cognitive impairment induced by hypocholinergic neurotransmis-
sion, as seen in Alzheimer's disease, via the activation of ERK aswell
as GSK-3 b signaling [61].

PTY55 b-sitostenone (Stigmast-4en-3-one) is a steroid deriva-
tive present in many plant species. b-sitosterone and its corre-
sponding alcohol b sitosterol from Anacardium occidentale (cashew)
have been shown to have hypoglycemic activity demonstrated
through an intravenous injection in healthy dogs [62]. EPH18 or
ellagic acid is a natural polyphenol heterotetracyclic antioxidant
derived from gallic acid, that occurs in numerous fruits and vege-
tables, especially in black raspberries and pomegranate juice.
Ellagic acid has been found to exhibit antioxidant and anticarci-
nogenic properties, including inhibition of tumor formation and
growth both in vitro and in vivo [63,64]. Ellagic acid possesses
potent neuroprotective effects through its free radical scavenging
properties, iron chelation, activation of different cell signaling
pathways, andmitigation of mitochondrial dysfunction [65]. Bio115
or atovaquone is a synthetic derivative of lapachol from Tabebuia
species (Bignoniaceae). Atovaquone is an anti-malarial drug that
inhibits the electron transport chain by binding to the quinol
oxidation site of cytochrome bc1 complex [66]. EA150 is a com-
pound from the natural product library of African medicinal plants
[67]. There is not much information about this compound and its
utility in medicine, except for its listing in the ZINC database [68]. It
is a derivative of the pentacyclic triterpenoid oleanane [69].

One of the limitations of this study is that we could not assess
whether these compounds bind to the disordered N-terminal
domain of PrPC as these structures are not available in the PDB. In
addition, helix swapping has potentially important implications for
prion diseases, however, the physiological relevance of this 3D
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domain-swapped dimer protein structure is poorly studied or at
present unknown. Moreover, ADMET prediction does not assure
real pharmacokinetics properties but only provides guidance in
silico drug screening. Molecular docking methods have many ad-
vantages in drug discovery tasks. However, the results should be
supported by experimental data [70]. Thus, identified compounds
need to be further evaluated in vitro and in vivo for their
effectiveness.

5. Conclusion

The newly identified compounds are derivatives of terpenes,
sterols, and quinones, and they bind to the same regions of PrPC as
the known anti-prion compounds. The conformation of PrPC to
which these compounds bind differs and their mechanism of action
may involve multiple effects ranging from steric hindrance of as-
sociation of monomers, blocking of the swapping of a3 towards a2,
stabilizing the switch region between a2 and a3, preventing pro-
tonation of histidines, and reducing exposure of tyrosines to the
solvent. As some of these compounds are used for medicinal pur-
poses for various conditions, they form an attractive group of
compounds to study further for the prevention of PrPC to PrPSc

conversion, either in isolation or in combination with each other.
Interestingly, this approach and phytochemical library used in this
present study may be relevant for performing in silico screening
against several other neurodegenerative conditions. However, the
validation of these novel potential anti-prion compounds further
requires in vitro surface plasmon resonance analysis, NMR, in vitro
cell line cultures, and in vivo mouse models are indispensable.
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Abbreviation

ADMET absorption, distribution, metabolism, elimination,
toxicity

BBB Bloodebrain barrier
BE Binding Energies
BIO115 atovaquone
BNP2069 22 - Hydroxytingenone
BNP8864 Olean-12-en-3-ol
CEN36 Asiatic acid
CEN39 Campesterol
CNS Central Nervous System
EA150 (9b 13 a) 13,2 8-Epoxyoleanane-3,22 dione
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EPH18 Ellagic acid
ILE2 b-amyrin
PEG polyethyleneglycol
PrP Prion Protein
PrPC Cellular prion protein
PrPres Protease-resistant prion protein
PrPSc Pathogenic scrapie prion
PTY55 b-sitostenone
r.m.s.d. root mean square deviation
RAU 31 Rescinnamine
RAU25 Ajmalicine
TSE Transmissible Spongiform Encephalopathy
UFF Universal force fields
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