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Abstract

A multilayered computational workflow was designed to identify a druggable binding site on the surface of the E200K
pathogenic mutant of the human prion protein, and to investigate the effect of the binding of small molecules in the inhibition
of the early aggregation of this protein. At this purpose, we developed an efficient computational tool to scan the molecular
interaction properties of a whole MD trajectory, thus leading to the characterization of plausible binding regions on the
surface of PrP-E200K. These structural data were then employed to drive structure-based virtual screening and fragment-
based approaches to the seeking of small molecular binders of the PrP-E200K. Six promising compounds were identified,
and their binding stabilities were assessed by MD simulations. Therefore, analyses of the molecular electrostatic potential
similarity between the bound complexes and unbound protein evidenced their potential activity as charged-based inhibitors

of the PrP-E200K early aggregation.
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Abbreviations wt Wild type
BR Binding region XP Extra precision docking protocol implemented in
CID Creutzfeldt—Jakob disease Glide (Schrodinger suite)
E200K Mutant of prion protein where Glu200 is muted

in Lys200
FMO  Fragment molecular orbital method Introduction
HTVS  High-throughput virtual screening
MEP Molecular electrostatic potential Since its proposal by Prusiner [1, 2], the prion’s concept
MD Molecular dynamics have entered in the body of knowledge of several fields of
MIF Molecular interaction field Chemistry and Biology, and several neurodegenerative dis-
NMR  Nuclear magnetic resonance eases are currently categorized to be caused by prions or
PDB Protein Data Bank prion-like proteins [3]. Nowadays, the prion’s concept is
PrP Prion protein fundamental to a deep understanding of the pathogenesis
PrP¢ Cellular prion protein of amyloid diseases, not only due to the often-similar phe-
PrPS¢  Scrapie prion protein notypical profiles, but also caused by common structural
sf Schrodinger fragment events affecting the involved protein such as acquired self-
SP Standard precision docking protocol imple- aggregation propensity, unfolding to a beta-rich conforma-

mented in Glide (Schrodinger suite)

< Roberto Paciotti
r.paciotti @unich.it

Department of Pharmacy, University “G d’Annunzio”

of Chieti-Pescara, Chieti, Italy

Molecular Discovery Limited, Middlesex, London, UK

tion, and formation of neurotoxic aggregates [4-7]. The
human prion protein (PrP), the causative agent of severe
amyloid neurodegenerative diseases [8], is physiologically
expressed in several tissues and characterized by basically
an unstructured N-terminal domain (23—-124), and a struc-
tured or globular C-terminal domain (125-231) [9]. Several
pathogenic mutants of PrP have been recognized to be causa-
tive of familial forms of prion diseases, all characterized
by a sudden inset leading to rapid decline of neurological
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functions and, eventually, to death [10-13]. Among them,
the E200K mutation of PrP is recognized to be the cause of
the most common familial form of the Creutzfeldt-Jakob
disease (CJD) [10]. Both heterozygous and homozygous
mutants have been investigated to elucidate the pathogenic
role played by E200K, especially to discern among loss-of-
function or attainment of new protein functions [14].

The tridimensional structure of PrP-E200K in water solu-
tion characterized by means of NMR approaches has been
shown to be substantially similar to the wild type one, the
only worth unveiled difference consisting in the distribu-
tion of surface charges [15]. Therefore, several studies have
evidenced that an E200K-like pattern of surface charges may
be induced in the wild type through the interaction with Ca**
ions [16-18].

In the attempt of deepening the understanding of the
structural features induced by E200K mutation, we have
recently developed a computational workflow for the analy-
sis of the molecular properties of protein systems based on
the human PrP as a case study [17-19].

The analysis of the PrP-E200K structure compared to the
wild type (wt) unveiled an intrinsic propensity of the mutant
to aggregation, because its surface charge distribution (not
the wt one) is seemingly capable to drive the long-range
interaction of protein units [17-19].

Several lines of evidences have confirmed the importance
of pre-fibril aggregates, such as oligomers, in the pathogen-
esis of prion-based diseases, although the way these aggre-
gates express their harmful potential is still widely debated
[20, 21].

Fig. 1 Representation of the
120-231 segment of PrP-200K
protein displaying the deter-
minant features involved in the
early aggregation. Left: cartoon
representation of the protein
and the major positively (blue)
or negatively (red) charged
regions, together with hydro-
phobic spots (yellow). Region 1
and Region 3 are also delimited
(dashed lines). Right: cartoon
representation of Region 1 (top)
and Region 3 (down) with ball-
and-sticks models (hydrogen not
shown) of the most significant
residues in the protein—protein
interactions

1
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In our previous studies, as shown in Fig. 1, two portions
of PrP-E200K were emerged to be majorly involved in its
early aggregation:

Region 1: mainly comprising the protein portions located
nearby the C-terminus and characterized by a negative
charge and exposure of hydrophobic residues; this region
is not appreciably affected by the E200K.

Region 3: mainly comprising the C-terminal and N-ter-
minal portion of helices H2 and H3, respectively, and
including the mutated residue; this region is profoundly
affected by the E200K mutation that essentially induces
a positive charge, while the same region was found to be
weakly negatively charged in the wt.

The electrostatic complementarity between Region 1 and
Region 3 have been assumed to lead to an effective head-to-
tail interaction between PrP-E200K units and to initiation
of the aggregation process, where the protein monomers are
still in the cellular folded conformation, PrP¢-E200K—the
expression “early aggregation” will be used here to denote
aggregates of PrPC-E200K units to be distinguished from the
amyloid aggregates of disease-associated scrapie proteins,
PrPS¢-E200K. Based on these structural insights, we had
afterward simulated the structure of the PrP-E200K dimer,
and performed quantum chemical calculations by the use of
the fragment molecular orbital (FMO) approach to corrobo-
rate the involvement of Region 1 and 3 in the aggregation of
PrP-E200K, and spotlight the role played by single protein
residues [19]. The molecular dynamics (MD) simulations
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reinforced the postulated Region 1-Region 3 interaction in
the dimer structure, and, also, unveiled that this protein—pro-
tein assembly induces some slight but detectable conforma-
tional adaptation, mostly in the unit interacting via Region 3
[19]. FMO calculations then provided for estimates of both
the inter- and intra-domain residue-residue interaction ener-
gies, and showed the H2-H3 loop in unit A and the S2-H?2
loop in unit B hosting the most stable inter-unit interactions,
and, concomitantly, assuming a beta-sheet domain structure.

The mentioned outcomes of QM and MD analyses on
the model of PrP-E200K dimer provided a basis of detailed
information on the approach of two protein units during the
early stages of aggregation. On the other hand, the possi-
ble intervention on tempering or hampering the aggrega-
tion propensity of PrP-E200K, through the binding of small
molecules able to disrupt the charge—charge complementary
lasts as an appealing but still unexplored hypothesis. Such
molecules are also known as charge-based inhibitors and
their mechanism of action is schematized in Fig. 2 [22].

Many studies have been carried out in order to find small
molecules with an anti-prion activity [23]. Promising mol-
ecules were characterized by different chemical scaffolds
but all share the presence of one or more heterocyclic ring
such as Congo red [24, 25], suramin [26, 27], curcumin and
its derivatives [28—31], quinacrine, quinoline, acridines, and
phenothiazines [32-35] to cite some of them. An exhaustive
description of anti-prion drugs has been recently proposed
by Barreca et al. [36, 37].

Computational approaches have been also used to sup-
port the discover of new promising anti-prion molecules.

ey

#

Fig.2 Mechanism of action of charge-based inhibitor as anti-prion
drug. Such ligand should be able to disrupt the charge complemen-
tarity between two PrP-E200K units, hampering the early aggrega-
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Recently, Kuwata and co-workers have employed a specific
computational procedure, named NAGARA, for the design
of a new molecule acting as pharmacological chaperone,
being able to bind PrP€, and blocking the prion conversion
and replication not only in cultured cells but also in infected
animals [38—40]. Other computational approaches have been
applied in order to find new anti-prion ligands with promis-
ing results [41], hence, suggesting that computational chem-
istry can boost the research of new drugs also in this field.

In this study, we applied our multilayered computational
workflow, summarized in Fig. 3, to investigate the effect of
the binding of small molecules at the PrP-E200K in seek-
ing for potential inhibitors or modulators of this prion pro-
tein aggregation. The inhibition of the early aggregation of
PrP-E200K may represent a promising approach to prevent
the formation of prion oligomers, and, consequently, all the
associated downhill processes.

Although the targeting of the PrP-E200K resulted to be
quite challenging due to the lack of unambiguously docu-
mented binding pockets, our study provided a computational
procedure (Fig. 3) to impel the search of targetable confor-
mations of this protein through an extensive screening of
the MD trajectory, and eventuated with the identification
of a suitable binding site. Following structure-based virtual
screening of a diverse library and a fragment-based approach
afforded small molecules hitting the identified site. MD sim-
ulation of the obtained putative complexes confirmed the
stability of the binding and better defined the interaction pat-
terns. The molecular electrostatic potential (MEP) of bound
complexes with top ranked ligands were also analyzed and

—)

E200k-PrP

Misfolding and amyloid aggregation

tion process. The negatively charged Region 1 is represented by red
sphere while the positively charged Region 3 is represented with cyan
sphere
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Fig.3 Schematic representation of multi-layered method applied in
this work. Layer 1 MD simulation of receptor to explore the confor-
mational space of the protein and to collect a great number of protein
conformations. Layer 2 SiteMap calculations on the protein confor-
mations collected on layer 1 to identify promising binding pockets.
SiteMap results are refined by considering the geometrical parameters
of the binding pocket, as sphericity and planarity, and the final set of

compared allowing us to quali-quantify the selected ligands
in terms of their potential activity as charged-base inhibitors
of the PrP-E200K early aggregation.

Methods
MD simulations

The molecular dynamics procedure for the simulation of the
120-231 segment of PrP-E200K (Fig. 1), performed with the
Gromacs package [42], had been widely described in previ-
ous studies [18]. Briefly, the protein molecule was placed
in a cubic box (7.3805 nm), solvated with TIP3 [43] water

@ Springer

Layer 5

binding sites were defined. Layer 3 structure-based virtual screen-
ing, fragment screening and ligands’ hybridization to identify the best
ligands. Layer 4 MD simulation of ligand-receptor complexes iden-
tified in the previous layer and the corresponding trajectories were
clusterized by using Daura’s method. Layer 5 molecular electrostatic
potential (MEP) calculations to assess the impact of the detected
binders on the electrostatic potential of PrP-E200K

molecules (12,577) at the typical room-temperature density
of liquid water (1.0 g-cm?®), and added by one CI~ counte-
rion to gain electrical neutrality. The protein system was
simulated in the OPLS-2005 force field [44, 45] within the
following scheme: (i) local energy minimization; (ii) slow
heating up: preparation runs (200 ps) with the protein tem-
perature increasing by 50 K from 150 to 300 K;; (iii) produc-
tion runs of 300 ns at 300 K. All simulations were performed
in an isothermal/isobaric ensemble, using the velocity res-
caling scheme (temperature) and the isotropic Berendsen
coupling scheme (pressure) [46]. The LINCS constraining
algorithm was adopted [47], and the long-range electro-
statics were computed by the Particle Mesh Ewald method
[48]. The last 100 ns segment of production run trajectory
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was sampled by extracting one snapshot every 10 ps, thus,
forming a set of 10,000 protein conformations used as input
structures for subsequent binding pockets searching.

A strictly analogous computational procedure was
employed for the simulation of the complexes between
PrP-E200K protein and ligands identified by the fragment-
based approach (vide infra). The OPLS topologies of the
investigated ligands was generated using Acpype [49, 50], a
tool based in Python to use Antechamber [51, 52]. The only
relevant differences are represented by a first thermalization
run of 10 ns in NVT conditions and then a production run of
200 ns in NPT conditions.

For each ligand—protein complexes, the production run
trajectory was sampled by extracting one snapshot per
100 ps, thus, forming a set of 2000 ligand—protein com-
plexes on which all further analyses were performed by
using suitable Gromacs utilities with the support of either
VMD or Maestro graphical interfaces [53, 54]. In details,
500 ligand—protein conformations, corresponding to the last
50 ns segment of sampled production run trajectory, were
used as input structures of cluster analysis performed by
the employment of the g_cluster utility through the Daura’s
method [55], labeled gromos and implemented in Gromacs
package. A clustering cut-off of 0.19 nm was employed in
the comparison of sampled MD snapshot based on the posi-
tion of the ionizable residues, as reported in previous studies
[17-19],

As results, we obtained for each ligand—protein complex
a set of middle elements of the clusters, where one refers to
“middle element” as the structure with the smallest aver-
age RMSD from all other structures of the same cluster.
Finally, the structures corresponding to middle elements,
covering at least 95% of the whole clusters ensemble, were
selected to generate the representative structures subset of
each ligand—protein system. Additional information and
more detailed description of clustering procedure can be
found elsewhere [17, 55].

Then, the representative structures of ligand—protein com-
plexes (middle elements) were optimized with the Macro-
Model software [56] in the OPLS force field [44, 45] and
the GB/SA polarizable continuum method [57, 58]. After
alignment on the same principal axis, the optimized struc-
tures were suitable to MEP analyses.

Screening of binding pockets

The 3D structures of the fragment 90-231 of PrP-E200K
with PDB ID 1FO7 [59] was retrieved from the Brookhaven
Protein Data Bank (PDB). 3D coordinates have been
obtained by solution NMR and 30 conformers are reported
in the structure file. All conformations were aligned to each
other exploiting the Superposition Tool available in Maestro
[60]. After the alignment, all structures were submitted to

the Protein Preparation routine to fix the bond order and
assign the correct protonation state to each residue, and,
eventually, relax the protein structure by applying the default
parameters. SiteMap calculations were carried out on each
protein conformer to search for the five top ranked binding
sites. A fine grid was calculated by using a more restrictive
definition of hydrophobicity and sites cropped at 4 A from
the nearest site point.

Trajectory scan and binding site selection

The present section describes the approach we implemented
to extract the site assessed in the subsequent virtual screen-
ing campaign against the PrP-E200K receptor. At this
purpose, the last segment of MD trajectory (100 ns) was
skipped each 10 ps to obtain an ensemble of 10,000 snap-
shots to allow the exploration of short-lived binding sites.

The localization of the binding sites on each one of
10,000 protein conformations and the prediction of their
druggability were performed with SiteMap, by applying the
same parameters described in the previous paragraph [61].
Such a process is highly parallelizable; indeed each binding
site search per conformational state is independent. Thus, we
developed a simple Python script [62] to automatize both the
search as well as the subsequent sites extraction.

The standard druggability indices computed by SiteMap,
i.e., SiteScore, exposure, enclosure, and balance, plus a set
of geometrical parameters, such as the planarity and spheric-
ity, were taken into account to score the analyzed binding
sites.

The geometrical information, i.e., planarity and spheric-
ity, can be easily computed by performing the principal com-
ponent analysis (PCA) on the covariance matrix of the grid
points constituting a site. Three eigenvalues (A, A,, A3) and
the corresponding eigenvectors were gained, thus describ-
ing the variation of the points constituting the site around
the center (i.e., the site centroid) along with their principal
directions (three orthogonal vectors), and their magnitudes
(eigenvalues). Hence, sphericity and planarity indexes can
be easily defined as follow:

S, =A/4 (1)

P, = (4 —4)/4 2

where S, is the sphericity and P, the planarity index respec-
tively [63].

A two-stage approach was employed to filter out and
to score the binding sites localized by SiteMap: (i) we
firstly retained all binding sites with SiteScore > 0.8, expo-
sure < 0.49, enclosure > (.78 and balance > 1.6 (i.e. all those
parameters are directly computed by the SiteMap soft-
ware  [64]); (ii) we secondly retained all the sites with a
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sphericity and planarity greater than their respective average
values, considering that the volume of a binding site should
be equal or higher than that one of a ligand, and with a shape
enabling the ligand to fit in the binding site [65].

Such a procedure ended up with a reduced set of 36 bind-
ing sites, ranked according to SiteScore values, which could
be easily visualized and inspected. The superposition of the
identified binding sites on the PrP-E200K ensemble allowed
a straightforward delimitation of binding regions (BRs) that
can be defined as space portions hosting a binding site in
more than one conformer (MD snapshot): the number of
binding sites located in a BR can be assumed as a measure
of its residence time and, thus, it quantifies its relevance.
Each binding site located in a certain BR of a MD snapshot
was labelled with the number of corresponding trajectory
frame (e.g., the binding site calculated on the frame 4204 of
trajectory and located in BR1 is named BR1_4204).

Molecular electrostatic potential analysis

As described above, the clustering of the last 50 ns of pro-
duction trajectories provided for a set of representative con-
formations for each ligand-E200K complexes. Then, we per-
formed a comparison of MEP similarity between free E200K
and each representative conformation of bonded E200K,
using a Carbo index evaluation, as described elsewhere [17].
The final profiles were plotted as the weighted average of
Carbo index values, reporting the standard deviation values
that yield an indication of the MEP similarity “stability” in
a specific protein region.

In details, the MEP is calculated immersing the consid-
ered target structure in a three-dimensional grid, thus a posi-
tively charged probe (q= + e) is moved in each point of the
grid, and its Coulomb interaction energy with all protein
atoms is computed [17-19].

Furthermore, the computed MEP can be used to compare
two proteins along a specific axis using the Carbo index
(CI), as described in our previous works [17—19]. Briefly, to
assess the MEP similarity between two proteins along the X
axis, the CI is computed as follows:

ci(i,) = N5 MEP(ip. jy . k) - MEP, (i, ). k)

j=h k=1 \/MEP1 (ivsdys k) - MEP,(iy, j,\ k)’

3

where MEP(iy, j,, k,) and MEP,(i, j,, k,) are the computed
molecular interaction potentials for the two proteins at each
grid point, defined by cartesian coordinates iy, j, and k,.
By definition, —1.0<CI< + 1.0 where — 1.0 and + 1.0 cor-
respond to the minimum and maximum similarity, respec-
tively. Finally, it is important to note that, since we collected
sets of structures as result of a clusterization of a MD trajec-
tory, the MEP similarity computation was defined to allow
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the pairwise comparison of proteins sets rather than single
structures. MEP similarity profiles were calculated for all
possible pairs of conformations within two sets and the cor-
responding weighted average was computed to obtain an
overall similarity profile. Notably, the weight factors were
obtained through the clustering of MD trajectory of the
systems.

Identification of potential binders
Structure-based virtual screening

For the structure-based virtual screening campaign, the
Glide Grid generation was applied to the identified site of
PrP-E200K, i.e., BR1_4204, using the Receptor Grid Gen-
eration utility of Glide [60]. The center of the calculated grid
was defined as the centroid of following residues: Tyr163,
Argl64, Prol65, Met166, Aspl167, Glul68, Tyr169, Ser170,
Asnl71, Asn174, Phel75 and Asp178. The default settings
were applied for remaining parameters.

The diverse library used for the virtual screening cam-
paign was generated starting from a set of compounds
downloaded from the Zincl5 repository (https://zincl5.
docking.org/) [66] among the “In stock” and “anodyne” sub-
groups and with 250 <MW <500 and 0 <logP <5. A set of
9,943,152 molecules in SMILES format were obtained and
subsequently undergone to the diversity selection process.
To this aim, Knime [67] was exploited to build a proper
workflow (Fig. S1 in SI). The FingerPrintGen node of Can-
vas was used for hashed radial fingerprints generation apply-
ing the following parameters: atoms were distinguished by
functional type, a 32-bit precision was applied and bits were
filtered by ON/OFF frequency. The following node carried
out the Canvas Dissimilarity selection by using the Soergel
metric to calculate distance, the sphere selection method
and by imposing a distance threshold of 0.5. A final set of
400,000 diverse compounds was obtained and then pro-
cessed with LigPrep to generate 3D structures, tautomers,
stereoisomers, and to ionize compounds using Epik at target
pH 7.0+ 0.4. A final set of almost 1,000,000 structures was
then submitted to virtual screening.

The structure-based virtual screening was carried always
exploiting Knime and setting up a workflow mimicking the
Virtual Screening Workflow of Maestro (Fig. S2). Three
Glide grid nodes corresponding to HTVS (high-throughput
virtual screening), SP (standard precision) and XP (extra
precision) ligand docking were setup with a flexible treat-
ment of ligands, performing post-docking minimization and
saving 5 poses in the HTVS step and just one geometry in
both SP and XP calculations. The 10% of top score com-
pounds passed from HTVS to SP and from SP to XP, while


https://zinc15.docking.org/
https://zinc15.docking.org/

Journal of Computer-Aided Molecular Design (2021) 35:751-770

757

the 20% of the best scoring virtual hits were saved and ana-
lyzed for final selection.

Fragment screening and ligands’ hybridization

The Schrodinger fragment-library was docked in the prion
binding site previously selected. The library comprises 441
unique fragments and 667 structures considering also tau-
tomers and protomers. Glide SP docking was carried out and
best 50% of SP docked structures passed to XP. Finally, best
scored fragments were selected on the basis of docking score
values, glide ligand efficiency, and, in particular, focusing
on complementarity to the SiteMap molecular interaction
fields (MIFs).

The 10 best fragments selected by docking were manually
hybridized with the side chains of three virtual hits retrieved
from the diverse screening. A library of 33 compounds was
generated, submitted to LigPrep as previously described, and
docked in the PrP-E200K binding site applying both SP and
XP protocols to all ligands.

Pharmacophore hypothesis generation

The Develop Pharmacophore hypothesis module of Phase
[60] was used starting from the docked poses of compounds
1-6 in the PrP-E200K. Each binding pose was analyzed and
features corresponding to identify interactions were manu-
ally selected obtaining a hypothesis for each complex. Even-
tually, all hypotheses were merged in a unique pharmacoph-
ore accounting for contacts conserved in at least 3 out of 6
ligands. Resulting hypothesis was used to align vidarabine
structure, built in Maestro and submitted to generation of
a maximum of 50 conformers using the ConfGen module.

Results
Binding site identification

The identification of suitable binding sites to host small mol-
ecules on the PrP-E200K structure was preliminarily carried
out on the experimentally determined 30 NMR structures of
this protein (PDB ID 1FO7) [59] using SiteMap as described
in the “Method” section.

Such an analysis allowed the identification of several
possible binding regions on the protein surface; however
none of them presented a good profile of binding features
with respect to the parameters suggested from the SiteMap
manual (SiteScore > 0.80, exposure < 0.49, enclosure > (.78,
balance > 1.6). Although the analysis on the experimental
structures of PrP-E200K corroborated the presence of a
potential binding pocket located between H2 and S1, this
site was affected by high solvent exposure, and reduced

accessibility of hydrophobic residues (Table S1). However,
due to the structural flexibility of proteins, this binding
pocket may assume several conformations where a poten-
tially more druggable profile could be reached.

In this line, the molecular dynamics simulation of the
120-231 segment of PrP-E200K previously performed
[18], was analyzed by the sampling of trajectory snapshots
through the application of a filter developed to selectively
identify and quantify suitable druggable pockets. At this pur-
pose, 10,000 frames of trajectory underwent to an automated
SiteMap analysis that yielded more than 21,000 possible
binding sites. The application of selection criteria based on
both SiteMap parameters and geometrical descriptors (sphe-
ricity and planarity) allowed identifying a final set of only
36 sites (Table S2).

The score values computed by SiteMap for the 36 selected
sites are in better agreement with the SiteMap manual sug-
gested scores for druggable sites with respect to those com-
puted for binding sites detected on NMR conformations. In
particular, more promising values have been obtained for
exposure and enclosure parameters, while SiteScore and
phobic/philic balance values are favorable also for NMR
derived sites.

Indeed, enclosure and exposure represent two descrip-
tors that evaluate how much the site is open to the solvent,
where high (>0.78) and low (< 0.49) values of enclosure
and exposure, respectively, are repute to be better for a
tight-binding site. Considering that E200K protein do not
present buried hydrophobic cavities but instead small and
quite solvent-exposed pockets, we considered the enclo-
sure and exposure parameters as critical for the detection
of promising hidden binding pockets. Indeed, in this view,
none of the binding sites detected on NMR structures pre-
sented satisfactory values for those parameters, as shown
in Table S1. On the contrary, the binding sites detected by
trajectory scanning are characterized by the lowest exposure
(range of 0.345 — 0.518) and the highest enclosure (range
of 0.683 —0.781) scores, very close to the reference values.

As shown in Fig. 4a, three BRs, located in three different
areas of the PrP-E200K surface, resulted to be characterized
by the highest persistence (See “Methods”). Table 1 sum-
marized the main features of the detected BRs. The most
populated BR, named BR1, corresponds to the one already
identified on the NMR structures and resides close to Region
1, between H2 and S1. Interestingly, BR1 includes residues
Asp167 and Glul68 that majorly contribute to the negative
charge of the Region 1. It is detectable in almost all analyzed
frames of MD, demonstrating its high persistence in addition
to its higher druggability.

The second binding region, BR2, in the Region 3, is
proximal to the C-terminal end of H2. The binding sites
located in this region have been retrieved in the 67% of MD
frames and some of them are reported among the best 36
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Fig.4 a Position of the three
most persistent binding regions,
named BR1, BR2 and BR3,
identified on the PrP-E200K
surface along with the location
of Region 1 and 3, involved in
our model concerning the early
state aggregation of E200K
protein; the site-point groups,
calculated by SiteMap to

locate the binding pocket, are
represented as grey spheres. b
Identified site, BR1_4204, with
SiteMap molecular interaction
fields (yellow surface =hydro-
phobic, blue surface =H-bond
donor, red =H-bond acceptor),

and site-points (white spheres) Region 3 A
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Table 1 Potential binding regions (BR) identified on E200K surface and the main residues delimiting a druggable binding site

Binding region Main residues defining druggable binding site

Note

BR1 Argl64, Prol65, Met166, Aspl67, Glul68, Tyr169, Serl70,
Asnl71, GIn172, Asnl74, Phel75, Prol77, Aspl178

BR2 Gly124. Leul25, Gly126, Tyr128, Pro158, Tyr162, GIn186,
His187, Val189, Thr190, Thr191, Thr192, Gly195, Glu196,
Phel98

BR3 Phel41, Ser143, Aspl44, Tyr145, Glul46, Tyr149, Ty5150,

Most promising binding region; high druggability profile;
high persistence; overlapping with Region 1

High druggability profile; diffuse and solvent exposed; aver-
age persistence; close to Region 3

Low druggubility profile; low persistence; close to Region 3

Glul52, Asnl53, Met154, His155, Argl56, Tyr157, Thr199,

Thr201, Asp202, Lys204, Met205

selected sites from MD analysis. Despite good score values,
the visual inspection of the best sites residing in this region
showed a diffuse and solvent-exposed binding surface. The
binding sites identified on BR3, also in Region 3 but located
in the cleft formed by H1 and the N-terminal of H3, is rep-
resented in the 36% of the analyzed conformations. SiteMap
evaluation of this site defines their poor druggability, in fact,
no sites in this region are present in Table S2.

Among the three different BRs, the best scored sites were
found in the BR1 and all of them present a hydrophobic core
surrounded by H-bond acceptor and donor sites. As shown in
Fig. S4a, the top scored sites, however, present a fragmented
hydrophobic field with a portion residing outside the bind-
ing site. On the contrary, BR1_4204 shows a more defined
and compact shape inside the binding pocket (Fig. 4b and
Fig. S4b) and it is also characterized by the lowest exposure
(0.345) and the highest enclosure (0.781) values suggesting
a reduced solvent exposed binding surface. For this reason,
this site was selected as the most promising binding site and
used as target for a structure-based virtual screening cam-
paign aimed to find some putative small-molecule binder of
PrP-E200K.

@ Springer

Diverse library virtual screening

The structure-based virtual screening campaign was car-
ried out on a library retrieved from the ZINC15 data-
base and comprising commercially available molecules
with limited MW and logP values (250 <MW <500 and
0 <logP <5) to remain in the drug-likeness fields. The
starting library of almost 10,000,000 compounds was sub-
mitted to a diversity-based selection to obtain a representa-
tive subset of the starting collection, in order to reduce the
number of screened molecules and, consequently, the cal-
culation time. A hierarchical docking-based screening was
carried out on almost 1,000,000 structures affording a final
set of 2,000 virtual hits. Top ranking compounds were
carefully analyzed on the basis of their scores, in particular
focusing on both docking score and glide ligand-efficiency.
The latter parameter is calculated by dividing the glide
docking score by the number of heavy atoms composing
the ligand and provides a better indication of the effective-
ness of the ligand interaction, where the docking score is
usually proportional to the ligand molecular weight.
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The final selection was carried out through visual inspec-
tion of the binding poses, by taking into account two main
features: the overlap of docked compounds with molecular
interaction fields calculated by SiteMap and the presence
of functional groups, preferably positively charged, able to
counteract the negatively charged residues surrounding the
site. Three virtual hits, 1-3, selected on the basis of these
parameters are reported in Table 2.

All three compounds share a bicyclic-heteroaromatic
scaffold bearing one or two small polar substituents, and a
longer side chain presenting a saturated 5S-membered hetero-
cycle with hydroxyl substituents along with key alkylamine
chains.

These common features provide for a similar pattern
of interactions in the PrP€-E200K binding site, as shown
by docked poses reported in Fig. 5: in particular, the pro-
tonated alkylamine group of all three ligands form salt
bridges with both Asp167 and Glul168, demonstrating their
potential as charge-based inhibitors. In details, 1 estab-
lishes two strong H-bonds with Asp167 and Glul68 by
means of the positively charged alkylamine group. The
1H-pyrrolo[2,3-b]pyridine scaffold interacts with the aro-
matic ring of Tyr169 by z — z stacking and the pyridine N
forms a H-bond with Asp167 NH; the NH, group interacts
via H-bonds with Asn174 side chain and Asn171 backbone

Table 2 Ligand IDs, Zinc IDs, docking scores and molecular structure of selected virtual hits

Ligand ID* Docking score Glide ligand efficiency Structure
1 —10.087 —0.420 *
o
N-veouy N
7
HoN ~ " Ho
o}
2 —9.060 -0.312 NI/\N HQ
3 OH
HoN = G
N..nlll X s,
N=— o S NH,
NH,
3 —-6.815 —-0.235 /’KZ
N AN HO

NH,

Sl

Pro16s

4/\\

N\ A
Ar9164 \’ =
- Asn171
( X)\ / sn:u
< \

> (¢

Pro16s (

™\ A { X P )‘ A
. Arg164 | ~ DR, |
\/Asnlﬂ " LY Asn171

\‘,‘ ﬁ
> (53

Snl74

Fig.5 Binding poses of the selected virtual hits in the PrP-E200K (grey cartoon) BR1_4204 binding site. H-bonds are represented as yellow
dashed lines. Ligands are shown as stick with differently colored C atoms: a ligand 1 (violet), b ligand 2 (yellow) and ¢ ligand 3 (green)
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C=O0, while the OH group of pyrrolidine is involved in
H-bond with carbonyl group of Pro165.

Ligand 2 bears a tetrahydrofuran moiety with OH func-
tions and two positively charged groups, but only one of the
primary amino groups (on the shortest hydrocarbon chain)
establishes H bonds with Glu168 and Asp167, resembling
the ligand 1 docking pose. In the binding pose of 2 we found
that the 9H-purin-6-amine scaffold is placed not totally
inside the pocket and the alkylamine tails are totally solvent-
exposed; the NH, group in position 6 of the purine moiety
forms a strong H-bond with Asp178 carboxylic group.

Finally, the 9-(pyrrolidin-3-yl)-9H-purin-2,4-diamine
scaffold in ligand 3 allows the interactions with C=0 group
of Tyr169, with the NH of Asp167 and with the carboxylic
moiety of Asp178, while the pyrrolidine OH establishes a
H-bond with Asp167 C=0.

Most of the best scoring compounds retrieved from dock-
ing screening shares the same scaffold of compounds 1 and
3.

Interestingly, all the three considered ligands of PrP-
E200K contain cyclic aromatic moieties with N atoms,
and anti-prion molecules with similar chemical features,
although with different scaffolds, were previously detected
using a yeast-based screening assay (e.g., phenanthridine
and its 6-amino derivatives) [68].

Fragment selection and ligand hybridization

The described binding poses of compounds 1-3 highlight
the partial occupation and exploitation of possible interac-
tions (mainly H-bonds) in the small binding pocket. There-
fore, because of the limited diversity of the identified hit
core, a scaffold hopping approach was applied to find a more
tailored binder of our site, ensuring an optimized interaction
with the binding site residues [69]. To this aim, the Schro-
dinger fragment library was docked in the BR1_4204. Best
fragments were selected applying the same criteria described
in the previous paragraph and considering, with particular
attention, the glide ligand-efficiency as well as the matching
with SiteMap calculated fields. A final set of 10 fragments
was selected; their structures as well as their score values
are reported in Table 3.

All the selected fragments are cyclic compounds con-
taining one or more N atoms. The fragments with the best
scores are aromatic compounds, structurally related to
purine and guanine, as pyrrolo[1-3,d]pyrimidine (docking
score: —7.930) and pyrido[4-3,d]pyrimidine (docking score:
—17.240).

The original scaffold of the three virtual hits 1-3, pos-
sessing the desirable charged side chains, were substituted
with the selected fragments. Then, a new small library of
33 hybrid compounds was built attempting to maintain the
correct orientation of both charged side chains and newly
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identified fragments. Finally, after docking calculations on
BR1_4204 binding site, three new hybrid ligands, named
4, 5 and 6, were selected: their structures and docking
scores are reported in Table 4 while their docking poses
are shown in Fig. 6. More in details, ligands 4—6 are obvi-
ously strictly correlated with 1-3 but with significant
differences. In particular, while the aromatic N-bicyclic
scaffold of 1-3 are connected with 5-membered ring (tet-
rahydrofuran or pyrrole) by means of a C—N bond, com-
parable with the N-glycosidic bond of nucleosides, in 4-6
the purine-like scaffold is instead always connected via a
C-C bond, thus increasing the suitability of N atoms to
interactions with accessible protein residues. In fact, both
the 2H-pyrazole[3-4,d]pyrimdine scaffold of 4 and 5 and
the pyrazole[3-4,b]pyridine scaffold of 6 are character-
ized by N atom groups that can act as either acceptors or
donors of H bonds.

The higher efficiency of ligands 4 and S in doing inter-
actions with the binding site leads to more favorable
docking scores than those calculated for either ligand 1-3
or other compounds obtained for the diverse library set.
Indeed, by analyzing their docking poses (Fig. 6), ligands
4 and 5 not only maintain the salt bridge with the Glu168
and Aspl67, but also their interaction into the binding
pocket are improved, where the complementarity between
ligands and surrounding residues is clearly enhanced.
These specific interactions characterized also the binding
motives of ligand 6 although its docking score is compa-
rable to those computed for 1 and 2.

The ligand 4, predicted to be the best binding com-
pound, is the only selected hybrid molecule with two
positively charged groups interacting with the carboxylic
side chains of both Asp167 and Glul68. The C6=0 car-
bonyl group establishes a H bond with the backbone N-H
of Aspl167. The N2-H and N5-H on the pyrazole[3-4,d]
pyrimidine scaffold are involved into two H bonds with the
backbone C=0 moiety of Tyr169 and with the carboxylate
of Aspl78, respectively. The two OH groups on the tet-
rahydrofuran ring are also important because they interact
with the backbone C=0 of Pro165.

Ligand 5, designed around the scaffold sf-298a as
ligand 4, gives rise to an analogous interactions’ pattern
with the binding site, although this ligand bears only one
positively charged alkylamine tail. Such a difference may
explain the less favorable value of docking score of ligand
5 compared to ligand 4.

Ligand 6, obtained by the scaffold sf-128
(1H-pyrazolo[3,4-b]pyridine), establishes three H bonds
with backbone moieties belonging to Pro165, Asp167 and
Tyr169. As observed also in the docking poses of ligand 4
and 5, the positively charged tail of ligand 6 interacts with
the COO™ groups of Aspl167 and Glul168.
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Table 3 Fragment ID, IUPAC
name, docking scores and
molecular structure of selected
fragments

Fragment ID (IUPAC name) Docking score Glide ligand  Structure
efficiency
sf-285 -7.930 -0.721 o
(3-Metyl-7H-pyrrolo[2,3-d]pyrimidin-4-one)
sf-417 —17.240 -0.517
(1-Metyl-3,7-Dihydropyrido[3,4-d]pyrimi-
din-2,4,8-trione)
sf-282 —17.035 -0.704 o
(3-Hydro-7H-pyrrolo[2,3-d]pyrimidin-4-one)
/ | NH
N N)
sf-298a -6.970 —0.697 o
(2H-pyrazolo[3,4-d]pyrimin-4-one)
= NH
HN )
\
N 7
N
sf-306 -6.513 -0.592 o
(1-Metyl-1H-pyrazolo[4,5-d]pyrimin-7-one) \N
N < I NH
_
N
sf-210 —6.436 -0.919 H
(Hexahydropyrimidin-2-one) OYN
HN
sf-335 —6.344 -0.577 o
(3,4-Dihydro-2H-isoquinolin-1-one)
NH
sf-118 -6.076 -0.675
(1H-Pyrrolo[2,3-b]pyridine) / | N
P~
N
H N
sf-28a -6.013 -0.501 o
(Imidazolin-2,5-dione-4,4'-piperidinium) > n
HN
(e}
N
HZ
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Table 3 (continued)

Fragment ID (IUPAC name) Docking score Glide ligand  Structure
efficiency
sf-128 —5.933 —0.659 N
(1H-Pyrazolo[3,4-b]pyridine) N / |
\
N Z
H

sf: Schrodinger fragment

Table 4 Ligand ID, docking scores and molecular structure of selected hybrid hits

Ligand ID Docking score XP Glide ligand efficiency Structure
4 —12.098 -0417 NH2
OH
H2N
s OH
o
o 7 '\iH
_—N
HN
\;N
5 -11.024 —0.394 Q
o
HZN/\/
6 -9.783 —0.466 Q

Fig. 6 Binding poses of the selected virtual hybrid hits in the PrP-E200K (grey cartoon) BR1_4204 binding site. H-bonds are represented as yel-
low dashed lines. Ligands are shown as stick with differently colored C atoms: a ligand 4 (orange), b ligand 5 (cyan) and c ligand 6 (green)
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MD simulation of E200K-ligand complexes and MEP
analysis

The MD simulation of the complexes between PrP-E200K
and ligands 1-6, predicted to be the most active binders,
were then performed to both assess the stability of each
binding hypothesis and to provide for representative struc-
ture of bound PrP-E200K to be subjected to further analyses.

RMSD analysis of MD trajectories reveals that all ligands
rearrange their binding poses during the simulation. This
evidence can be appreciated also looking at the percent-
age of H bonds occupancy established between ligands and
protein (Table S3). With exception of ligand 3, all binders
are characterized by stable trajectory over all the simulation
time, with some variation due to fluctuation of C-terminal
portion (Figs. S5-S10).

The analysis of minimum distance between selected
ligands and protein confirms that ligand 1 remains in the
binding pocket during all trajectory (Fig. S11).

On the contrary, both ligand 2 and 3 detach from the bind-
ing site at 42 and 54 ns, respectively (Figs. S12 and S13
in SI), although ligand 2 remains anchored to the protein
by interacting with other residues of the BR1, and ligand
3 establishes only transient interactions with other protein
regions and, around 130 ns, it completely loses any contacts
with the protein. In the last 40 ns of trajectory, ligand 3
established again transient contacts with different regions of
protein. Based on this outcome, we cannot consider ligand 3
as a potential PrP-E200K binder.

Interestingly, both 2 and 3 were affected by the least
favorable XP scores thus suggesting that the docking
scores provided a correct assessment of the relative binding
stability.

On the other hand, the selected hybrid ligands 4-6
remained all stably bound within the pocket BR1_4204
(Figs. S14-S16 in SI), thus corroborating the enhancement
of ligand—protein fitness achieved via the hybridization of
ligands 1-3 with the selected fragments.

The last 50 ns of the production trajectories were ana-
lyzed by a clustering procedure and the results are summa-
rized in Table S3: for each PrP-E200K-ligand complex we
obtained three or four clusters of which the first is always
the most populated one.

The representative structures (middle elements) of the
four clusters obtained by the ligand 1 trajectory (Fig. S17)
show interactions with backbone, as Asn171 C=0, Pro165
C=0 and Asnl171 NH, for which the H bond analysis over
all the trajectory indicates high values of occupancy, but
also evidencing that the salt bridges with negatively charged
residues Asp167 and Glul168 are not stable (Table S3). The
H bond occupancies for these latter interactions are 11%
and 7%, respectively, suggesting that the aliphatic amine
group rather interacts with the solvent for the most part of

the simulation time. However, the H bonds established with
residues into the binding site are strong enough to maintain
ligand 1 in the pocket.

On the contrary, ligand 2 leaves the pocket after the break
of H bonds with C=0 moieties of Tyr169 and Asp178, and
this happens rapidly by analyzing the trajectory and con-
firmed by the extremely low H bonds occupancies of 0.30%
and 0.25%, respectively. However, the molecule preserves
salt bridges with Asp167 and Glu168 and its aromatic scaf-
fold, although outside the pocket, still interacts with Tyr169
by means of 7—r stacking. Moreover, one aliphatic tail inter-
acts with Ser231 C=0 group. This particular binding con-
formation is observed in 3 out of 4 representative structures
of clusters (Fig. S18).

As previously mentioned, ligand 3 loses the contact
within the pocket (with Asp167 C=0 and with Tyr169
C=0) and escapes from its place. The representative struc-
tures of clustering reflect this situation (Fig. S19).

So, for both ligands 2 and 3, the interactions between
scaffold and residues within the pocket detected by dock-
ing calculations are not stable and they are rapidly broken
during MD. That is, the salt bridges between alkyl amine
moieties and Aspl167 and Glul68 are not adequately strong
to maintain 2 and 3 in the pocket.

Thus, considering the three ZINC ligand 1-3, the MD
results indicate that the contacts established by N-H func-
tion of heterocyclic rings with residues within the binding
site are crucial to maintain ligands stable into the pocket,
while the positively charged tails, interacting with Asp167
and Glul68, are basically necessary to act as charge-based
inhibitors.

The hybrid ligands were designed exactly to enhance the
interaction between the N-bicylic ring and binding sites.
MD analysis indicate that ligand 4, the predicted strong-
est binder, conserves all the interactions of the scaffold
2H-pyrazolo[3,4-d]pyrimin-4-one (sf-298a) with residues
inside the pocket (Prol165, Asp167, Tyr169, Asnl174 and
Aspl78), detected by docking calculations. Conversely from
docking pose, the pentylamine tail establishes a strong ionic
interaction with Asp167 and Glul168 while the shortest one
(ethylamine) is oriented to the negatively charged C-termi-
nal region of the protein. Thus, while the pentylamine tail
shields the negative charges due to the Asp167 and Glu168,
the second tail is able to reach the C-terminus and, dulling
the negative charge of this region, increases the efficiency
as charge-based inhibitor (Fig. S20). As additional conse-
quence, the C-terminal portion is oriented toward the ligand
and for certain time interacts with it (6% of occupancy). This
result has been observed only for ligand 4 suggesting that
it may have all the main features to act as potential charge-
based inhibitors.

Ligand 5 shares the same scaffold with 4, and also in
this case the interactions with C=0 moieties of Glu168 and
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Pro165, and with the side chain of Glul178, are conserved
during the simulation, although some of them are not stable
(Fig. S21).

On the contrary, ligand 6 is maintained in the pocket only
by # — # interaction with Tyr169; in this case, MD calcula-
tions display that the H bonds predicted by docking are in
fact not stable and are broken during the simulation (Fig.
S22).

In order to investigate the effect of the ligands as charge-
based inhibitors of aggregation propensity of PrP-E200K,
comparative analyses of both unbound and bound PrP-
E200K MEP profiles were performed, via the previously
reported computational workflow [17-19].

The MEP similarity between unbound E200K and
E200K-ligands subsets was then investigated through the
calculation of Carbo similarity profiles. As shown in Fig. 7,
the two regions of interest were highlighted in the similarity
profile comparing ligand 1 and 4.

In the —60 to 0 A segment, delimiting the region of space
that includes the binding site BR1_4204, the profile pre-
sents a minimum located around — 18 A, in proximity of
the bundle formed by the C-terminal side of H3 and the
S2-H2 loop bearing the Asp167 and Glul168. Notably, large
standard deviation values characterize the Carbo similarity
profile in this region of space, to be probably ascribed to the
higher mobility of the charge carried by the ligand in the
binding site.

In the second part of the graph (x> 0) the similarity pro-
file steeply increases to reach an asymptotic trend for x > 30.
By increasing the distance from the binding pocket, rapidly

Fig. 7 Profiles of MEP similar- 1

the Carbo similarity profile tends to the value of one, thus
indicating that the MEP of the bound and unbound systems
are almost the same in this region of space. Similar evi-
dences were also found in the similarity profiles of the other
ligands, with the exception of ligand 3 that does not form
a stable adduct with PrP-E200K. As shown in Fig. 7, the
best PrP-E200K binders, 1 and 4, show comparable similar-
ity profiles even though the minimum value was computed
for ligand 4. Such an effect can be even more evidenced
by visualizing the MEP isosurfaces on the 3D structure of
either unbound PrP-E200K or its protein—ligand complexes
(Fig. 8). In the unbound PrP-E200K (Fig. 8a), Region 1 is
negatively charged whereas it appears almost completely
reverted to be positively charged upon the interaction with
ligand 1 (Fig. 8b). Interestingly, the C-terminal region, nega-
tively charged as well, is not significantly affected by such
binder. On the other hand, the ligand 4 presents an ethyl-
amine tail that can reach the C-terminal region and shield its
negative charge by leading to a lowest minimum in the Carbo
similarity around 23 A (Fig. 8c). The interactions of ligand 4
with the C-terminal region fade the typical fluctuation of this
flexible region [17] by leading to smaller standard deviation
values compared to the other systems. Based on this result,
ligand 4 appears to be more effective in potentially reverting/
shielding the negative charges of Region 1, and, eventually,
disrupting the Region 1-Region 3 electrostatic interaction
between two PrP-E200K units.

The similarity profiles of the other protein—ligand com-
plexes, by the only exception of the complex of ligand 3
(bound at PrP-E200K for a short time as already stated),
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Fig.8 The averaged MEP profiles of a PrP-E200K, b E200K-ligand 1 and ¢ E200K-ligand 4 complexes. The negatively and positively charged
regions are reported in red and blue, respectively. MEPs are computed and reported in arbitrary unit ranging in the — 1.0 up to+ 1.0

are characterized by similar features although, compared to
ligand 4, the minimum of similarity ranges at higher values
(Figs. S23-S26).

Discussion

The capability of the E200K mutant of human PrP to early
aggregate in the cellular form proposed in previous studies
[17-19] has been imputed to the presence of two oppositely
charged portions of the folded domain (120-231) of this
protein, named Region 1 (negative) and Region 3 (positive).
In this structural framework, we hypothesized that charged
binders of the PrP-E200K protein could act as disruptors of
the Region 1-Region 3 electrostatic complementarity, thus,
blocking the amyloid progression of this mutant in the early
stages (Fig. 2).

The experimental NMR structure of the 90-231 segment
of PrP-E200K [59] was preliminary inspected to unveil the
presence of suitable binding sites. However, the scanning
of the 30 NMR conformations of E200K (PDB ID 1FO7)
did not lead us to detect binding sites with an acceptable
druggability profile, probably because the NMR models are
usually built to capture the average structure of the system,
thus, majorly reflecting the most populated conformation
of the protein. On the other hand, poorly populated confor-
mations of the PrP-E200K may be characterized by highly
druggable binding sites that could be effectively targeted by
molecular binders.

Thus, MD calculations were performed to explore the
conformational space of the unbound PrP-E200K and to

assess the presence of transient or short-lived pockets acces-
sible to small molecules [70].

Although these computational data had been already
reported elsewhere [18], the equilibrated trajectory of the
120-231 segment of PrP-E200K structure was newly ana-
lyzed with a twofold aim: (i) the identification of suitable
binding sites to be targeted by small drug-like ligands, and
(i1) to assess the capability of selected ligands to hamper
the electrostatic complementarity between Region 1 and
Region 3. Although small molecular binders of the prion
protein have been already identified [36, 37], the lack of
well-characterized pockets in the structure of PrP-E200K
protein led us to prioritize the seeking of potential binding
sites. At this purpose, we developed a procedure that oper-
ates the automated SiteMap analysis of the protein confor-
mations retrieved from a MD trajectory for the identification
of binding sites. This computational tool also performed an
evaluation of the druggability profile of each site, identifying
the most promising binding pockets per each protein confor-
mation retrieved from the MD trajectory. On the other hand,
this tool allows an easy identification of binding regions that
can be defined as the protein portions characterized by a
high incidence (in the time) of binding sites, i.e., where the
binding sites appear more frequently. Such analysis allowed
us to identify a binding site featured with a higher druggabil-
ity profile, named BR1_4204, located within the C-terminal
of H2 and H2-S1 loop, proximal to Region 1. Interestingly,
BRI is different from the binding region of chlorpromazine
and thiamine in murine and hamster prion proteins, respec-
tively, whose complexes were characterized by NMR and
X-ray experiments [71, 72].
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The BR1_4204 site is featured by several negative
charged residues as Asp167, Glu168 and Asp178, able to act
as H bond acceptors or to establish salt bridges with charged
ligands. Moreover, it is characterized by the presence of
Tyr169 accommodating for # — z interactions. These non-
covalent interactions (hydrogen bonding and charge—charge
interactions), as well as the aromatic contacts, are typical of
molecules able to bind amyloidogenic proteins, especially of
amyloid inhibitors derived from natural products [73-75]. In
this view, the interaction with Tyr169 may be significant by
considering that it has been proposed how 7 — 7z interactions
can hamper the proteins aggregation process and protein
misfolding [76], and suggested that aromatic interactions
may be crucial in the aggregation process [77]. Moreover, it
is worth noting that the Tyr169 is strictly conserved in mam-
malian PrPs likely implicated in the self-assembly process of
E200K monomers through its involvement in z# — x stacking
that are crucial for the formation of amyloid core [78-80].

Prusiner et al. highlighted the importance of Glul68
and other residues (as GInl172, Ile215, and Glu219) in
prion aggregation process, showing that the stability of the
molecular complex between PrP® and partner proteins was
related to those specific residues [81]. Based on those out-
comes, potential anti-prion scaffolds designed to target those
residues were identified in several pyridine dicarbonitriles
derivatives, able to inhibit the PrPS¢ formation in a dose-
dependent manner [82, 83]. Therefore, all those evidences
support our outcomes suggesting that molecules able to bind
the main residues characterizing BR1_4204 may effectively
lead to the anti-prion effect.

The characterization of potential binders of the BR1_4204
site was then performed within a two-stage workflow. In
the first step, a site-directed docking campaign allowed the
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identification of three hits and a preliminary evaluation of
their fitness. In fact, even the top ranked ligands 1-3 evalu-
ated at this stage were characterized by a low or moderate
fitness. Thus, in a second step, molecular fragments were
docked in the BR1_4204 site and the top ranked fragments
were eventually hybridized with ligands 1-3, and the new
library submitted to docking to gain ligands 4—6. Such
hybridization resulted to be crucial and allowed obtaining
ligands with augmented binding features. The subsequent
molecular dynamics simulation of the binding complexes of
ligands 1-6 evidenced that 1, 4, 5 and 6 form stable adducts
with the PrP-E200K, whereas both 2 and 3 are detached
from the BR1_4204 site after 50 ns. This outcome provided
a further corroboration to the effectiveness of hybridization.
Notably, all ligands 1-6 possess a similar structural scheme
characterized by a bicyclic aromatic scaffold, a five-mem-
bered ring, and one or two hydrocarbon tails terminated by a
primary amino group. Therefore, a pharmacophore hypoth-
esis has been generated accounting for the most conserved
contacts between docked ligands and the targeted E200K
binding site (Fig. 9a), and in particular: H-bond donor to
Tyr169 NH, H-bond acceptor to Asp167 CO, two aromatic
rings to Tyr169 and Argl64 side chains, H-bond donor to
Aspl78 carboxylate, H-bond donor to Pro165 CO, and the
positive charge between Glu168 and Asp167.

Indeed, the heteroatomic groups decorating either ring
scaffolds were found to form hydrogen bonds with several
residues of the BR1_4204 binding site. However, our cal-
culations unveiled how the aromatic rings of ligands 1-6
are involved in z — z stacking with the phenol group of
Tyr169 that, as above stated, is reputed to play a crucial
role in the PrP-E200K aggregation. Therefore, the positively
charged amino group of each ligand forms strong hydrogen
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bond interactions with the carboxylate groups of Asp167
and Glul68; such an interaction is expected to attenuate the
negative charge of Region 1, consistently with our postu-
lates. It is also worth noting how in the top ranked ligand 4,
the presence of a second hydrocarbon chain with amino ter-
minal, able to form a strong hydrogen bond interaction with
the terminal carboxylate of residue Ser231, leads to both the
stabilization of the protein-ligand affinity and the further
attenuation of the negative charge. These evidences suggest
that the BR1_4204 binding site, identified by our compu-
tational approach, can be effectively targeted to disrupt the
aggregation properties of Region 1, and, presumably, ham-
per the prion aggregation at its early stages, as schematized
in Fig. 2. Noticeably, several studies have underlined the
crucial role played by electrostatic interactions in amyloid
formation and that the assembly via charge-charge interac-
tion may be a first step of amyloidogenic process [84—88],
thus, disrupting such an interaction can be a possible drug
strategy as previously shown for other amyloidogenic pro-
teins [22, 89].

To better assess the effect of ligand binding at BR1_4204
on the electrostatic properties of the PrP-E200K protein,
the most representative conformations of the ligands 1-6
bound complexes were analyzed in comparison to the repre-
sentative structures of unbound PrP-E200K. Such a pairwise
comparison of protein structures allows a straightforward
quali-quantification of the electrostatic similarity between
two proteins through the calculation of Carbo index profiles
[17, 18]. In this case, the analysis of Carbo index profiles
clearly showed how the binding of cationic ligands 1, 2 and
4-6 induces a sensible decrease of similarity in the PrP-
E200K portion corresponding to the Region 1. Moreover,
the degree of Carbo similarity was found to be sensitive of
both the ligand affinity and charge, as shown by the lowest
similarity value detected with the ligand 4 complex. This
evidence indicates that the MEP analysis presented here can
be effectively employed to assess the ability of binders to
act as potential charge-based inhibitors of protein—protein
interactions [73].

Additional studies are necessary to assess the sig-
nificance of the BR1_4204 and the real capability of the
ligand 4 to hit this site, inducing an anti-prion response.
Although our outcomes originated exclusively from theo-
retical studies, it is worth noting that ligands 1-6, and, in
particular, ligand 2, characterized by 9-(tetrahydrofuran-
2-yl)-9H-purin-6-amine scaffold, are structurally compa-
rable to the antiviral agent vidarabine (adenine arabino-
side), whose chemical structure is reported in Fig. S27.
Interestingly, vidarabine is the unique antiviral drug for
which a transient therapeutic, anti-prion response has been
reported [90]. Notably, aligning the vidarabine structure
to the defined pharmacophore, a quite good matching is
obtained with 5 out of 7 sites mapped by ligand functional

groups, suggesting that this molecule could bind the iden-
tified site (Fig. 9b). This evidence may further support
the potential anti-prion activity of ligand 4 exerted by
hampering or interfering with the early aggregation of the
PrP-E200K protein. In this view, other antiviral drugs with
purine scaffold can be considered as good starting point
for designing new potential anti-prion drugs.

Conclusion

In this work, we applied a multistep computational
workflow based on MD and molecular docking calcula-
tions in order to detect the most promising binding sites
on PrP-E200K protein and to identify potential binders
with putative anti-prion effect. The scan of MD trajectory
allowed us to find a hidden conformation, not detected in
the NMR protein structure, of a specific binding region
with promising druggable features. The identified binding
site, named BR1_4204, is delimited by Argl64, Prol65,
Met166, Glul168, Tyrl169, Ser170, Asnl71, Glnl72,
Asnl74, Phel75, Prol77, and Asp178. In details, Tyr169
and Glul68 are reported to be significant for misfolding
process and prion aggregation. We also found, through
a combination of high-throughput virtual screening and
scaffold hopping approach, six potential E200K binders
characterized by aromatic N-bicyclic structure, and with
one or two positive charges. According to our computa-
tional prevision, the predicted most active compound,
ligand 4, not only hits Asp168 and Tyr169 but also dulls
the negative charges of Region 1 and of C-terminal region.
This outcome corroborates that ligand 4 may effectively
act as charge-based inhibitor hampering the early state of
PrP-E200K aggregation, according to our model. Moreo-
ver, the selected virtual hits share many structural similari-
ties with vidarabin, the only antiviral drug that showed
some therapeutic effect against prion disease, thus, further
consolidating the potential anti-prion activity of ligand 4.
Additional investigations and, more specifically, experi-
mental studies are required to verify our computational
outcomes and the effectiveness of ligand 4 as anti-prion
compound.
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