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Abstract

Conformational conversion of the normal cellular prion protein, PrPC, into the misfolded isoform, PrP%, is considered to be
a central event in the development of fatal neurodegenerative diseases. Stabilization of prion protein at the normal cellular
form (PrP) with small molecules is a rational and efficient strategy for treatment of prion related diseases. However, few
compounds have been identified as potent prion inhibitors by binding to the normal conformation of prion. In this work, to
rational screening of inhibitors capable of stabilizing cellular form of prion protein, multiple approaches combining docking-
based virtual screening, steady-state fluorescence quenching, surface plasmon resonance and thioflavin T fluorescence assay
were used to discover new compounds interrupting PrP€ to PrPS° conversion. Compound 3253-0207 that can bind to PrP®
with micromolar affinity and inhibit prion fibrillation was identified from small molecule databases. Molecular dynamics
simulation indicated that compound 3253-0207 can bind to the hotspot residues in the binding pocket composed by p1, f2
and a2, which are significant structure moieties in conversion from PrP€ to PrP°.

Keywords Prion - Virtual screening - Fluorescence quenching - Fibrillation - Surface plasmon resonance - Molecular
dynamics simulation

Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10822-017-0086-6) contains
supplementary material, which is available to authorized users.

Transmissible spongiform encephalopathies (TSEs), also
known as prion diseases, affect human and a variety of
mammalian species. These diseases are progressive, degen-
erative disorders of the central nervous system that result
in dementia, significant motor dysfunction, and ultimately
lead to death [1]. The sporadic Creztzfeldt—Jakob disease
(CID) is the most common form of prion disease in human,
affecting about 2 persons per million annually worldwide.
CJD has symptoms of rapidly progressing dementia with a
median survival of 4—-6 months [2].

Prion diseases are mainly caused by misfolding and
aggregation of endogenously expressed proteins [3-5].
The endogenous, properly folded form is denoted as PrPC,
whereas the disease-linked, misfolded form is denoted as
PrP5¢. Though share identical primary structure, the two
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forms of prion protein displayed distinct properties. PrP¢
is an extracellular membrane anchored protein that contains
a flexible, unstructured N-terminal domain and a globu-
lar C-terminal domain comprising two short antiparallel §

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10822-017-0086-6&domain=pdf
https://doi.org/10.1007/s10822-017-0086-6

1054

Journal of Computer-Aided Molecular Design (2017) 31:1053-1062

strands and three o helices. The PrPS° form is polymeric and
enriched in P sheets and also possesses certain aberrantly
physiochemical properties such as insolubility, protease
resistance and the capability to aggregate into amyloid-
like fibrils [6, 7]. Although conversion of PrPC into PrP is
linked with prion pathogenesis and the mechanism of PrP5
formation is still not well understood [8, 9]. Conformational
conversion of PrP€ to PrPS is conventionally considered as
a central event for the onset of prion diseases [4, 10].

To date, numerous studies have been carried out to
develop therapeutics targeting prion diseases by using prion-
infected cell lines. A number of compounds including pen-
tosan polysulfate, dextran sulfate, Congo red, suramin, HPA-
23, dendritic polyamines and quinacrine were identified that
can reduce the level of PrP> in cell culture [11-13]. How-
ever, most of these have been shown to be ineffective against
a variety of prion strains in animal models. The current anti-
prion compounds were investigated mostly by screening
known bioactive compounds [13]. The detailed molecular
target and mechanism of action of these active compounds
remain unknown. Since most anti-prion compounds active
in prion-infected cell lines have failed in vivo, more effective
and rational drug discovery strategy is still urgent needed to
rapidly screen large small molecule libraries.

Though it is still not clear how PrPC is transformed into
PrP5¢, several hypotheses were proposed on the mechanism
of PrP¢ to PrP5¢ conversion. One of the widely accepted
hypotheses is that PrP5¢ acts as a template for PrP€ to
promote the pathogenesis conversion and this conversion
involves only conformational change [3, 4, 14, 15]. Based
on this hypothesis, three main strategies can be adopted for
treatment of prion diseases, (i) stabilization of PrPC con-
formation; (ii) clearance of PrPS¢ form and (iii) inhibition
of conversion from PrP¢ to PrP%° [12, 16—18]. Stabiliza-
tion of the normal conformation with small molecules was
demonstrated to be more attractive because conversion to
PrP5¢ might be interrupted once the PrP¢ conformation is
stabilized [19, 20].

To discover small molecules that can stabilize PrP¢ con-
formation, molecular docking-based virtual screening com-
bined with steady-state fluorescence quenching, surface plas-
mon resonance (SPR) and thioflavin T (ThT) fluorescence
based assay were used. Virtual screening has been widely
used to screen large libraries of compounds and to identify
those structures likely to bind to a drug target [21, 22]. In
the present work, molecular docking based virtual screen-
ing was used to screen millions of compounds that can bind
to normal conformation of prion. Steady-state fluorescence
quenching method was applied to quickly study the inter-
action between the screened hits and prion [23, 24]. SPR
method was further used to monitor the interaction between
prion and small molecules because this method has been
successfully used to binding affinity evaluation [25-28]. A
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fluorimetric ThT assay was used to follow the progress of
amyloid fibril formation [29]. Molecular dynamics simula-
tion [30] was further carried out to investigate the detailed
dynamic interaction features between the potential binders
and prion protein because MD simulation were effective
tools to study the dynamic ligand—protein interaction mecha-
nisms [31-33]. Compound 3253-0207 was proved to be able
to bind to prion protein and could potentially stabilize the
cellular PrP¢ conformation and further inhibits fibrillation
of prion protein.

Materials and methods

Virtual screening of small molecules binding
to the normal conformation of prion

The whole virtual screening workflow was completed in the
Schrodinger 2015 package. The mouse prion protein other
than human prion protein was used in this study due to fol-
lowing reasons: mouse prion and human prion have quite
high homology and the 3D structures overlapped well with
a sequence identity of 91%; many previous works were also
performed based on mouse prion protein; the binding site
in the mouse prion protein was clearly defined while that
of human prion is still unclear; there is no available human
prion complexed with small molecules at present. The only
available X-ray structure of small molecule and mouse prion
complex (1.97 A) has a better resolution. The crystal struc-
ture of mouse prion bound with promazine was obtained
from Protein Data Bank (PDB code: 4MA7 [19]) for this
study. The protein was protonated with pH of 7.0. The com-
plex was minimized using OPLS2005 force field [34]. The
docking grid file was generated based on the cocrystallized
ligand using the Receptor Grid Generation module [35] with
an enclosing box similar to the cocrystallized ligand. Multi-
ple tautomers and protonation states were enumerated in the
Ligand Preparation wizard for ~ 1.6 million small molecules
in Chemdiv and Specs database. All ligands were initially
optimized with the MMFFs force field and were pre-filtered
using Lipinski’s Rule of Five before virtual screening. All
the remaining parameters were kept as default settings [36].
Prime MM-GBSA was applied to further evaluate the bind-
ing affinity. The docked binding modes were ranked accord-
ing to the docking score and the predicted binding free
energy. The final candidates for experiment validation were
then manually selected according to their binding modes.

Cloning, expression and purification of moPrP(117-
231)

The genes of PrP117-231 region containing 6XHis tag was
synthesized by GENEWIZ, Inc. (Suzhou, China) and was
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cloned into the pET-28b derived vector (Novagen). The plas-
mid was transformed into Escherichia coli strain BL21(DE3)
competent cells by heat-shock at 42 °C for 60 s. The cells were
grown in Luria—Bertani (LB) medium containing 50 pg/ml
kanamycin at 37 °C, 220 rpm to reach an ODy, between 0.6
and 1.0. Then 0.2 mM isopropyl p-p-1-thiogalactopyranoside
(IPTG) was added to induce the PrP(117-231) expression at
16 °C, 220 rpm. About 20 h later, the cells were harvested
by centrifugation. The inclusion bodies were sonicated, pel-
leted by centrifugation and extensively washed with washing
buffer (20 mM Tris—HCI, pH 8.0, 150 mM NaCl, 0.5% Triton-
X 100). The inclusion bodies were incubated with denatur-
ing buffer containing 8§ M urea (10 mM Tris—HCl, 100 mM
NaH,PO,, 5 mM reduced glutathione, pH 8.0) in room tem-
perature for 1 h with constant stirring. The denatured PrP
was purified using metal affinity chromatography by loading
onto a Ni-NTA agarose column. Removal of contaminants
and refolding of prion protein were achieved with buffers
plus a gradient of 8-0 M urea (10 mM Tris—HCI, 100 mM
NaH,PO,, 5 mM reduced glutathione, pH 8.0) according to the
references [19, 37, 38]. The nonspecifically bound impurities
were removed by washing buffer (10 mM Tris—HCI, 100 mM
NaH,PO,, 50 mM imidazole, pH 8.0) after the refolding.
Finally, the pure his-tagged prion protein was eluted with an
elution buffer (10 mM Tris—HCl, 100 mM NaH,PO,, 400 mM
imidazole at pH 5.8). The purified protein was exchanged into
storage buffer containing 10 mM Tris-HCl, 100 mM NaH,PO,
at pH 5.8 using ultra centrifugal filters (3 kDa molecular
weight cutoff; Millipore). A 12% SDS-PAGE and the Brad-
ford [39] method were used to determine the purity and the
concentration.

Steady-state fluorescence quenching analysis

A Thermal Scientific”™ Varioskan™ Flash multimode plate
reader and a Perkin-Elmer LS 55 fluorescence spectrometer
were used to record the fluorescence emission spectra. The
Thermal Scientific plate reader was used to screen small mol-
ecules with a concentration of 100 pM. Those small molecules
having larger fluorescence quenching ability were selected to
measure fluorescence quenching with different concentrations.
In all measurements, an excitation wavelength of 280 nm was
adopted and the scan range was 285430 nm. Prior to col-
lecting the fluorescence spectra, the protein was diluted with
storage buffer (10 mM Tris—-HCI, 100 mM NaH,PO,, pH 5.8)
to a final concentration of 10 uM and incubated with differ-
ent concentrations for 15 min with shaking (220 rpm, 37 °C).
The apparent binding constant was predicted using data from
these fluorescence experiments according to the Stern—Volmer
Eq. (1) [23, 40, 41]:

Fy/F =1+ K,[C] (1)

where K, is the formation constant of the complex, [C] is
the concentration of the compound (quencher) in the titra-
tion. F; and F are the fluorescence value of the protein sys-
tem in the absence and presence of a quencher.

Surface plasmon resonance assay

SPR experiments were carried out based on a Biacore X100
(GE Healthcare) equipped with a CMS5 (research grade)
sensor chip at 25 °C. The prion protein (117-231) was
covalently immobilized onto the sensor surface at ~3000
response units (RUs) through a standard amine-coupling
procedure in 10 mM sodium acetate (pH 5.5). In the bind-
ing experiments, PBS buffer supplied with 0.05% (v/v) sur-
factant P20 and 5% (v/v) DMSO (Sigma-Aldrich) was used
as running buffer. Before it was used in the instrument, the
running buffer was degassed for about 5 min. The small mol-
ecules were dissolved in DMSO and a calibration procedure
was included to eliminate variations in the bulk responses
between samples caused by the presence of high refractive
index DMSO [42, 43]. The compounds were diluted with
PBS buffer and injected for 60 s in contact phase followed by
60 s in dissociation phase with a flow rate of 30 pl/min in the
binding analysis. All the response levels obtained during the
analysis were corrected according to the DMSO calibration
plot. For binding response of compounds, a single-site inter-
action model was applied. This approach leads to a unique
Ky, which corresponds to the higher affinity site constant:

R X [L]
T @
Kp +[L]
where R, is the SPR response at equilibrium; R, is the

maximum capacity of the ligand for the analytes; [L] is the
analyte concentration and K, is the dissociation constant.
The obtained sensor grams were processed and analyzed
using Biacore X100 Evaluation software (GE Healthcare).

In vitro amyloid fibrils formation inhibition assay

PrP(117-231) was converted to fibril form in vitro based
on reported methods with minor modification [44, 45]. The
prion protein was diluted to 20 pM with solution buffer of
10 mM Tris—HCI, 100 mM NaH,PO,, pH 5.8 and incubated
with continuous shaking at 220 rpm, 37 °C. After incubation
for several hours, 100 pl aliquots of the incubation solu-
tion were withdrawn to monitor protein fibril formation.
To determine inhibition ability of fibril formation, various
concentrations of the positive compounds were co-incubated
with the fibril formation systems. A specific thioflavin T
(ThT) dye was used to monitor the kinetics of fibril forma-
tion. The ThT stock solution was prepared as 400 pM and
then diluted to 20 pM before measuring the fluorescence.
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20 pM ThT solution was mixed with 100 pl incubated fibril
formation aliquot to make both the ThT and prion protein
work concentration as 10 pM. The fluorescence spectrum
was recorded with excitation at 440 nm and maximum emis-
sion at 485 nm. To quantitatively describe prion fibrillation
inhibition, the small molecules at different concentrations
was incubated with prion. After 48 h, the co-incubation sam-
ples were subjected to SDS-PAGE method to detect prion
monomers.

Molecular dynamics simulation

MD simulation was carried out using the Amber 12 soft-
ware package [46]. The ligand-prion protein complex was
obtained by molecular docking. Gaussian 09 program [47]
was used to perform geometry optimization and to calcu-
late electrostatic potential of the ligand by using the Har-
tree—-Fock method with 6-31G* basis set. To describe the
partial atomic charges, the antechamber module of AMBER
was used to generate the restrained electrostatic potential
(RESP) [48, 49]. The parameters of the ligand and protein
were described adopting the general AMBER force field
(GAFF) [50] and the standard AMBER force field (ff99SB)
[51], respectively. MD simulations were performed on the
prion protein with and without ligand, at the temperature of
310 K for 125 ns using the TIP3P water in an octahedron
box with 12 A around the biomolecules.

Binding free energy calculation by MM-GBSA
method

The binding free energy of 3253-0207 to prion protein was
analyzed by molecular mechanics generalized born surface
area (MM-GBSA) [52-54] method, integrated in the Amber
12 package. The first step of MM—-GBSA is to generate mul-
tiple snapshots from the stable MD production trajectory of
the complex. Here, 1000 snapshots were extracted from last
25 ns of MD trajectory, equally spaced at 5 ps intervals. For
each snapshot, a free energy is calculated for each molecular
species (complex, receptor, and ligand), and the ligand bind-
ing free energy is estimated as follows:

AGbind = Gcomp]ex - Greceptor - G]igand 3)

where G gppiexs Greceptor a1d Giigang are the free energy of
complex, receptor, and ligand molecules, respectively. The
free energy (Gy,;,q) Was calculated based on an average over
the extracted snapshots. Each state is estimated from the

molecular mechanics energy E,,, the solvation free energy

G,,- and the solute entropy S, respectively.
Gbind = Egas + Gsol =TS (4)
Egas = Eint + EvdW + Eele (5)
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Gsol = GGB + Gsol—np,GB (6)
Gsol—np,GB = )/SASA (7)
where E,,  is the gas-phase energy; E;, is the internal

energy; E.,. and E, 4y are the Coulomb and van der Waals
energies. G, is the solvation free energy and can be decom-
posed into polar and nonpolar contributions. Ggg is the polar
solvation contribution calculated by solving the GB equa-
tion. Dielectric constants for solute and solvent were set
to 1 and 80, respectively. Gy, is the nonpolar solvation
contribution and was estimated by the SASA determined
using a water probe radius of 1.4 A. The surface tension
constant y was set to 0.0072 kcal/(mol AZ) [55]. T and S are
the temperature and the total solute entropy, respectively.
Vibrational entropy contributions can be estimated by sta-
tistical thermodynamics, using normal-mode analysis [56].
As our aim is not to obtain the absolute Gibbs energy but
to analyze the interaction features, the entropy contribution
was not included.

Results and discussion
The results of virtual screening

In the present work, virtual screening workflow was per-
formed to screen potential compounds stabilizing the
antiparallel f strands. Before the virtual screening work-
flow, the accuracy of docking protocol was checked by
redocking the ligand promazine into the prion. The com-
parison of the crystalized ligand and docked ligand con-
formation is shown in Fig. 1. As can be seen, the ligand
was docked into a hydrophobic pocket composed of resi-
dues from helix a2 and anti-parallel p-strands. The rmsd
between the crystal and the docked pose was 1.5 A and the
main tricyclic skeletons in the two ligands were aligned
very well. The ligand had a docking score of —5.00 kcal/
mol and predicted binding free energy of —44.78 kcal/
mol.

After verification of docking protocol, virtual screening
workflow was carried out against ~ 1.6 million compounds,
using the standard VS protocol with the HTVS, SP and XP
screening steps. In each step, 10% compounds were kept
for the next step processing. The final compounds were
further processed using the Prime MM-GBSA method
to predict the binding free energy. Based on the docking
score and predicted binding free energy, those compounds
with docking score and binding energy higher than that of
the redocked ligand were removed. Furthermore, cluster-
ing analysis was performed to eliminate redundancy and
enable structural diversity. Compounds forming favorable
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Fig.1 The structure of prion protein complexed with promazine. a
Comparison of the computational docking of promazine (carbons in &
cyan) in the prion binding pocket versus the reported crystal struc-
ture. Water molecules involved in hydrogen bond interaction were 0
shown in small red spheres. b Structure of promazine. ¢ Poses of 0 20 40 60 80 100

promazine in the binding pocket

interaction with prion protein were selected manually by
inspecting interactions between the protein and ligands.
121 compounds were selected and purchased for further
biological assays.

Identification of compounds interacting with PrP
by using fluorescence titration assay

The global region of prion protein was over-expressed in E.
coli and purified for the protein—ligand binding experiments.
The maximum excitation and emission wavelengths of the
purified prion protein (10 pM) were determined as 280 and
345 nm, respectively. Firstly, the fluorescence quenching
ability of 121 compounds on prion protein was evaluated at
a concentration of 100 pM, using a single point scan mode
at excitation of 280 nm and emission of 345 nm. Accord-
ing to the fluorescence quenching assay, 14 hits among the
121 compounds had a quenching ability larger than 50%
and were selected for further test. The quenching abilities
were averaged by three independent fluorescence values and
ranged from 51.4 to 78.2% (Table S1). The cocrystallized
promazine gave a quenching ability of (16.5+0.28)%.
Subsequently, 14 hits were further tested to investigate
concentration dependent fluorescence quenching profiles.
Only 5 compounds demonstrated well correlation between

Concentrations (LM)

Fig.2 Quenching of prion protein by five compounds, 3253-
0207 (orange solid circles), V018-9263 (green solid triangles),
AG-690/40698052 (blue hollow triangles), AK-918/42277082 (red
hollow circles) and G871-0197 (magenta solid diamonds). a Concen-
tration dependent fluorescence quenching fitted to one site specific
binding model (Y-axis represents the relative fluorescence quenching
which defined as (F,—F)/F). b Linear Stern—Volmer plot

concentrations and quenching abilities (Fig. 2). The cocrys-
tallized promazine failed to quench prion fluorescence in
concentration dependent manner. At the same time, the
excluded 9 molecules were checked whether they are pro-
miscuous compounds using the PAINS-Remover (http://cbli-
gand.org/PAINS/search_struct.php) and only one molecule
(3284-1064) was filtered out for containing a “2-hydroxy-
phenyl-hydrazone” moiety which was reactive as recorded in
the reference [57]. Subsequently, the concentration depend-
ent fluorescence quenching of the other 5 compounds was
fitted to one site specific binding model using the Graph-
Pad Prism 6 software (Fig. 2a). The strong quenching of
the fluorescence suggests that the conformation of aromatic
residue around the compound binding pocket were changed
due to the binding of tested compounds. The K, values of
the 5 hits were calculated according to Eq. (1) and were
presented in Table S1. The 5 compounds interacted with
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prion with K values ranging from 26 to 71 pM. Compound
3253-0207 interacted with prion protein and gave the lowest
K, of 26.23 pM. The intensity of fluorescence quenching
of 5 compounds was quantified using Stern—Volmer plot
(Fig. 2b). The obtained Stern—Volmer plot from the fluores-
cence measurement is presented as linear lines.

Study of the prion-small molecule interaction
by SPR based binding assay

Since there may occur false positives in the fluorescence
quenching experiments, it is necessary to further confirm
binding affinities of the compounds identified by fluores-
cence assay. Surface plasmon resonance (SPR) is an excel-
lent approach which can measure binding affinities between
various binding systems. Therefore, 5 hit compounds were
further tested using SPR to observe their binding ability to
PrPC. Before carrying out the binding analysis, a calibration
was performed to eliminate the bulky refractive influence
of solvent by using different DMSO concentrations ranging
from 4.5 to 5.8% (V/V) (Fig. S1a). After solvent correction,
100 pM compounds were loaded at the same time to verify
reliability of the results. As shown in Fig. S1a, the binding
response of samples located in a region distinguished by two
vertical lines, which were close to each other, indicating a
fine quality of solvent correction. Meanwhile, the binding
abilities were analyzed at a concentration of 100 pM (Fig.
S1b). SPR results proved that the majority of the compounds
interacted with PrP¢. Among the 5 compounds, 3253-0207
interacted with prion protein with an equilibrium binding
response of about 80 RUs, which was greater than that of
the other compounds (Fig. S1b). It is worth mentioning that
binding response of AK-918/42277082 got a negative value

804

701 —— 100 uM

—50 uM
25 uM
——125uM
6.25 M
3.125 M

60

50

401

Response Unit (RU)

Response Unit (RU)

after solvent calibration indicating low binding affinity to
prion protein. Promazine was a weak binder of prion with a
binding response of 12.6 RUs.

Based on the binding analysis results, the apparent affini-
ties of 3253-0207 with mPrP(117-231) was further deter-
mined. A wide range of half-diluted 3253-0207 concentra-
tions were guided over the sensor chip surface, ranging from
3.125 to 100 pM. The binding responses were recorded as
sensor grams (Fig. 3a). As indicated in Fig. 3a, both the
association and dissociation phases were rapid which
obeyed the fast-on and fast-off interaction pattern. A single-
site model (Eq. 2) was used to fit the obtained equilibrium
binding responses versus ligand concentrations. The calcu-
lated value of Ky, was 2.603 X 10> M, which was in good
agreement with that obtained from fluorescence assay. The
data confirmed the good binding affinity of 3253-0207 to
mPrP(117-231).

The inhibition of prion amyloid fibrils formation
by compound 3253-0207

To determine the inhibition effect of 3253-0207 on prion
aggregation, prion with and without compound 3253-0207
were incubated. The monomers were detected with native
SDS-PAGE after incubation. As displayed in Fig. 4a, after
fibril conversion for 48 h, there were little monomers in PrP
without compound 3253-0207. When 3253-0207 was added,
the quantities of prion monomers increased as the ligand
concentration increased. Therefore, compound 3253-0207
could stabilize the PrP¢ form which would help to interrupt
prion aggregation process.

The enhanced fluorescence emission of the dye ThT was
frequently used for monitoring the kinetics of amyloid fibril
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Fig. 3 Binding affinity analysis of 3253-0207. a Overlay of sensorgrams for 3253-0207 binding to mPrP(117-231), obtained using different con-
centrations: 3.125, 6.25, 12.5, 25, 50 and 100 pM. b Response data at equilibrium versus 3253-0207 concentration
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Fig.4 Compound 3253-0207 could inhibit prion fibril formation. a
Compound 3253-0207 could stabilize prion monomers as detected
using native SDS-PAGE. b Effect of 3253-0207 on prion fibril for-
mation kinetics as monitored by ThT fluorescence. The data were
obtained at excitation of 440 nm and emission of 485 nm, averaged
by a triplicate experiment with error bars indicated

formation [58-60]. In this study, the effects of compound
3253-0207 on fibril formation kinetics of the recombinant
mouse PrP were detected using the ThT binding assay, as a
function of compound concentrations (Fig. 4b). As can be
seen, prion protein without any inhibitor aggregated into
fibril form after ~30 h as reflected in an increase of ThT
fluorescence. The amyloid formation was inhibited when
5 pM compound 3253-0207 was co-incubated (red line with
round circles), accompanied by a remarkable decline of the
maximum ThT intensity (Fig. 4b). As indicated in Fig. 4b,
fibril formation was totally inhibited by compound 3253-
0207 at 20 pM (magenta line with inverted triangles) on the
investigated timescale. SDS-PAGE and ThT assay results
proved that compound 3253-0207 could stabilize prion pro-
tein and inhibit prion aggregation.

Molecular dynamics simulation of the complex
of prion and compound 3253-0207

To further explore the binding mechanism and provide
more information for future drug design, 125 ns molecular
dynamics simulation was performed for prion protein with or
without compound 3253-0207. To monitor the convergence
of simulation, the evolutions of root-mean-square deviation
(RMSD) value versus time were extracted from the trajectories
(Fig. 5). As can be seen from the backbone RMSD (red line
in Fig. 5), the complex system showed small RMSD with less

Prion

Complex

Backbone RMSD (%)
o - !\I W Hh OO N

Active Sites RMSD ()
O =2 N WL OO N®

60 70 80 90 100 110 120
Time (ns)

o
-
=)
N
=
Wi
=3
S
=}
o
=3

Fig.5 The evolutions of RMSD value versus the simulation time

fluctuations, while the blank prion protein system (blue line
in Fig. 5) fluctuated largely at the beginning and reached equi-
librium after about 90 ns. The active sites residues around 5 A
of the ligand were much flexible during the simulation (green
line in Fig. 5). Along the whole simulation, the ligand changed
its conformation to form more stable complex (cartoon and
sticks representation in Fig. 5) which caused fluctuation and
retained equilibrium pose finally (cyan sticks in Fig. S2). The
distances of ligand to H2 (residues 171-194) and H3 (residues
200-226) further proved the conformation change of ligand in
the binding pocket (Fig. S2). As the initial complex structure
was obtained using molecular docking, the binding pose was
not stable enough at the beginning. After 60 ns of simulation,
the benzimidazole moiety flipped towards C-terminal of H2.
The RMSF of residues were displayed in Fig. 6. As can be
seen, binding of the compound 3253-0207 make two regions

Prion

Complex

o ~ ©
1 n 1

RMSF of Ca. (k)
bl

120 135 150 165 180 195 210 225
Residues

Fig.6 RMSF of the two systems along the simulations. The RMSFs
of complex are in red and the RMSFs of apo-protein are in blue.
Regions with gray background indicate obvious disparity of the two
systems
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helix-1 and the C-terminal of helix-2 of the complex became
more stable.

To investigate the stabilization mechanism, the secondary
structure evolution were analyzed and displayed in Fig. S3
and Table S2. As can be seen, when bound with the ligand,
helix-3 of the protein maintained more helical structure than
the apo protein, which was also indicated in the helix contents
with (55.52+0.15)% in complex and (52.10+0.24)% in apo
protein. The average content of f-sheet in complex was lower
than in apo protein (4.99% in complex, 6.89% in apo protein).
Moreover, residues 117-130 in the complex system had more
regular structures than in the system without the ligand, which
is important for prion protein to keep the normal cellular form
(PrP%).

The binding free energy between 3253-0207 and prion
protein was obtained from the MM-GBSA calculation
(Table 1). 3253-0207 bound to PrP with a binding energy of
—22.59 keal/mol. The negative non-polar energy AG, o1
(—31.33 kcal/mol) mainly composed of Van der Waals was the
driving force of the complex formation. Nonpolar solvation
terms (AGy,_,,, —4.35 keal/mol) contribute slightly favorably
to the binding. The polar interaction contributed unfavorably to
the binding of ligand. The intermolecular electrostatic interac-
tions (AE,.) had favorable contribution to binding process,
while they were compensated by the large desolvation penal-
ties (AGg,_epe) (Table 1).

To obtain a more detailed thermodynamic description of
residue contributions to the binding free energy, the AG;,4
value was decomposed to each residue and the correspond-
ing results were presented in Fig. 7, in which the interactions
included the contributions from the residues. On the basis of
the individual residue contribution to the interaction energy,
several hot residues contributing to the ligand binding were
identified. The hotspot residues include V122, G123, L125,
Y128, Y162,1182, K185, Q186, V189, T190, T193 and K194.
The polar and nonpoalr contributions of identified key residues
were calculated (Fig. 7b). By comparing the binding poses of
compound 3253-0207 and promazine, it can be seen that two
molecules bound to prion at the same binding pocket com-
posed of residues from B1, f2 and o2 (Fig. 8). The aromatic
ring of 3253-0207 overlapped well with the tricyclic moiety
of promazine. The benzimidazole fragment of 3253-0207
interacted with residues from C-terminal of H2 such as T190,
T191, T193 and K194. The hotspot residues Y128, Y162,
Q186, and T190 [19] having interaction with 3253-0207 were
consistent with the residues involved in the interaction with
promazine.
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o
<
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Fig.7 Energy contributions of prion protein to ligand binding. a
Intermolecular ligand-receptor per-residue interaction spectrum of the
complex. b Polar (red) and nonpolar (blue) interaction energy of the
complex

Most of the previously studied molecules are polymers
such as pentosan polysulfate, dextran sulfate, HPA-23 and
dentritic polyamines. These structures are not suitable to
perform molecular docking study. The inhibiting activities
of these molecules are primarily due to prevention of new
PrP5¢ accumulation rather than stabilization of PrPC [61,
62]. To investigate the possible mechanism of action of other
small molecules such as Suramin, Congo Red and Quina-
crine, a molecular docking analysis was carried out based
on the binding pocket used in this workflow. Unfortunately,
Suramin cannot bind to the Promazine binding pocket due
to its large size. The other two molecules Congo Red and
Quinacrine were docked to the binding pocket with low
binding affinities. Their docking scores were —3.88 and
—3.75 kcal/mol for Congo Red and Quinacrine, respectively.

Table 1 Calculated binding free energy and its components (kcal/mol) based on MM-GBSA method for the complex

Components AE,. AE AEym AG,

vdw

sol—np

AGsol—ele AGsol AGpn]ar AGnonpn]ar AGbincl

Energies -5.01 —26.98 —-31.99 —4.35

13.75 9.41 8.74 —31.33 —-22.59
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Fig.8 Compound 3253-0207
and promazine at the binding
sites of prion protein. a Surface
representation of the binding
sites with the ligands shown

in sticks. b The interactions
between compound 3253-0207
and prion. ¢ The interactions
between promazine and prion.
d, e Are constructed pharma-
cophore models based on the
complex of PrP-3253-0207 and
PrP-promazine (hydrophobic,
acceptor and donor features

are colored cyan, green and
magenta, respectively)
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