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ABSTRACT

Despite having therapeutic potential, anti-PrP antibodies caused a major controversy due to their
neurotoxic effects. For instance, treating mice with ICSM antibodies delayed prion disease onset,
but both were found to be either toxic or innocuous to neurons by researchers following cross-
linking PrP. In order to elucidate and understand the reasons that led to these contradictory
outcomes, we conducted a comprehensive in silico study to assess the antibody-specific toxicity.
Since most therapeutic anti-PrP antibodies were generated against human truncated recombinant
PrP?'=23! or full-length mouse PrP?*=2", we reasoned that host specificity (human vs murine) of
PrP¢ might influence the nature of the specific epitopes recognized by these antibodies at the
structural level possibly explaining the ‘toxicity’ discrepancies reported previously. Initially, mole-
cular dynamics simulation and pro-motif analysis of full-length human (hu)PrP and mouse (mo)PrP
3D structure displayed conspicuous structural differences between huPrP and moPrP. We identi-
fied 10 huPrP and 6 moPrP linear B-cell epitopes from the prion protein 3D structure where 5 out
of 10 huPrP and 3 out of 6 moPrP B-cell epitopes were predicted to be potentially toxic in
immunoinformatics approaches. Herein, we demonstrate that some of the predicted potentially
‘toxic’ epitopes identified by the in silico analysis were similar to the epitopes recognized by the
toxic antibodies such as ICSM18 (146-159), POM1 (138-147), D18 (133-157), ICSM35 (91-110),
D13 (95-103) and POM3 (95-100). This in silico study reveals the role of host specificity of PrP< in
epitope-specific anti-PrP antibody toxicity.
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1. Introduction acid protein that matures to a 208 amino acid residues

[14]. The full-length human PrP (huPrP) and mouse PrP
(moPrP) are divided into three major parts, including
the flexible tail (FT) region (23-123), the octapeptide
repeat (OR) region (50-90) located within the FT region

Prion diseases are believed to be caused by the patho-
genic conversion of the cellular prion protein (PrP) to
an abnormal and partially protease resistant PrP* [1,2].
The Prnp gene encodes the prion protein and this gene is

located on chromosome 2 in mice and on chromosome
20 in human [3,4]. Structurally, usually PrP€ is divided
in a structured C-terminal domain (containing GPI
anchor attachment site) and an internally disordered
N-terminal domain, two N-linked glycosylation sites,
and a single disulphide bridge [5,6]. The N-terminal
end of the mature PrP protein contains a positively
charged motif involved in endocytic trafficking [7-9].
In addition, in the N-terminal domain there is a series
of four octapeptide repeats, each of which contains
a histidine residue that helps coordinate the binding of
divalent metal ions [10,11]. Human PrP€ is made up of
253-amino acid residues that is trimmed down to 209-
amino-acids after the C- and N-terminal signal peptides
are removed [12,13]. On the other hand, prior to post-
translational changes, the mouse PrP® is a 254 amino

and the globular domain (GD) region (124-230).
Antibody-mediated therapy is considered the most
promising treatment strategy for prion diseases [15-
25]. Several anti-PrP antibodies have shown potential
for the treatment of prion diseases, including 6H4 [26],
ICSM18, ICSM35 [27], POM1, POM2, POM3 [28],
D13, DI8 [29,30] and SAF32, SAF70 [31,32].
However, some of these antibodies caused hippocampal
toxicity [33,34]. Some of the anti-PrP antibodies such
as ICSM35, D13 (FT region) [33-36] and ICSM18, D18
(GD region) [33-35] that shared similar epitope
sequences showed contradictory results in several stu-
dies. A study by Solforosi and co-workers showed that
anti-PrP D13 antibody (epitope 95-105) caused wide-
spread neuronal loss in the hippocampal region follow-
ing stereotaxic injection [34]. Further, Reimann et al.
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confirmed that D13 antibody induced fast, dose-
dependent, on-target (hippocampus) neurotoxicity
[33]. Stereotaxic injection of ICSM18 (epitope 143-
153) in the hippocampal region of C57BL/10 mice did
not show extensive neuronal apoptosis [35]. In con-
trast, a comprehensive follow up study by Reimann
et al. revealed that intracerebral ICSM18 antibody
injection to C57BL/10 mice induced fast, dose-
dependent, on-target neurotoxicity [33]. Moreover,
other studies using POM1 monoclonal antibody that
shares a similar epitope with ICSM18 has also led to
severe neurotoxicity [36-38]. Administration of an
octa-repeat (OR)-specific antibody, 4H11 antibody,
led to behavioural deficits and extensive neuronal loss
and astrogliosis in mice [39]. However, POM2 anti-
body, which also binds an epitope on the OR region
did not show any toxicity [33,36]. Of note, a humanized
version of ICSM18, known as PRN100, did not cause
apoptosis in the hippocampus of C57BL/10 mice [35].
In fact, Klyubin et al. showed that peripheral adminis-
tration of PRN100 blocks acute AP synaptotoxi-
city [40].

Aside from the host specificity of PrP® (human vs
mouse), it is important to also note the differences in the
type of the immunogens used to produce the anti-PrP
antibodies (full-length vs truncated; recombinant vs
native). For instance, D13 and D18 antibodies were
panned against dispersed Syrian hamster PrP (SHaPrP
27-30) by immunizing the Prnp®® mice [29], while
ICSM18 and ICSM35 antibodies were produced by
immunizing Prnp®® mice using human truncated
recombinant aPrP 91-231 or fPrP 91-231 conformations
respectively [27]. Recombinant aPrP 91-231 is a soluble
a-helical monomer that is susceptible to proteinase K,
whereas PPrP 91-231 is a soluble monomer with a high
B-sheet content and partially resistant to treatment with
proteinase K [41]. Furthermore, POM antibodies were
produced by immunizing the Prnp®® mice using mouse
full-length recombinant aPrP 23-231 [28].

The structure of full-length huPrP and moPrP pro-
tein is not available in the Protein Database (PDB)
(https://www.rcsb.org/). It is worth noting that there
is a substantial sequence differences (12.65%, as
shown by multiple sequence analyses) between the
huPrP and moPrP protein sequences. Moreover,
a single amino acid residue changes in the protein
may affect the protein structure and epitope identifica-
tion. Study showed that a single amino acid changes in
the intermediate proteins of two different alleles (prnp®
and prnp° genes) of the prion protein can alter different
aspects of protein biochemistry and can impact in the
protein structural and functional levels [42]. Since there
is amino acid variation between the huPrP and moPrP

sequences, therefore the number of epitopes and their
position might be different in protein structure of
huPrP and moPrP. We hypothesized that the host
specificity of PrP© might influence the nature of speci-
fic epitopes recognized by these antibodies at the struc-
tural level that might also explain the ‘toxicity’
discrepancies reported previously.

B-cell epitope prediction using in silico tool helps
facilitate the identification of B-cell epitopes for anti-
body production against the epitopes or antigen within
a short time in comparison with the experimental
methods [43]. B-cell epitopes are subdivided into two
categories, including linear or continuous and confor-
mational or discontinuous epitopes. Linear B-cell epi-
topes are predicted by using a linear sequence of
a protein while the discontinuous epitopes are pre-
dicted from the protein tertiary structure.

In this study, we performed in silico analysis of the
full-length PrP® 3D structure prediction using the com-
parative protein modelling approach [44] and 300 ns
molecular dynamics simulation for stability checking
[45,46]. Further, we used immune-informatic
approaches for predicting the linear and conforma-
tional B-cell epitopes to observe whether there are
differences in the identified epitopes and their position
on huPrP and moPrP. In addition, we also predicted
the potential toxicity of the identified linear B-cell
epitopes to compare with the reported anti-PrP anti-
body toxic effects [33,34,36]. We found 10 linear and 9
conformational B-cell epitopes for huPrP and 6 linear
and 5 conformational B-cell epitopes for moPrP pro-
tein 3D structure. Furthermore, this study might help
to understand the reason behind the ‘toxicity’ discre-
pancies of different anti-PrP antibodies.

2. Results

2.1. Analysis of the physicochemical properties
and multiple sequence alignment of the of huPrP
and moPrP

The antigenicity of a protein is the pre-requirement for
the identification of B-cell epitopes from the protein.
To that end, we predicted the antigenicity of both
huPrP and moPrP sequences and found an antigenicity
score of 0.917398 for huPrP and 0.936409 for moPrP.
Herein, Table 1 summarizes the physicochemical char-
acteristics of huPrP and moPrP. The isoelectric point
(pI) indicates the acidic or basic nature of the protein
and was found to be 9.13 for huPrP and 9.38 for
moPrP. On the other hand, the instability index (II)
for huPrP is 43.11 and 38.44 for moPrP, highlighting
the unstable nature of huPrP. Additionally, the
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Table 1. Physicochemical properties of the human and mouse
major prion proteins.

Properties Human PrP Mouse PrP
Amino Acid 253 254
Antigenicity 0.917398 0.936409
Molecular Weight 27,661.17 Dalton 27,977.41 Dalton
Theoretical P' 9.13 9.38
Half-life

Mammalian reticulocytes 30 hours 30 hours

Yeast >20 hours >20 hours

E.coli >10 hours >10 hours
Instability index 43.11 38.44
Aliphatic index 52.37 54.06
GRAVY —-0.567 —-0.609

aliphatic index (AI) for huPrP and moPrP showed
moderate thermostability with values of 52.37 and
54.06, respectively. The grand average hydropathy
(GRAVY) for huPrP was -0.567 and -0.609 for
moPrP respectively, indicating the hydrophilic nature
of both proteins. The multiple sequence alignment
analysis by ClustalW server showed that there is
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87.35% similarity between huPrP and moPrP. The dif-
ferences between huPrP and moPrP sequences are
shown in Figure 1. In this in silico study, significant
differences were found in amino acid positions 6, 8, 10,
14, 15, 17 and 19 of the signal peptide regions of huPrP
and moPrP where 6 CYS has been replaced by 6TYR
and the other changes were observed in 8
(MET—LEU), 10 (VAL—ALA), 14 (ALA—THR), 15
(THR—MET), 17 (SER—THR) and 19 (LEU—VAL) in
moPrP. In the octa repeat region, differences in posi-
tions 56 (GLY—THR), 72 (GLY—SER) and 80
(GLY—SER) were observed. In the flexible tail region
away from the octa repeat region, there were some
additional differences observed in positions 97
(SER—ASN), 109 (MET—LEU) and 112
(MET—VAL) (Figure 1). Significant amino acid differ-
ences were found in the globular domain of moPrP in
comparison with in huPrP. The changes were found in
positions 138 (ILE-MET), 143 (SER—ASN), 145
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Figure 1. Multiple sequence alignment (MSA) between the huPrP and moPrP.

The MSA was done using the ClustalW software and the shading of multiple-alignment file was performed by BoxShade server 2.0. Herein,
the red, green, purple, cyan, and orange colour lines refer to the signal peptide, flexible tail region, octa repeat region, globular domain
region, and unstructured regions, respectively. An * (asterisk) indicates positions which have a single, fully conserved residues, and a .
(period) indicates conservation between groups of weakly similar properties.
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(TYR—TRP), 155 (HIS>TYR), 166 (MET—VAL), 168
(GLU—>GLN), 215 (ILE—VAL), 219 (GLU—GLN),
220 (ARG—LYS) and 227 (GLN—ASP) (Figure 1).

2.2. Analysis of the predicted three-dimensional
protein structure of huPrP and moPrP structures

In spite of the presence of nuclear magnetic resonance
(NMR) spectroscopy 3D structure of human PrP (90-
231) and mouse PrP (23-231) [47-49] in protein data-
base (PDB) (https://www.rcsb.org/), we predicted the
full length 3D protein structure of both huPrP (1-253)
and moPrP (1-254). The full-length huPrP consists of
253 amino acids while moPrP has 254 amino acids, but
nuclear magnetic resonance (NMR) spectroscopy struc-
ture of both huPrP and moPrP lacks the signal peptide
region (1-22) and the unstructured region (231-254).
Therefore, we wanted to predict the full-length 3D
structure of the huPrP (1-253) and moPrP (1-254)
protein using the I-TASSER 3D structure prediction
server.

We predicted the 3D structure of huPrP and moPrP
using the I-TASSER server and the structures are
shown in Figure 2(a,b). The I-TASSER server was
used to generate five different models for both huPrP
and moPrP based on the best template (PDB id: 2KUN;
a solution NMR 3D structure of human PrP90-231).
We then selected the best model based on the confi-
dence score (C-score), estimated template modelling
score (TM-score) and estimated root mean square
deviation (RMSD) score. The C-score was —4.13 and
—-3.38 for our predicted huPrP and moPrP models
respectively. The accepted range of C-score for the
protein model is —5, 2 in which the higher value sig-
nifies a model with a higher confidence and vice-versa.
The estimated TM-score and estimated RMSD score
was 0.28 + 0.09 and 16.0 + 3.1 A for the predicted
huPrP and 0.34 + 0.11 and 14.0 + 3.9 A, for moPrP.
The huPrP structure analysis showed that our predicted
structure consisted of a-helices and random coils
(Figure 2(a)) and in the topology analysis we found
that the a-helices are located in positions 13-25, 143—
153, 154-157, 165-169, 171-195, 199-231 and 238-247
(Figure 2(c)). On the other hand, the moPrP is con-
stituted of a-helix, beta sheet and random coils
(Figure 2(b)) and in topology analysis the a-helices
were found in positions 142-151, 152-156, 164-168,
170-192 and 198-227 while the beta sheets were
found in positions 128-130 and 160-162, and the rest
of the other amino acids are occupied by random coils
(Figure 2(d)). The analysis indicated that the predicted
huPrP has no beta sheets whereas the moPrP contained
two beta sheets although both huPrP and moPrP

structures were predicted based on the same template
2KUN through I-TASSER server.

The Ramachandran plot analysis by PDBsum server
showed 68.4% residues in most favoured region, 24.7%
in allowed regions, 3.7% in generously allowed regions
and 3.2% residues in the disallowed regions for the
predicted huPrP structure (Figure 3(a)). In contrast,
in moPrP structure, 59.5% residues were found in
most favoured regions, 27.2% residues in allowed
regions, 7.7% in generously allowed regions and 5.6%
residues in the disallowed regions (Figure 3(b)). The
Ramachandran plot analysis confirmed that our pre-
dicted models are good quality models in which a small
portion of amino acid residues are located in the dis-
allowed regions.

The ProSA server assesses the overall and local
model quality of the predicted protein structure. It
provides the z-score for overall model quality predic-
tion and found a z-score —5.74 for huPrP (Figure 3(c,
d)) and —4.04 (Figure 3(d)) for moPrP located in the
acceptable area and validates the good quality of our
predicted structures. The local model quality is shown
by knowledge-based energy score, in which the positive
values represent the erroneous or problematic regions
of the input structure. On the other hand, a clear depic-
tion of the sequence position in the negative value area
representing the knowledge-based energy, demon-
strated the good quality of our predicted huPrP 3D
structure (Figure 3(e)). On the other hand, in moPrP
3D structure, some of the N-terminal amino acid resi-
dues and the amino acids from the middle portion of
the moPrP protein (Figure 3(f)) were found to be
located in the negative region which indicate that pre-
dicted moPrP structure has some erroneous region in
the protein backbone when compared with the huPrP
structure. Finally, the evaluated protein structure was
submitted to the PMDB database and assigned an
accession number PMO0082388 for huPrP and
PM0083247 for moPrP.

2.3. Analysis of the stability of human and mouse
PrP structures using molecular dynamics
simulations

We performed a 300 ns long molecular dynamics simu-
lation using YASARA Dynamics software v17.8 [45,46]
and analysed the data based on the root-mean-square
deviation (RMSD), radius of gyration (Rg), and root
mean square fluctuation (RMSF). The RMSD trajectory
is mainly used to predict the stability of the protein
structure where the higher RMSD value indicates the
lower stability of the protein structure. A 300 ns
(300,000 Ps) molecular dynamics simulation revealed
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Random coil

&

Figure 2. Three-dimensional (3D) structure and topology of the huPrP and moPrP predicted by I-TASSER server.

(a) 3D structure of the huPrP; (b) and moPrP (c). Topology of the 3D structure of the huPrP. Red box and the blue line indicate the helix and
coil region, respectively. (d) Topology of the 3D structure of the moPrP. Red box, magenta coloured arrow box, and blue line refer to the
helix, beta sheet, and coiled region, respectively. The protein structure was visualized using the PyMOL software.

that both huPrP and moPrP structures reached a stable
state at ~200 ns and continues till the end of the
simulation (Figure 4(a)). In the beginning of the simu-
lation, high fluctuation of RMSD was observed for both
huPrP and moPrP protein structure (Figure 4(a)).
However, the template 2KUN (human PrP90-231)
reached a stable state at ~140 ns (Figure S1A). The
RMSD trajectory value of the huPrP ranges between
0.971 A and 12.53 A, which is a high RMSD value and
demonstrates the unstable nature of huPrP (Figure 4
(a)). For moPrP, the RMSD trajectory value was

between 1.2 A and 13.985 A showing a comparatively
higher RMSD value than huPrP which revealed the
unstable nature of the moPrP protein structure
(Figure 4(a)). However, 300 ns MDS for the template
2KUN showed the RMSD ranges between 0.573 A and
18.531 A which is higher than both huPrP and moPrP
protein structure.

The radius of gyration (Rg) is performed through
MDS to assess the overall dimension of the protein. The
Rg of protein is the root mean square distance from
each atom of the protein to their centre of mass [50]. In
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Figure 3. Evaluation of the 3D structure of the huPrP and moPrP.
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a.Ramachandran plot for the 3D structure of the huPrP b. Ramachandran plot for the 3D structure of the moPrP. c. and d. showing ProSA
Z-score of the 3D structure of the huPrP and moPrP, respectively. The z-score indicates overall model quality, and its value is displayed in
the plot that contains the z-scores of all experimentally determined protein chains in current PDB. In the plot, groups of structures from
different sources (X-ray, NMR) are distinguished by different colours. It can be used to check whether the z-score of the input structure is
within the range of scores typically found for native proteins of similar size. e. and f. showing the local model quality of the predicted 3D
structure of the huPrP and moPrP, respectively. This plot shows local model quality by plotting energies as a function of amino acid
sequence position and in general, positive values correspond to problematic or erroneous parts of the input structure.

our study, the Rg was between 19.081 A and 21.422 A
for huPrP and 20.835 A and 24.237 A for moPrP
(Figure 4(b)). For huPrP 3D structure, the highest Rg
value was observed in the first 20 ns with fluctuation
and the Rg value was found to be decreased after 20 ns
and continued with lower fluctuation (64 ns to 70 ns

and 170 ns to 200 ns) till the end of the simulation
(Figure 4(b)). In contrast, for moPrP 3D structure, the
high fluctuation of Rg value was observed in ~12 ns,
115-140 ns and 195-215 ns, but average simulation Rg
value (~22 A) was observed throughout the 300 ns
simulation (Figure 4(b)). However, in the template
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Figure 4. 300 nanosecond (ns) molecular dynamics simulation (MDS) of the huPrP and moPrP.

a. Root mean square deviation (RMSD) of the huPrP and moPrP; b. Radius of gyration (Rg) of the huPrP and moPrP; c. Root mean square
fluctuation (RMSF) of the predicted 3D structure of the huPrP; d. Root mean square fluctuation (RMSF) of the predicted 3D structure of the
moPrP; e. 3D structure of the huPrP before and after molecular dynamics simulation, and f. 3D structure of the moPrP before and after

molecular dynamics simulation.
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2KUN, the fluctuation was found in the initial 20 ns
and after 20 ns almost similar Rg value was seen
throughout the 300 ns simulation (Figure S1B). The
results clearly indicate that there are significant differ-
ences among the Rg value of the huPrP and moPrP 3D
as well as template structure.

The RMSF refers to the mean describing flexibility
differences among residues with respect to the average
MD simulation conformation [50] where the higher
RMSF value implies more flexible movements and low
RMSF trajectory value indicates the limited movements
or higher compactness during the simulation in rela-
tion to its average position [50]. Herein, the RMSF
trajectory value of huPrP ranges between 1.486 A
(HIS 187) and 10.634 A (THR33) (Figure 4(c)). High
fluctuation in our predicted huPrP protein structure
can be seen till the end of the 300 ns simulation time
period. The high fluctuation can be seen in the position
of ARG25-GLY53 (FT region), GLN98-ALA116 (FT
region), HIS140-GLU152 (GD region) and GLN227-
GLY253 (non-structured region) (Figure 4(c)). The
high RMSF value in these residues positions indicates
that these regions are highly flexible and the conforma-
tion of the protein structure in these regions might be
changed. For moPrP 3D structure, the RMSF trajectory
value of the moPrP ranges between 1.548 A (VAL209)
and 12.669 A (SER102). However, the fluctuation was
seen throughout the 300 ns simulation of moPrP 3D
structure (Figure 4(d)). Similarly, the RMSF value for
template (human PrP 90-231) was also found to be
fluctuated throughout the 300 ns simulation (Figure
S1C). In addition, significant structural conformational
changes were found after the 300 ns simulation for both
huPrP (9 a-helix were found instead of 5 a-helix after
MDS) (Figure 4(e)) and moPrP9 (7 a-helix, 2 B-sheets
were found instead of 4 a-helix, 1 B-sheets, respectively
after MDS) (Figure 4(f)) as well as for template struc-
ture (5 a-helix, 3 B-sheets were found instead of only 3
a-helix after MDS) (Figure S1D and S1E).

2.4. Structural differences between human and
mouse PrP

The observation on the 3D structure of both huPrP and
moPrP displayed differences in a-helices, random coils
and P-sheet levels, but the observation in the pro-motif
levels showed mainly structural differences between
those two proteins. We found 7 helices, 2 helix-helix
interacts, 22 beta turns and 10 gamma turns for the
huPrP (Figure S2). In contrast, 1 B-sheet, 1 beta hairpin,
2 strands, 5 helices, 2 helix-helix interacts, 58 beta turns,
13 gamma turns, and 1 disulphide bond were found in
moPrP (Figure S3). These results clearly revealed that
there are substantial structural differences in the motif
and pro-motif level of huPrP and moPrP 3D structure.

2.5. Comparative analysis of the linear and
conformational B-cell epitopes of human and
mouse PrP

We used huPrP and moPrP 3D structures for the pre-
diction of both linear and conformational B-cell epitopes
using the Ellipro Server [51]. We also predicted the
B-cell epitopes from the NMR structure of the human
major prion protein (90-231) for comparison with the
B-cell epitopes of the predicted huPrP and moPrP struc-
ture. The prediction from huPrP 3D structure revealed
10 linear epitopes ranging from 4 to 26 amino acid long.
The protrusion index value ranged from 0.503 to 0.798
for our predicted linear epitopes where residues with
larger scores are associated with greater solvent accessi-
bility [51]. All the linear epitopes with protrusion index
(PI) scores are shown in Table 2. Four epitopes, L2 (89-
111), L7 (24-49), L9 (56-66) and L10 (76-86) are
located in the FT region of which L9 (56-66) and L10
(76-86) are within the OR region. The GD region
revealed three epitopes, L3 (167-174), L4 (137-153)
and L6 (189-204). A small epitope, L8 (1-4) was located
in the N-terminal region and two longer epitopes, L1
(222-238) and L5 (245-253) are located in the

Table 2. Linear B-cell epitopes and their toxicity predicted from the three-dimensional structure of the human major prion protein.

Toxicity

No.  Score Peptide Reference  Position Location on Structure SVM Method QM Method
L1 0.798  SQAYYQRGSSMVLFSSP [101] 222-238  Globular domain and unstructured region  Non-toxic Non-toxic
L2 0.767  WGQGGGTHSQWNKPSKPKTNMKH [101] 89-111 Flexible tail Non-toxic Toxic

L3 0.751  DEYSNQNN [101] 167-174  Globular domain Non-toxic Non-toxic
L4 0.737  PIIHFGSDYEDRYYREN [101] 137-153  Globular domain Non-toxic Toxic

L5 0.701  SFLIFLIVG [101] 245-253  Unstructured region Non-toxic Non-toxic
L6 0685 V KGENFTETDVK [101] 189-204  Globular domain Non-toxic Non-toxic
L7 0.676  KRPKPGGWNTGGSRYPGQGSPGGNRY  [101] 24-49 Flexible tail Non-toxic Toxic

L8 0.559 MANL [101] 1-4 Signal peptide Non-toxic Non-toxic
L9 0541 GWGQPHGGGWG [101] 56-66 Octa-repeat Non-toxic Toxic

L10 0.503 PHGGGWGQPHG [101] 76-86 Octa-repeat Non-toxic Toxic




C-terminal region of the full length huPrP. The linear
B-cell epitopes on the protein structure are shown sepa-
rately in Figure 5(a) (L1-L10) and all 10 epitopes are
shown in Figure 5(b) as a single representation.

We also predicted the linear B-cell epitopes from the
linear sequence of huPrP using Bepipred 2.0 server
[53]. B-cell epitopes prediction from the linear
sequence displayed residues 24-46, 94-103, 140-151
and 192-198 which were common with the B-cell epi-
topes predicted from the 3D structure (Figure S4).
The second verification of the predicted epitopes were
done using the template 3D structure (PDB id: 2KUN,
residues 90-231) where the linear B-cell epitopes were
found in positions 90-124, 221-237, 190-200 and 137-
153, sharing similar residues with the predicted B-cell
epitopes of full-length huPrP structure (Table S1).

Since more than 90% of the B-cell epitopes are con-
formational [43], we also predicted the conformational
B-cell epitopes from huPrP 3D structure. The
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conformational B-cell epitopes are shown in Table 3
and Figure 5(c) (C1-C9) and Figure 5(d). The amino
acids length of the conformational B-cell epitopes ran-
ged from 4 to 36 residues. The protrusion index value
for the conformational B-cell epitopes ranged from 0.55
to 0.883. The huPrP linear epitope L2 (89-111) was
common to conformational epitopes C9 and C2 that
are composed with residues 55-67, 75-86, 89-99 and
100-112, respectively (Table 3 and Figure 5(c)).
Another huPrP linear epitope L4 (137-153) was com-
mon to conformational epitope C4 consisting of resi-
dues 137-149, 151-153, 157, 189, 191-204 with
a protrusion index score 0.717. The conformational
epitope sequences were also shared with linear epitopes
L1 (222-238), L3 (167-174), L5 (245-253), L6 (189-
204), L7 (24-49), L9 (56-66) and L10 (76-86).

For comparative analysis of the linear B-cell epitopes of
huPrP and moPrP, we predicted the linear B-cell epitopes
from the moPrP 3D structure shown in Table 4 and

Figure 5. Analysis of the predicted linear and conformational B-cell epitopes and their position on the huPrP 3D structure.

Linear B-cell epitopes were predicted by Ellipro server. (a) Linear B cell epitopes and (b) all the linear B-cell epitopes in huPrP structure
represented by different colours to see the overlaps of the identified epitopes. L1 (222-238), L2 (89-111), L3 (167-174), L4 (137-153), L5
(245-253), L6 (189-204), L7 (24-49), L8 (1-4), L9 (56-66) and L10 (76-86) representing different epitope positions in huPrP protein
structure. (c) Conformational B-cell epitopes and (d) all the conformational B-cell epitopes in huPrP structure represented by different
colours to illustrate the overlapping of the identified epitopes. C1 (227-235), C2 (100-112), C3 (25-38), C4 (137-149, 151-153, 157, 189,
191-204), C5 (164, 168-174, 177), C6 (222-225), C7 (236-238, 242, 245-253), C8 (39-49) and (9 (55-67, 75-86, 89-99) representing
different epitope position. (a and c) The protein structures are shown in grey colour as sticks and both the linear and conformational B-cell

epitopes have been shown in yellow colour as surface structures.
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Table 3. Conformational B-cell epitopes from the three-dimensional structure of the human major prion protein.

Number of
No. Score Residues Reference  Residues Location on Structure
C1 0.883 Q227, R228, G229, 5230, 5231, M232, V233, L234, F235 [101] 9 Globular domain and
unstructured region
C2 0.811 N100, K101, P102, S103, K104, P105, K106, T107, N108, M109, K110, H111, M112 [101] 13 Flexible tail
C3 0.747 R25, P26, K27, P28, G29, G30, W31, N32, T33, G34, G35, S36, R37, Y38 [101] 14 Flexible tail
C4 0.717 P137,1138,1139, H140, F141, G142, S143, D144, Y145, E146, D147, R148, Y149, R151, E152, [101] 32 Globular domain
N153, Y157, V189, T191, T192, T193, K194, G195, E196, N197, F198, T199, E200, T201,
D202, V203, K204
C5 0.708 R164, E168, Y169, S170, N171, Q172, N173, N174, H177 [101] 9 Globular domain
C6 0.708 S222, Q223, A224, Y225 [101] 4 Globular domain
C7 0.669 S236, S237, P238, L242, S245, F246, L247, 1248, F249, L250, 1251, V252, G253 [101] 13 Unstructured region
C8 0.579 P39, G40, Q41, G42, 543, P44, G45, G46, N47, R48, Y49 [101] 1 Flexible tail
C9 055 G55, G56, W57, G58, Q59, P60, H61, G62, G63, G64, W65, G66, Q67, Q75, P76, H77, G78, [101] 36 Octa-repeat & flexible

G79, G80, W81, G82, Q83, P84, H85, G86, W89, G90, Q91, G92, G93, G94, T95, H96, S97, tail

Q98, W99

Figure 6(a) (L1-L6) and Figures 6(b). We found six epi-
topes from moPrP in which two epitopes L1 (77-123) and
L5 (45-57) are located in the OR and FT regions, two
epitopes L3 (136-156) and L4 (187-207) located in the
GD region and epitope L2 (221-237) located in the GD
and unstructured regions. The protrusion index value
ranged from 0.514 to 0.813 where the highest PI was
found for epitope L1 (77-123) and lowest for epitope L6
(23-29). Another important epitope which is equivalent
to ICSM18-specific epitope (136-156) is L3 with protru-
sion index of 0.73.

The linear B-cell epitopes from the moPrP 3D struc-
ture were further verified using the linear sequences of
moPrP using the server Bepipred 2.0 [52] and found
linear sequences in the positions 23-36, 101-110, 140-
148 and 192-198 (Figure S5). These epitope positions
were overlapped with the B-cell epitopes of the 3D
moPrP structure in positions 77-123, 136-156, 187-
207 and 23-29 (Table 4) indicating the acceptability
of those identified epitopes. The verification was also
done by using the template 3D structure (PDB id:
2KUN, residues 90-231), where the linear B-cell epi-
topes were found in positions 90-124, 221-237, 190-
200 and 137-153 (Table S1) sharing similar residues
with the predicted B-cell epitopes of the full-length

moPrP structure and indicating acceptability of those
B-cell epitopes from 3D moPrP structure.

The conformational epitopes were also predicted
from the moPrP 3D structure (Table 5 and Figure 6
(c,d)). The length of the conformational B-cell epitopes
from moPrP 3D structure ranged between 3 and 42
amino acid residues. The protrusion index value for
the conformational B-cell epitopes ranged from 0.543
to 0.857. We found 5 conformational epitopes, C1 (77—
100), C2 (135-156, 187-207), C3 (66, 76, 101-107, 110-
123), C4 (221-238, 245) and epitope C5 (169, 170, 172)
from moPrP 3D structure.

2.6. In silico toxicity analysis of the predicted
linear B-cell epitopes of the human and mouse PrP
structure

Anti-PrP antibody-mediated toxicity is subject to great
controversy [33-35]. We have performed in silico analysis
to predict the toxicity of previously reported anti-PrP
antibodies with putative toxic effects. The potentially
toxic epitope prediction was done through the
ToxinPred server using Support Vector Machine (SVM)
and Quantitative Matrix (QM) method [54]. The toxicity
prediction results of the linear B-cell epitopes of the

Table 4. Linear B-cell epitopes and their toxicity predicted from the three-dimensional structure of the mouse major prion protein.

Toxicity
SVM Qm
No Score Peptide Position Location on Structure Method Method
L1 0.813 GGSWGQPHGGGWGQGGGTHNQWNKPSKPKTNLKHVAGAAAAGAVVGG 77-123  Octa-repeat & flexible tail Non-toxic ~ Non-toxic
L2 0.747 SQAYYDGRRSSSTVLFS 221-237 Globular domain and unstructured  Non-toxic  Non-toxic

PMIHFGNDWEDRYYRENMYRY
L4 0.698 TVTTTTKGENFTETDVKMMER
L5 0.569 GGNRYPPQGGTWG

L6 0.514 KKRPKPG

region
136-156 Globular domain
187-207 Globular domain
Flexible tail & octa-repeat
Flexible tail

Non-toxic  Toxic
Non-toxic  Non-toxic
Non-toxic ~ Toxic
Non-toxic  Toxic
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Figure 6. Analysis of the predicted linear and conformational B-cell epitopes and their position on the moPrP 3D structure.

Linear B-cell epitopes were predicted by Ellipro server. (a) Linear B-cell epitopes and (b) all the linear B-cell epitopes in moPrP structure
represented by different colours to see the overlapping of the identified epitopes. L1 (77-123), L2 (221-237), L3 (136-156), L4 (187-207), L5
(45-57) and L6 (23-29) representing different epitope position in moPrP protein structure. (c) Conformational B-cell epitopes and (d) all the
conformational B-cell epitopes in moPrP structure represented by different colours to see the overlapping of the identified epitopes. Herein,
C1(77-100), C2 (135-156, 187-207), C3 (66, 76, 101-107, 110-123), C4 (221-238, 245) and C5 (169, 170, 172) representing different epitope
position. (a and (c) The protein structures are shown in grey colour as sticks and the linear and conformational B-cell epitopes are shown in

yellow colour as surface structures.

huPrP are shown in Table 2. We used two different
methods for the potentially toxic epitope prediction and
considered a toxic outcome of the predicted epitopes
when both methods of toxicity prediction (SVM and
QM methods) displayed toxicity. L2 (89-111), equivalent
to epitopes for ICSM35 and POM3 antibodies, L4 (137-
153), equivalent for epitopes specific for ICSM18 and
POM1 antibodies, L9 (56-66) and L10 (76-86), equiva-
lent to epitope specific for POM2 antibody and an epitope
located in the FT region L7 (24-49) were predicted to be
potentially toxic (Table 2 and Figure 7(a)). The toxicity
prediction of the linear B-cell epitopes of moPrP is repre-
sented in Table 4. The analysis of the 6 linear B-cell
epitopes of moPrP showed that L3 (136-156), L5 (45—
57) and L6 (23-29) are potentially toxic (Table 4 and
Figure 7(b)), but epitope L1 (77-123) located in the OR
region was predicted to be non-toxic.

2.7. Analysis of the physicochemical properties of
human and mouse PrP B-cell epitopes

In order to determine the physicochemical parameters,
including stability, thermostability, hydrophilicity or
hydrophobicity, acidic or basic nature, and finally half-
life of the B-cell epitopes, we used the ExPASy
ProtParam server [54]. The physicochemical properties
of huPrP B-cell epitopes are shown in Table 6. L3, L4,
L5, L6 and L10 are highly stable whereas epitopes L1,
L7 and L9 are highly unstable with values of 71.51,
63.85 and 43.19, respectively. The thermostability ana-
lysis showed that L5 is highly thermostable (205.56)
whereas L1 (45.88), L4 (45.88) and L6 (36.25) are mod-
erately thermostable. All B- cell epitopes of huPrP were
found to be hydrophilic except for L5 and L8. Epitopes
L1, L2, L7 and L10 were found to be basic and L3, L4,
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Table 5. Conformational B-cell epitopes from the three-
dimensional structure of the mouse major prion protein.

Number
of Location on
No. Score Residues residues structure

C1 0.857 G77, G78, S79, W80, G81, Q82, 24
P83, H84, G85, G86, G87, W88,
G89, Q90, G91, G92, G93, T94,
H95, N96, Q97, W98, N99, K100
C2 0.716 R135, P136, M137, 1138, H139, 42
F140, G141, N142, D143, W144,
E145, D146, R147, Y148, Y149,
R150, E151, N152, M153, Y154,
R155, Y156, T187, V188, T189,
T190, T191, T192, K193, G194,
E195, N196, F197, T198, E199,
T200, D201, V202, K203, M204,
E206, R207
C3  0.714 Q66, H76, P101, S102, K103, 23
P104, K105, T106, N107, H110,
V111, A112, G113, A114, A115,
A116, A117, G118, A119, V120,
V121, G122, G123
C4 0.712 S221, Q222, A223, Y224, Y225, 19 Globular domain
D226, G227, R228, R229, 5230, and
S$231, S232, T233, V234, 1235, unstructured
F236, 5237, 5238, 1245 region
C5 0.543 S169, N170, N172 3 Globular domain

Octa-repeat and
flexible tail

Globular domain

Octa-repeat and
flexible tail

L5, L6 and L9 were found to be acidic in nature.
Finally, the half-life was found to be different for all
epitopes except for L1 and L5 (Table 6).

The physicochemical properties of the moPrP B-cell
epitopes are shown in Table 7. L1, L3, L4 and L5 are
stable with values of 25.40, 2.28, 12.64, and 28.94,
respectively. The aliphatic index analysis of moPrP
revealed that epitopes L1, L2, L3 and L4 are thermo-
stable. All B-cell epitopes were found to be hydrophilic
in nature. All epitopes, except L3 and L4 were found to
be basic in nature and variable half-life was observed
for all the epitopes except L1 and L5 (Table 7).

Finally, we predicted the antigenicity, surface acces-
sibility and flexibility of huPrP L2 (89-111), L4 (137-
153) and moPrP L1 (77-123), L3 (136-156). Epitopes
for ICSM35, POM3, and D13 are located on huPrP 12
(89-111) and moPrP L1 (77-123), while epitopes for
ICSM18, D18 and POMI are located on huPrP 14
(137-153) and moPrP L3 (136-156). Due to the
reported contradictory outcomes following investiga-
tion of the toxic effects caused by some of these anti-
bodies, we decided to focus our attention on these
specific potentially ‘toxic epitopes’ in order to gain
more insight and information about the antigenicity,
surface accessibility and flexibility of these B-cell epi-
topes. The analysis revealed that the antigenic site of
huPrP L2 is located on 94-96 and 98-105 (Figure 8(a));
surface accessible region is located on 99-108 (Figure 8
(b)), and flexible region is located on 92-95 and 102-
106 (Figure 8(c)). L4 (137-153) of huPrP, the antigenic

site is located on 140-143 and 147-148 (Figure 8(d)),
the surface accessible site located on 145-150 (Figure 8
(e)) and the flexible region located 142-147 (Figure 8
(f)). The antigenicity, surface accessibility, and flexibil-
ity site for L1 of moPrP was found to be located on
107-120 (Figure 9(a)); 96-107 (Figure 9(b)); and 80-95,
99-107 (Figure 9(c)), respectively. L3 (136-156) of
moPrP showed the antigenicity, surface accessibility,
and flexibility site on 139-141, 146-149, 150-151
(Figure 9(d)); 144-153 (Figure 9(e)); and 141-146
(Figure 9(f)), respectively.

3. Discussion

Immunoinformatics is now commonly used to predict
B- and T-cell epitopes from linear sequences or the
protein structure of various viruses or bacteria [55-
60] as well as for cancer immunotherapy [61]. As
a result, we used a combination of in silico and immu-
noinformatics approaches to compare huPrP and
moPrP. Prion diseases are thought to be caused by
the conversion of the cellular prion protein (PrP®) to
an abnormal isoform PrP%¢ [1,62]. PrP€ is required for
de novo generation and spreading of prions in the
central nervous system (CNS) [23,62,63] as well as for
prion-related neurotoxicity [23,64]. Therefore, potential
therapeutic anti-PrP antibodies have been developed
based on the human PrP€ (e.g. ICSM18, ICSM35)
[19,27,65] or mouse PrP“ (e.g. POM1, POM2, POM3)
[28]. However, few of these anti-PrP antibodies were
controversially shown to be toxic in vitro and in vivo
[33-36]. Despite the high homology between huPrP
and moPrP sequences similarity (87.35%), we identified
10 huPrP and 6 moPrP linear B-cell epitopes from the
3D structure.

The variance in the amino acid sequences of these
regions of huPrP and moPrP highlighted the possibility
of structural variations between huPrP and moPrP.
Structural differences can explain the contradictory
toxic/non-toxic outcome of several anti-PrP antibodies
since these were generated using PrP sequences from
different hosts (human/mouse/hamster), with the
expectation of similar biological behaviour. As a result
of our immunoinformatic work, we demonstrated
a difference in the number of huPrP and moPrP linear
and conformational B-cell epitopes. These variations
are primarily due to host specific variation in the FT
region (ICSM35, POM3, D13) and the GD region
(ICSM18, D18, POM1) [27]. ICSM18 and ICSM35
were produced using human truncated aPrP (91-231)
and PPrP (91-231), respectively, while POM1 and
POM3 were produced using mouse full-length oPrP



Figure 7. Potential toxicity analysis of the linear B-cell epitopes of both huPrP and moPrP protein.

(a) Toxic linear B-cell epitopes of the huPrP and their different orientation on the protein structure. L2 (89-111), L4 (137-153), L7 (24-49), L9
(56-66) and L10 (76-86) representing different toxic B-cell linear epitope position in huPrP protein structure. (b) Toxic linear B-cell epitopes
of the moPrP and their different orientation on the protein structure. L3 (136-156), L5 (45-57) and L6 (23-29) representing different toxic
B-cell linear epitope position in moPrP protein structure. The protein structures are represented as both cartoon and surface forms and the
epitopes have been represented as both spheres and surface forms in different colour.

(23-231) [28]. D13 and D18, on the other hand, were
generated in response to dispersed Syrian hamster PrP
(SHaPrP 27-30) [29,30]. The host specific structural
variations were confirmed in our study as we found
that our predicted full-length 3D structure of huPrP is
composed of a-helices and random coils, while the
moPrP structure is composed of a-helices, {-sheets,
and random coils. However, previous reports high-
lighted that PrP© comprises at least two beta sheet

segments [66], in contrast with our in silico predictive
analysis that did not reveal the beta sheet structures. Of
note, our analysis of the predicted 3D structure was
conducted on huPrP1-253 and moPrP1-254, whereas
the experimentally reported structures (NMR or x-ray
crystallography) was performed primarily on single or
double domain structures, which may explain the dif-
ferences between the predicted and experimentally
reported huPrP and moPrP structures. The pro-motif
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Table 6. Physicochemical properties of the predicted linear B-cell epitopes from human major prion protein.

Half-life

Instability

No. Linear B-cell epitopes Theoretical P Mammalian reticulocytes ~ Yeast  E.coli index Aliphatic index ~ GRAVY
L1 SQAYYQRGSSMVLFSSP 8.31 19 h >20 h >10 h 71.51 45.88 -0.329
L2 WGQGGGTHSQWNKPSKPKTNMKH 10.48 2.8 h 3 min 2 min 31.41 0.00 —-1.900
L3 DEYSNQNN 3.67 1.1h 3 min >10 h —-0.68 0.00 —2.888
L4 PIIHFGSDYEDRYYREN 4.75 >20 h >20 h NF 591 45.88 —1.447
L5 SFLIFLIVG 5.24 19 h >20 h >10 h -9.98 205.56 2.800
L6 V KGENFTETDVK 4.68 100 h >20 h >10 h =5.11 36.25 —-0.950
L7 KRPKPGGWNTGGSRYPGQGSPGGNRY 11.07 1.3h 3 min 3 min 63.85 0.00 -1.815
L8 MANL NF NF NF NF NF NF NF

L9 GWGQPHGGGWG 6.74 30 h >20 h >10 h 43.19 0.00 -1.136
L10  PHGGGWGQPHG 7.33 >20 h >20h  NF 31.97 0.00 —1.455

NF-Not found
Table 7. Physicochemical properties of the predicted linear B-cell epitopes from mouse major prion protein.
Half-life
Theoretical Mammalian E. Instability Aliphatic

No. Linear B-cell epitopes P' reticulocytes ~ Yeast  coli index index GRAVY
L1 GGSWGQPHGGGWGQGGGTHNQWNKPSKPKTNLKHVAGAAAAGAVVGG 10.48 30 h >20h >10h 25.40 39.57 —-0.747
L2 SQAYYDGRRSSSTVLFS 8.31 19h >20h >10h 124.13 45.88 —-0.653
L3 PMIHFGNDWEDRYYRENMYRY 5.49 >20 h >20 h NF 2.28 18.57 —-1.652
L4 Vv KGENFTETDVKMMER 4.87 72 h >20h >10h 12.64 27.62 -0.957
L5 GGNRYPPQGGTWG 8.75 30 h >20h >10h 28.94 0.00 —-1.508
L6  KKRPKPG 11.26 13 h 3 min 3 min 71.89 0.00 -2.829

NF-Not Found

analysis of both huPrP and moPrP 3D structure also
confirmed the structural variation and confirmed the
role of host specificity in structural variation and epi-
tope prediction. Previous studies have shown that the
C-terminal domains of huPrP (121-231) and moPrP
(121-231) share a 94% sequence similarity [67]. The
NMR structure of the huPrP targeting the regions 90-
230 and 121-230 [47,68] as well as the x-ray crystal-
lography structure have been established previously
[48,69]. Additionally, the NMR structure of moPrP
C-terminal domain (121-231) [70], as well as recombi-
nant full-length moPrP (23-231) have been documen-
ted [49].

Since the atoms of biomolecules are always in con-
stant motion, atomic-level structure of the biomole-
cules help to understand the function of biomolecules
which we can perform through computational molecu-
lar dynamics simulation (MDS) [71,72]. MDS can help
to see how every atom of the protein move over time as
well as protein folding, conformational change and
atomic position change [71,72]. Therefore, MDS is
now widely used in combination with the structural
biology to study the mutational effect, ligand effect,
protonation, phosphorylation, and stability of the pro-
tein [71,73]. MDS has been used in the study of B-
amyloid of Alzheimer’s disease [74-76], a-synuclein of
Parkinson’s disease [77], protein misfolding and muta-
tional study of prion disease [78-81]. To our

knowledge, a minimum of 2 ns [81,82] and maximum
of 100 ns molecular dynamics simulation has been
done for the huPrP [83]. Therefore, we performed
a 300 ns MDS of the full-length huPrP, moPrP as well
as for the template (PDB id: 2KUN) to see the struc-
tural stability through RMSD, overall dimension of the
structure through Rg, and flexibility difference among
the residues through RMSF. In this study, the Rg ana-
lysis in MDS revealed a strong structural difference
between the huPrP, moPrP, and template structures.
However, during the 300 ns MDS of huPrP, the
RMSF was found in the positions 25-53, 98-116 and
140-152, indicating that these regions are highly flex-
ible and that their conformation may be altered. It is
well established that regions 98-116 and 140-152
reflect the ICSM35 and ICSM18 anti-PrP antibody
specific epitopes, respectively, and the high flexibility
of these regions demonstrated the importance of con-
formational epitope selection over linear epitope selec-
tion for potential anti-PrP antibody design. More
significantly, we observed the impact of host specificity
on conformational epitope prediction, identifying 9
conformational epitopes in huPrP and 5 in moPrP,
demonstrating the important role of host specificity in
epitope prediction as well as in antibody specificity.
The physicochemical properties of huPrP epitopes L2
(89-111) & L4 (137-153) and moPrP epitopes L1 (77-
123) & L3 (136-156) identified an antigenic site,
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Figure 8. Properties of the potentially toxic linear B-cell epitope L2 (WGQGGGTHSQWNKPSKPKTNMKH) and L4 (PIIHFGSDYEDRYYREN)

from the human major prion protein.

Different B-cell epitope properties such as (a) Kolaskar & Tongaonkar antigenicity, (b) Emini surface accessibility and (c) Karplus & Schulz
flexibility are shown for epitope L2 of huPrP. Similarly, (d) Kolaskar & Tongaonkar antigenicity, (e) Emini surface accessibility and (f) Karplus
& Schulz flexibility are shown for epitope L4 of huPrP. The residues with scores above the threshold are predicted to be part of an epitope

and coloured in yellow on the graph.

a surface accessible area, and a flexible region in the
most fluctuated region (RMSF) of huPrP and moPrP, as
predicted by MDS. Significant structural changes in
huPrP, moPrP, and the template structure were also
observed following the 300 ns MDS.

Previous studies have reported that some antibodies
that were otherwise shown to be innocuous at lower
doses, can only induce toxicity at high doses [33,36].
For instance, POM3 antibody was found to be innoc-
uous at 67 nM, but neurotoxic at 200 nM [36].
However, our in silico immunoinformatics study pre-
dicted POM3 to be potentially toxic. Of importance, the
prediction algorithm relies mainly on the intrinsic
structural properties of the protein studied regardless
of dosage and length of antibody exposure. Further, the
algorithm has up to 97% accuracy [53], indicating the
robustness of the prediction approach.

In the current study, we demonstrated the impact of
host specificity on ICSM35, POM3, and D13 antibody
specific epitopes. We identified a linear B-cell epitope
in the FT area of both huPrP and moPrP, demonstrat-
ing the host specificity effect at positions 89-111 for
huPrP and 77-123 for moPrP. The anti-PrP antibodies,
ICSM35, D13, and POM3 have been shown to recog-
nize epitopes 96-109, 95-105 and 95-100, respectively
[27-29]. Ellipro server also detected a host-specific
effect for antibodies produced based on the GD region,
such as ICSM18, POM1 and D18. Herein, ICSM18
antibody, for example, is directed against the epitope
146-159 and was also developed using the huPrP
sequence [27]. Additionally, although POMI1 and D18
share similar linear epitope, however POMI1 binds
a conformational epitope while DI8 recognizes
a linear epitope. Additionally, we found a discrepancy
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Figure 9. Properties of the non-toxic linear B cell epitope L1 (GGSWGQPHGGGWGQGGGTHNQWNKPSKPKTNLKHVAGAAAAGAVVGG)
and potentially toxic linear B-cell epitope L3 (PMIHFGNDWEDRYYRENMYRY) from the moPrP.

Different B-cell epitope properties such as (a) Kolaskar & Tongaonkar antigenicity, (b) Emini surface accessibility and (c) Karplus & Schulz
flexibility are shown for epitope L1 of moPrP. Similarly, (d) Kolaskar & Tongaonkar antigenicity, (e) Emini surface accessibility and (f) Karplus
& Schulz flexibility are shown for epitope L3 of moPrP. The residues with scores above the threshold are predicted to be part of an epitope

and coloured in yellow on the graph.

in the epitope location for huPrP epitope L4 (137-153)
and moPrP epitope L3 (136-156) in this analysis.
Finally, the linear B-cell epitope prediction using the
Ellipro server demonstrated that the host specificity of
the cellular prion protein has a significant effect on
both epitope prediction and anti-PrP antibody
specificity.

The effect of host specificity was also observed in the
prediction of toxic epitopes from huPrP and moPrP
with our immunoinformatic analysis predicting that 5
out of 10 huPrP and 3 out of 6 moPrP B-cell epitopes
were toxic. More specifically, our immunoinformatic
analysis revealed that the identified huPrP epitope
(89-111) is potentially toxic, while the identified
moPrP epitope (77-123) is not. Among the reported
potentially toxic epitopes from huPrP, epitope L2 (89-
111) was mapped to the neurotoxic antibodies D13

(95-105) [33,34,36] and POM3 (95-100) [36], while
another FT area specific antibody ICSM35 (96-109),
also shown to be potentially neurotoxic in our analysis,
was found to be non-toxic by Klohn and colleagues
[35]. A previous study showed that the human PrP
peptide 106-126 in the FT region was found to be
neurotoxic in in vitro analysis [84]. Further, deletion
of PrP central domain region 94-134 is associated with
rapid and progressive peripheral and central myelin
degeneration [85]. Sonati et al. highlighted the signifi-
cance of this FT area, stating that it is responsible for
the anti-prion antibody toxicity [36]. Hermann et al.
demonstrated that antibodies against the FT region of
the cellular prion protein inhibit the GD region’s toxi-
city and also identified the FT region as a critical mole-
cular effector of prion-mediated toxicity [37]. Another
FT region antibody, D13 is a highly controversial



antibody due to its contradictory role in neurotoxicity.
Solforosi et al. established in the initial study that D13
causes widespread neuronal loss in the hippocampal
area [34]. However, another study discovered that
D13 does not exhibit widespread apoptosis in the hip-
pocampus area [35]. Additionally, it was revealed in
two separate studies that D13 is not only neurotoxic
at higher concentrations [36], but also induces rapid,
dose-dependent, on-target neurotoxicity (hippocam-
pus) [33].

It is believed that cellular prion protein PrP® is
widely expressed in the immune system and is naturally
immune tolerated and no antibodies are released
against this protein [86-88]. In addition, PrPC has
important effects on the B-cell repertoire and antibody
production [86]. A recent report by Senatore and col-
leagues described the characterization of novel ant-PrP
antibodies identified with a synthetic human Fab phage
display library [89]. The authors showed that antibodies
directed against epitopes located within the 51-91 FT
region of PrP€ can prevent prion-induced neurotoxi-
city and do not display intrinsic neurotoxicity [89].
This apparent discrepancy with our predictive analysis
could be explained by the differences of the sequences
recognized by these different antibodies. Further, other
factors such as the genetic background of the mice used
that express Prup transcripts in the brain six- to seven-
fold compared to wild-type.

On the other hand, the OR region-targeting anti-
body POM2 was shown to be neuroprotective [37].
Additionally, two independent studies established that
POM2 antibody is non-toxic [33,36]. The effect of host
specificity on toxicity was also observed in the GD
region of huPrP and moPrP, where we showed that
the epitopes L4 (137-153) of huPrP and L3 (136-156)
of moPrP are potentially toxic, demonstrating the host
specific effects on epitope prediction as well as the
toxicity of GD region specific antibodies such as
ICSM18 antibody. POM1 has already been identified
as one of the most neurotoxic antibody, via ATF4,
p-elF2, and p-PERK pathways [23,33,36,37]. The linear
part of POM1 antibody specific epitope (138-147) was
determined to be non-toxic in this study. Additionally,
when a lower concentration of D13 was administered,
POM1 toxicity was abolished in cerebellar organotypic
slice culture (COCS), indicating that D13 acts as
a partial competitive agonist [33]. Thus, the area of
potential discrepancy may be due to additional amino
acid residues (K204/R208/Q212) recognized by POM1
antibody, which could have a significant effect on caus-
ing neurotoxicity. This in silico study clearly reveals the

PRION 171

role of host specificity of PrP“ in epitope-specific anti-
PrP antibody toxicity. Additionally, this study can aid
in elucidating some of the contradictory toxic outcomes
of various anti-PrP antibodies in neurotoxicity but
more importantly the in silico process will help to
identify ‘safe’ non-toxic epitopes to be targeted by ther-
apeutic anti-PrP antibodies (Figure 10).

4. Materials and methods

4.1. Human and mouse PrP sequence retrieval
from the UniProt database

We used full length huPrP and moPrP sequences for
immunoinformatics and structural analysis. We initi-
ally retrieved the Fasta formatted huPrP and moPrP
sequences from the curated protein sequence database
Swiss-Prot [90] under the UniProt Knowledgebase
(UniProtKB)  (https://www.UniProt.org/) database.
The accession number for huPrP and moPrP is
P04156 (Homo sapiens) and P04925 (Mus musculus)
respectively.

4.2. Prediction of physicochemical properties of
human and mouse PrP

Different physicochemical properties were predicted
from full-length huPrP and moPrP using the expert
protein analysis system ExPASy ProtParam server
(www.web.expasy.org/protparam) [54]. We considered
several parameters, including molecular weight (MW),
theoretical PI (pI), aliphatic index (AI), half-life,
instability index (II), and grand average hydropathy
(GRAVY) value. In addition, we also identified the
antigenicity of both huPrP and moPrP using
AntigenPro server (http://scratch.proteomics.ics.uci.
edu/) [91]. Finally, we projected the physicochemical
properties for the predicted linear B-cell epitopes iden-
tified from the predicted 3D structure of the full-length
huPrP and moPrP.

4.3. Multiple sequence alignment of the human
and mouse PrP

Multiple sequence alignment has been achieved using the
ClustalW server (https://www.genome.jp/tools-bin/clustalw)
[92] using full length huPrP and moPrP sequences to identify
the matching amino acid residues or changes in the amino
acid composition throughout the protein.
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Figure 10. Model of anti-PrP antibody-mediated toxicity prediction.

SP, Signal peptide; FTR, Flexible tail region; ORR, Octa repeat region; B,

regions; GPI, Glycosylphosphatidylinositol; PM, Plasma-membrane; PrP<,

4.4. Human and mouse PrP structure development
using the I-TASSER server

For the comparative structural analysis and epitope
prediction we needed to develop a three- dimensional
(3D) structure from the protein sequence. Therefore,
we used [-TASSER server to predict the 3D structure of
huPrP and moPrP protein. I-TASSER (https://zhan
glab.ccmb.med.umich.edu/I-TASSER/) is a hierarchical
template-based protein 3D structure and function pre-
diction server which can predict the structure through
multiple threading alignments, iterative structure
assembly simulations, and comparative functional
modelling approaches from the query protein sequence
[44]. The protein model predicted by I-TASSER server
can be verified by the confidence score (C-score), tem-
plate modelling score (TM-score), and root mean
square deviation (RMSD) score. For the visualization
and structural analysis of the predicted structure, we
used the PyMOL v2.3 softwares (The PyMOL
Molecular Graphics System, Version 2.3
Schrédinger, LLC.).

Beta-sheet; H, Helix; GDR, Globular domain region; UR, Unstructured
Cellular prion protein.

4.5. Evaluation of the human and mouse PrP
structure and submission to the PMDB database

For evaluation of the I-TASSER predicted native full-length 3D
structure, this was primarily submitted to the PROCHECK for
Ramachandran plot analysis that shows mainly most favoured
region, generously allowed region, additional allowed regions,
and the disallowed region of the predicted protein structure.
Ramachandran plot analysis was done using the PROCHECK
which is conducted by the PDBsum server (http://www.ebi.ac.
uk/pdbsum) [93]. In protein structural biology, the findings of
errors in experimental or predicted protein is an important
issue, so our predicted protein 3D model was assessed by the
ProSA server (https://prosa.services.came.sbg.ac.at/prosa.php)
for the global and local quality analysis. ProSA web server can
recognize the errors of the theoretical protein model and calcu-
lates the overall quality of the protein 3D model [94]. Finally, we
submitted our predicted full-length huPrP and moPrP 3D
structures to the protein model database (PMDB) (http://
srv00.recas.ba.infn.it/PMDB/main.php) [95] for the unique
identification number (PMO0082388 for huPrP and
PM0083247 for moPrP).
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4.6. Protein stability check by molecular dynamics
simulation

Molecular dynamics (MD) simulation is important to
determine the stability of the predicted comparative
protein models. The MD simulation for huPrP and
moPrP 3D structure which were predicted by
I-TASSER server was performed using AMBER14N
force field [96] in YASARA Dynamics software v17.8
[45,46]. However, the comparative protein structure
was cleaned, and hydrogen was added to all atoms for
optimization. The entire simulation was done in a TIP3
water (density: 0.997 g/ml) solvated cubic simulation
cell using default macro setting (md_run.mcr). In addi-
tion, a cut-off radius of 8.0 A was used at predefined
physiological conditions (298 K, pH 7.4, 0.9% NaCl) for
short-range Van der Waals and Coulomb interactions.
In our study, time step of 2.50 fs was used, and simula-
tion snapshots were captured at every 250 picoseconds.
The simulation was run for a period of 300 nanoseconds
(ns) until the protein structure reached a stable state.
Finally, the trajectories generated from the simulation
were analysed using built-in macros (i.e. md_analyze.
mcr and md_analyzeres.mcr) for the analysis of stabi-
lity of the protein structure in terms of the root mean
square fluctuation (RMSF) and root mean square devia-
tion (RMSD) for side chain and backbone, respectively.
The radius of gyration was also calculated and analysed
for the determination of protein compactness during
the whole simulation process.

4.7. Comparative structural analysis

The pro-motif analysis of the protein structure can help
to identify the structural variation between huPrP and
moPrP protein. To identify the structural variation
between huPrP and moPrP, the structures were sub-
mitted to the PDBsum server (http://www.ebi.ac.uk/
pdbsum) [93]. This server is able to show the different
structural pro-motifs such as beta-turn, gamma turn,
helix-helix interaction, and other structural properties
which can be used for the identification of variation in
the structures.

4.8. Prediction of human and mouse PrP linear and
conformational B-Cell epitopes

The linear and conformational B-cell epitopes from the
protein 3D structure were predicted using the Ellipro
server (http//tools.iedb.org/ellipro/) [51]. Ellipro is a web-
server which uses the geometrical properties of the pro-
tein structure in combination with MODELLER program
and residue clustering algorithm for the prediction of the
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B-cell epitopes or antibody epitopes in the protein region
protruding from the protein’s globular surface [51]. We
used the default parameters (minimum score 0.5 and
maximum distance 0.6 A) of the Ellipro server for the
prediction of both linear and conformational B-cell epi-
topes. We also used the BepiPred-2.0 (http://www.cbs.
dtu.dk/services/BepiPred/) server for the prediction and
validation of the linear B-cell epitopes using primary
protein sequence of huPrP and moPrP sequence [52].
In addition, different B-cell epitope properties such as
Emini surface accessibility [97], Karplus & Schulz flex-
ibility [98], and Kolaskar & Tongaonkar antigenicity [99]
prediction were performed using the immune epitope
database (IEDB) (https://www.iedb.org/) [100].

4.9. In silico toxicity prediction of the linear B-Cell
epitopes

We used ToxinPred server (http://crdd.osdd.net/raghava/
toxinpred/) for the prediction of potentially toxic/non-
toxic nature of the linear B-cell epitopes [53]. We used
both the support vector machine (SVM) and quantitative
matrix (QM) method in ToxinPred server for non-toxic
epitope selection. The ToxinPred server has been devel-
oped based on the QM and machine learning technique
using different properties of the peptides for the predic-
tion of toxicity or non-toxicity of the peptides with
96.70% and 95.78% accuracy in SVM and QM methods,
respectively. This server can also be used to identify the
most toxic regions in the protein sequence [53].
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