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Abstract
Nonsynonymous mutations in the human prion protein (HuPrP) gene contribute to the conversion
of HuPrPC to HuPrPSc and amyloid formation which in turn lead to prion diseases such as familial
Creutzfeldt–Jakob disease (CJD) and Gerstmann–Straussler–Scheinker disease (GSS). In order to
better understand and predict the role of HuPrP mutations, we developed the following procedure:
First, we consulted the HGVBase and dbSNP databases, and we reviewed literature for the
retrieval of aggregation-related nsSNPs of the HuPrP gene. Next, we used three different methods-
Polymorphism Phenotyping (PolyPhen), PANTHER, and Auto-Mute -to predict the effect of
nsSNPs on the phenotype. We compared the predictions against experimentally reported effects of
these nsSNPs to evaluate the accuracy of the three methods: PolyPhen predicted 17 out of 22
nsSNPs as “probably damaging” or “possibly damaging”; PANTHER predicted 8 out of 22
nsSNPs as “Deleterious”; Auto-Mute predicted 9 out of 20 nsSNPs as “Disease”. Finally,
structural analyses of the native protein against mutated models were investigated using molecular
modeling and molecular dynamics simulation methods. In addition to comparing predictor
methods, our results show the applicability of our procedure for the prediction of damaging
nsSNPs. Our study also elucidates the obvious relationship between predicted values of
aggregation-related nsSNPs in HuPrP gene and molecular modeling, and molecular dynamics
simulations results. In conclusion, this procedure would enable researchers to select outstanding
candidates for extensive molecular dynamics simulations in order to decipher more details of
HuPrP aggregation.
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INTRODUCTION
HuPrP diseases are neurodegenerative disorders that may present as acquired, sporadic or
genetic forms (Prusiner, 1982). These diseases involve assembling amyloid aggregates of
the prion protein, which leads to the conversion of the prion protein (PrPC) from its natural
conformation into a pathogenic isoform (PrPSc). This conversion includes a transition of
alpha helix structures into beta sheets; however, processes associated with the conversion
are not clearly determined (Pan et al., 1993; Liemann & Glockshuber, 1998). Up to now,
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sequencing the HuPrP gene from samples which show phenotypic effects has shown several
nsSNPs associated with HuPrP. For example, P105L, A117V, D178N, F198S, E200K,
D202N, R208H, Q212P, Q217R, M232R and V210I have been reported dozens of times
(Harrison et al., 1997; Watanabe et al., 2006), and most researchers have used a molecular
dynamics technique to investigate the molecular-level cause of prion diseases (Woulfe et al.,
2005; Ott et al., 2008). However some mutations have not been investigated theoretically to
date. Therefore, a comprehensive investigation of nsSNPs of HuPrP would be welcomed.

Through the past few years, such sequence- and structural-based computational algorithms
as PolyPhen, PANTHER, and Auto-Mute have been developed to screen for deleterious
nsSNPs and to predict whether the functional consequences of an nsSNPs is disease-related
or neutral.

In this investigation, nsSNPs of HuPrP gene were retrieved and the different computational
algorithms were used to predict the phenotypic effect of nsSNPs of HuPrP. The accuracy of
the methods was calculated by comparing each method’s prediction with the experimentally
reported phenotypic effect of the nsSNPs. In addition, the predicted values were compared
with molecular modeling and molecular dynamics simulation results. Using this procedure
we were able to more effectively identify the nsSNPs on the structure and function of our
protein of interest. The method enables us to select outstanding candidates for
comprehensive molecular dynamics simulations and thus to decipher more details of the
functional effects of disease-related mutations. Figure 1 briefly shows our methodology for
analysis of nsSNPs of HuPrP.

MATERIALS AND METHODS
Database of nsSNPs

For the retrieval of aggregation-related nsSNPs of HuPrP we used Human Genome
Variation database, HGVBase (http://hgvbase.cgb.ki.se), and the National Center for
Biotechnology Information (NCBI) database, dbSNP (http://www.ncbi.nlm.nih.gov/projects/
SNP). Also we reviewed literature. Although the average number of nsSNPs per gene is
highly variable, obtained results shown presence of 22 nsSNPs in this small protein which is
truly a high rate.

Multiple-alignment
Multiple alignment of prion proteins from different species, was carried out using the
ClustalW2 software (http://www.ebi.ac.uk/clustalw). The multiple alignment included the
sequences of Homo sapiens (Q5U0K3); Macaca mulatta (Q6JL99); Rattus norvegicus
(P13852); Oryctolagus cuniculus (Q95211); Bos taurus (A6YK35); Sus scrofa (P49927);
Saccaromyces cerevisiae (Q8TFR3); Odobenus rosmarus (D5MDH2); Saccharomyces
cerevisiae (E9P8P1), retrieved from the UniProt database (http://www.uniprot.org/uniprot).

Predicting effect of nsSNPs
Up to now, much web-based software has been designed to predict the effects of nsSNPs on
protein function. We used three different algorithms including Polymorphism Phenotyping
(PolyPhen), PANTHER, and Auto-Mute.

PolyPhen prediction is based on phylogenetic, structure, and sequence information.
PolyPhen calculates position-specific independent counts (PSIC) scores for native and
mutated amino acids. Then it calculates the difference between two PSIC scores and labels
the results as ‘benign’, ‘possibly damaging’ or ‘probably damaging’. A PSIC score
difference equal and above 1.5 is predicted to be damaging (Sunyaev et al., 2000). Recently,
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PolyPhen has been successfully used in screening and structural evaluation of nsSNPs of
different genes (Masoodi et al., 2012; Usifo et al., 2012; Capuano et al., 2012; Gray et al.,
2012; Alanazi et al., 2011).

PANTHER estimates the probability of nsSNPs causing an impact on the function of
protein. It calculates the substitution position-specific evolutionary conservation (subPSEC)
score based on a multiple alignment of evolutionarily related proteins (Thomasb et al.,
2003). The subPSEC score is the negative logarithm of the probability ratio of the wild type
and mutated amino acids at a particular position that estimates the likelihood of a functional
effect from a single amino acid substitution. PANTHER subPSEC scores are values ranging
from 0 (neutral) to about −10 (most likely to be deleterious). A cutoff of −3 is the previously
identified cutoff point for functional significance corresponding to a 50% probability that an
nsSNPs is deleterious. Some interesting applications of PANTHER for the prediction of
deleterious nsSNPs in different genes have been reported (George Priya Doss et al., 2012;
Hao Da, et al., 2011; Thusberg et al., 2011).

Auto-Mute uses a Random Forest-based model to predict whether amino acid substitution
effects are “neutral” or “disease” (Masso & Vaisman, 2010). Training and testing of this
model is based on a database including 1790 disease and neutral variations from SwissProt
variant pages that can be mapped onto PDB structure. Indeed the most important limitation
of Auto-Mute is need to a solved structure of native protein.

Molecular modeling
The three dimensional model of HuPrP (1hjm PDB ID) (Calzolai & Zahn, 2003) was
retrieved from the Protein Data Bank (PDB) (http://www.rcsb.org/pdb). 1hjm covers 16
nsSNPs of our database. In silico site-directed mutagenesis was carried out on HuPrP at
related positions. The 16 mutant models were built and subjected to energy minimization
using the NOMAD-Ref server (http://lorentz.immstr.pasteur.fr/nomad-ref.php). Energy
minimization procedures were done using the Conjugate gradients method.

Molecular Dynamics Simulation
Molecular dynamics simulations were performed using the Gromacs 4.5.4 package. The
initial velocities of atoms were randomly assigned from a Maxwell distribution. A cubic box
containing SPC water model was used to solvate each of mutant models of human prion
protein and used periodic boundary conditions. The distance of the box edge from the
molecule’s periphery was set to 0.9 nm. The systems were neutralized using Na+ and Cl−

ions and then real minimization was performed. The entire system was heated to 300 K
followed by equilibration with NVT-MD for 100 ps at a constant temperature of 300 K.
After 200 ps equilibration with NPT-MD, the final structure was used to carry out 50 ns MD
simulation by GROMOS96 43a1 as force field in the NPT ensemble.

Structural models analyses
In order to analyze structure of mutant models, total energy, solvent accessibility, and
hydrogen bond pattern were assessed. These analyses were carried out using Sirius software
(http://www.ngbw.org/sirius/), PyMOL (DeLano, 2002), Swiss-PdbViewer (Guex &
Peitsch, 1997) and the NOMAD-Ref server. Analysis of the secondary structures was
performed by the DSSP program (Kabsch & Sander, 1983).
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RESULTS
Result of Multiple alignment

The prion proteins from variant eukaryotic species were engaged from the UniProt database
and multiple sequence alignment was performed using the ClustalW2 software (Larkin et
al., 2007). The results of multiple alignment demonstrated that nsSNPs are mostly located in
conserved regions of HuPrP, especially if we do not consider the yeast sequence (Figure 2).
On the other hand, the rate of non-synonymous mutations is unusually high in comparison
with other genes. A literature review shows that, with only a limited number of exceptions,
nsSNPs of HuPrP cause prion desease. For example, E219K, which is positioned in a semi-
conserved region in multiple sequence alignment, has been reported as a protective mutation
against sporadic CJD prion disease in Asian populations (Figure 2) (Lukic et al., 2010).

Results of nsSNPs functional effect prediction
The effects of nsSNPs were determined using the PolyPhen program. This program predicts
the functional effect of nsSNPs by considering physicochemical differences and
evolutionary conservation. All the 22 nsSNPs were submitted to the PolyPhen server as
input. Table 1 shows the distribution of the predicted PSCI scores by PolyPhen. Predicted
PSCI scores in this database ranged from 0.007 to 2.846 and %77 of nsSNPs were predicted
as damaging mutations. In addition, based on the defined cut offs, %23, %36 and %41 of
nsSNPs were predicted as ‘benign’, ‘possibly damaging’ and ‘probably damaging’,
respectively. Also we used PANTHER to predict effect of nsSNPs on HuPrP function.
Obtained results show that %36 of nsSNPs with significance level of %50 probability were
predicted as deleterious nsSNPs (Table 1).

In addition to PolyPhen and PANTHER, which are sequence-based predictor methods, we
also used Auto-Mute, which is a structure-based method. In order to use this method, we
first we needed to a valid PDB ID of HuPrP. A search in the Protein Data Base (PDB)
revealed that the whole of the HuPrP structure is not yet solved. However, we selected 1hjm
PDB ID to use with Auto-Mute. This structure covers 16 out of 22 nsSNPs. Auto-Mute, in
addition to predicting the functional effect of nsSNPs, also determines location (surface,
undersurface, or buried) and secondary structure (helix, strand, coil, or turn) of nsSNPs.

Auto-Mute predicted %44 of nsSNPs as “neutral” and the others as “disease”. In addition,
the distribution of nsSNPs in terms of location was %37.5, %44 and %18.5 for surface,
buried, and undersurface, respectively (Table 1). Results show the dominance of the buried
location of nsSNPs in HuPrP. Also secondary structure position of nsSNPs is presented in
Table 1.

In conclusion, as shown in Table 1, outputs of three different models are mostly consistent
with each other. 6 out of 20 nsSNPs were predicted deleterious by these three models.
However, PolyPhen and PANTHER are sequence-based versus Auto-Mute, which is a
structure-based model and requires a solved structure of native protein, which is a
significant limitation of Auto-Mute model in cases where no structure is available.

Results of analysis of mutation effect on structure
Solvent accessibility of all mutated proteins versus native protein was computed with the
Swiss-PdbViewer. Solvent accessibility calculations are based on molecular surface, which
is defined as the area that can be reached with the surface of a solvent molecule (radius = 1.4
A). The complete results for the native protein (1jhm) after energy minimization and for
mutated proteins are presented in Table 2. Because protein functionality occurs on the
surface of the protein, solvent accessibility gives a useful insight. Obtained results show a
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decrease of solvent accessibility area of four mutated proteins (Table 2). In addition to
solvent accessibility, it can be seen from Table 2 that the total energies for four of the
mutated structures are lower than the native structure. Also, among mutations only M129V
and A133V show change in number and/or pattern of hydrogen bonds.

Molecular dynamics
Root mean squared deviation (RMSD) values obtained from the backbone of seventeen
model structures after 50 ns MD simulations are shown in Figure 3. Investigation of the
RMSD values for mutant structures and wild type human prion protein showed that RMSD
values for the sixteen mutant molecules followed different degrees of variations, with a
maximum RMSD value of approximately 0.9 nm for F198V. During the simulation time, the
trends of RMSD followed different patterns for mutant structures; however, the average
RMSD value of some structures was increasing slightly. Thus, it is not unlikely that these
deviations in those mutant structures could extol conformational rearrangements.

Root mean-squared fluctuations (RMSFs) during the MD simulations of wild-type model
and mutant structures are shown in Figure 4. Investigation of RMSF values shows
remarkable fluctuation events around a region covering residues (130-205). The mentioned
region consists of a loop, β1-strand, Helix 1, another loop, β2-strand and Helix 2 structures
for all mutant structures. The highest fluctuation values are observed in the C-terminus of
Helix 1 around residues (135-145) and the C-terminus of Helix 2 (residues 185-200), with a
maximum value of approximately 0.6 nm and 0.8 nm, respectively. Considering that major
fluctuations occur in regions far from mutation sites, it may be supposed that long-range
interactions are responsible for these conformational fluctuations in mutant structures.

Maps of secondary structure changes attained from MD simulations are shown in Figure 5.
According to our results, we can demonstrate that the pattern of shifts is similar in most of
the mutant models. During the simulations of most of the mutant structures in the C-
terminus of Helix 2, the secondary structure shifts between helix and turn structures. The
secondary structure also shifts between helix and turn structures in the C-terminus of Helix
3. On the one hand, our results for mutant models H140R and V180I show that β1-strand
and β2-strand extended during the simulations. On the other hand, for mutant models
R208H, V210I, and E219K, β1-strand and β2-strand converted to coil structures. In
summary, through a comparison of results gained from MD simulations, it can be accepted
that the structure flexibility increases remarkably in Helix 1, C-terminus of Helix 2 and C-
terminus of Helix 3 of these mutant structures.

In addition, the important fluctuation values occur in specific parts of the prion protein,
including the residues 135-145 of Helix 1, C-terminus of Helix 2 and C-terminus of Helix 3.
Therefore, we may conclude that the suggested Helix 1, C-terminus of Helix 2 and C-
terminus of Helix 3 may play a role as portions of structure that tend to decrease the
structural tensions by bearing the first structural shocks. We can suggest that these specific
portions have a limitation threshold stimulus. The first structural fluctuations will be started
in Helix 1, the C-terminus of Helix 2 and the C-terminus of Helix 3. Considering that major
fluctuations occur in regions far from mutation sites, it may be suggested that long-range
interactions are responsible for these conformational fluctuations in mutant structures. Also,
some mutations (T183A, F198V, V210I) are located in hydrophobic core of the prion
protein. Since these mutations probably play an important role in the stability of prion
protein, they deeply affect the structural stability of protein in the site. Our results reveal a
significant role by Helix 1, the C-terminus of Helix 2 and the C-terminus of Helix 3 in the
structural stability of prion protein. Investigation of the hydrophobic core shows that some
mutations lead to increased instability in portions of the structure that are normally stable,
and the short β-sheet moves away from the rest of the protein (Van der Kamp & Daggett,
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2010). The exposure of the hydrophobic regions, then, could increase the tendency toward
aggregation.

E219K mutation
E219K, which is positioned undersurface of protein and located in Helix 3, has been
reported as a protective mutation against sporadic CJD prion disease in Asian populations
(Lukic et al., 2010). This mutation was predicted as “benign” by PolyPhen, PANTHER and
Auto-Mute with slightly low scores in comparison with the other mutations. Structural
results show that the difference of accessible surface area and total energy of this mutation
in comparison with the native structure is less than the other mutations. Also, the mutated
structure shows a change in hydrogen bond pattern but does not show change in the number
of hydrogen bonds (Figure 6). Superimposed structure of the native protein with mutated
protein E219K shown in Figure 7 highlights the change in structure of the mutated protein.
From MD simulation results, the secondary structure (especially Helix 2, and Helix 3) of
E219K is more stable than the native protein. However, our analysis cannot discover the
mechanism of the protective effect of E219K mutated protein, and we strongly recommend
extensive molecular dynamics simulations on E219K mutation in combination with
damaging mutations to discover possible mechanism of protective effect.

DISCUSSION
In the present investigation, we have shown that damaging nsSNPs in HuPrP frequently
occur in conserved positions. However, we have also shown that a semi-conserved nsSNP in
HuPrP can be a protective mutation and can cause resistance to prion disease. Based on our
results there is possibility that some of the nsSNPs are protective mutations which occur
together with deleterious mutations. These nsSNPs will remain undiscovered. In order to
clarifying the effect of protective mutations, we recommend further investigations on
nsSNPs which occur in semi-conserved positions. In addition, we recommend designing
extensive molecular dynamics studies on provided database of nsSNPs of HuPrP in order to
investigate the effect of mutations on the stability of the HuPrP structure for deciphering a
mechanism of prion aggregation.

In addition to comparing the different methods, by applying MD simulations we investigated
the influence of several prevalent mutations which led to the formation of aggregated forms
of the human prion protein even in some conserved residues located within the conserved
and highly conserved sequences of HuPrP. Analysis of the results attained from our
molecular dynamics simulation shows that the most fluctuations occur around residues
135-145 of the Helix 1, C-terminus of the Helix 2 and C-terminus of the Helix 3. Our
analyses clearly show that a long-range effect, as a significant cause, plays the main role in
these conformational fluctuations and structural conventions in mutant models of human
prion protein. These point mutations may have some local impacts on the protein
interactions that are requested for oligomerization into fibrillar species.
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Figure 1.
Our proposed methodology for analyze of functional nsSNPs in HuPrP gene.
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Figure 2.
Multiple sequence alignment of the prion protein from various species was done using the
ClustalW2 program and annotated with ESPript 2.2. In this figure positions of 22 nsSNPs
are shown. Among nsSNPs, E219K is shown with a star colored in green, which is reported
as a protective mutation and cause resistance to prion disease. In addition although sequence
of prion protein gene is mostly conserve, especially among mammalians, however E219K is
positioned in a semi-conserved position.
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Figure 3.
Root-mean square deviations (RMSDs) of the backbone for wild-type and mutant structures.
Mutations, which are likely to be damaging are shown with markers.
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Figure 4.
Root-mean square fluctuations (RMSFs) of the alpha-carbon for wild-type and mutant
structures. Mutations, which are likely to be damaging are shown with markers.
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Figure 5.
Secondary structure as a function of the simulation time for wild-type and mutant structures
in three different groups. Coil, B-Sheet, e-eridge, Bend, Turn, A-Helix, 5-Helix, and 3-Helix
secondary structures are colored in white, red, black, green, yellow, blue, purple, and gray,
respectively.
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Figure 6.
Comparison of mutant models with wild type models in terms of alterations in hydrogen
bond patterns. (A) showing the native type E219, (B) showing the mutant E219K. Black
dotted lines are the hydrogen bonds.
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Figure 7.
Superimposed structure of native protein (1hjm) with E219K mutation.
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