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Prion diseases are a class of fatal neurodegenerative diseases caused by misfolded prion proteins. The main reason
is that pathogenic prion protein has a strong tendency to aggregate, which easily induces the damage to the central ner-
vous system. Point mutations in the human prion protein gene can cause prion diseases such as Creutzfeldt—Jakob and
Gerstmann’s syndrome. To understand the mechanism of mutation-induced prion protein aggregation, the mutants in an
aqueous solution are studied by molecular dynamics simulations, including the wild type, V180I, H187R and a double point
mutation which is associated with CJD and GSS. After running simulations for 500 ns, the results show that these three
mutations have different effects on the kinetic properties of PrP. The high fluctuations around the N-terminal residues of
helix 2 in the V180I variant lead to a decrease in hydrogen bonding on helix 2, while an increase in the number of hydrogen
bonds between the folded regions promotes the generation of -sheet. Meanwhile, partial deletion of salt bridges in the
H187R and double mutants allows the sub-structural domains of the prion protein to separate, which would accelerate the
conversion from PrPC to PrPSc. A similar trend is observed in both SASA and Rg for all three mutations, indicating that
the conformational space is reduced and the structure is compact.

Keywords: prion protein, mutations, misfolding, molecular dynamics simulations

PACS: 87.10.Tf, 31.15.at, 87.15.R—, 87.15.kr

1. Introduction

Transmissible spongiform encephalopathy (TSE), also
known as prion disease, is a group of fatal degenerative dis-
eases of the central nervous system that exist in many mam-
mals due to prion isomerism.[=3] At present, there is mad cow
disease, scrapie in sheep, Creutzfeldt—Jakob disease (CJD) and
fatal familial insomnia (FFI), Gerstmann’s syndrome (GSS),
kuru disease and so on.!*! These diseases have been found
to be associated with the conformational conversion of a nor-
mal cellular prion protein (PrPC) into a misfolded pathogenic
scrapie form (PrPSc), and many factors can trigger the isomer-
ization of PrPC to PrPSc. However, the conversion mechanism
of PrPC to PrPSc and the pathological interaction of prions re-
main unclear. 6]

The natural state prion protein (PrP) has an N-terminal
flexible region and a C-terminal globular folding structural
domain.®! The N-terminal of the mature prion protein has no
specific structure, and the C-terminal globular domain con-
tains mainly three ordered o-helix structural regions (a1, o2,
a3), two very short anti-parallel 8 strands (1, 82), and a
disulfide bond connecting 2 and 3. It is now generally ac-
cepted that the C-terminal structural domain of PrPC begins to
misfold by disrupting the region formed by the two 8 strands
and a1 region and against the structural area of a2—a3. It is
shown that among these structures, there are 40 mutant sites in

10,11

the PrP gene encoding,!'!'!] which are mainly present in the
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C-terminal globular domain of PrP, especially in the f2-o2
loop region and the az2—a3 interhelical interface.[!'>!3] These
pathogenic mutations result in human diseases such as CJD,
FFI, and GSS. For example, San Hadzi et al. found that the
pathogenic mutation HI87R, which is closely related to GSS,
can contribute to subdomain segregation and conformational
transition of PrP by reducing the stability of the natural struc-
ture of prion protein. 14!

In recent years, a large number of experiments and com-
putational simulations have reported that the key site of the
conformational transition of prion proteins is in the a2 re-
gion, especially at the a2 C-terminal.!'">~'") Mutation sites
in this region play a crucial role in the misfolding of prion
proteins. In hydrogen exchange combined mass spectrome-
try experiments, Laszlo et al. found that stabilization of the
a2 region prevents misfolding and aggregation of PrP.['>] In
NMR studies, the presence of a chemical agent will make the
o2 C-terminal show a great deal of structural flexibility. !
In addition, many molecular dynamics simulations have also
shown the important role of the a2 C-terminal in the confor-
mational transition of prion proteins. Chakroun et al. carried
out the molecular dynamics simulations on the o2—a3 region
and found a stable B-sheet structure in the protein structure. ]
A transition from o-helix to §-sheet was found at the a2 C-
terminus during the conformational change.!'®) These simula-

tions also demonstrated that the o2 fragment plays an impor-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

128703-1


https://doi.org/10.1088/1674-1056/ad08a8
mailto:rogertanr@hotmail.com
mailto:damao65@163.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 32, 128703 (2023)

tant role in prion misfolding and conformational transition.

To investigate the effects of mutations in the a2 region,
molecular modeling techniques were employed to gain in-
sights into the molecular mechanisms underlying the early in-
duction of PrPC misfolding. In this work, two mutant sites,
V180 and H187, were selected for analysis in the o2 re-
gion. Four systems were designed with these two mutant
sites, including the wild-type (WT) structure, the V180I mu-
tant (V180I), the H187R mutant (H187R) and the double mu-
tations (Double). By comparing the properties of WT and sev-
eral other mutations, such as hydrogen bonding, hydrophobic
and electrostatic interactions, we aimed to understand the in-
teractions between different systems. Our study analyzed the
conformational fluctuations, hydrogen bonding, salt bridges
and the changes in secondary structure during simulations.
These mutations led to local changes in the natural structure
of prion proteins. The purpose of this study was to explore the
potential mechanism of prion diseases caused by mutations
and provide valuable insights for future prion disease treat-
ments.

2. Computational methods

In this work, the wild-type prion NMR structure (PDB
ID: 1HIM)[?2! was obtained from the Protein Data Bank
(PDB) 2341 with the pH of 7.0. The V180I and H187R muta-
tions were altered by using the Pymol package to replace the
corresponding residue of 1HJM. Four systems were studied
here and their initial structures are shown in Fig. 1, namely
WT, V180I, H187R and Double, respectively. Each system
was placed in a cubic box with a minimum distance of 10 A
between the protein and the box boundary, and the TIP3P
water model>! was used to fill the cubic box. Molecular
dynamics simulations of all systems were performed using
the GROMACS 5.1.5 package!?6! with Amber99sb-ildn force
field. Then, in order to make the simulated systems electrically
neutral, sodium ions were added to the systems to neutralize
each system.

For each simulation, the system underwent energy mini-
mization using the steepest descent method in 1000 steps. It
was then heated up from O to 300 K and equilibrated at 1 bar
and 300 K. Equilibrium MD simulations of 1000 ps and pro-
duction MD simulations of 500 ns were performed for each
system in the NPT ensemble. During the minimization of
equilibration, periodic boundary conditions were applied to
the x, y and z directions in the NPT ensemble. The SHARK al-
gorithm was used for bond constraints in all simulations. The
electrostatic interactions were handled by the particle mesh
Ewald (PME) method!?’! and the cutoff radius for Coulomb
and van der Waals interactions were set to 10.0 A and 14.0 A,
respectively.

To explore the mechanism that stabilizes the natural struc-
ture of PrPC, MD trajectories were analyzed from a structural

and energetic perspective. After the simulation, we obtained
the final conformation of the protein and placed it in Fig. S1.
All trajectory analyses were performed in the GROMACS and

s.1281 Root mean square deviation (RMSD) and

VMD program
root mean square fluctuation (RMSF) of the backbone atoms
were monitored relative to the initial structure to assess confor-
mational fluctuations and the stability of the MD trajectories.
Then, the stability of the PrPC hydrophobic core was assessed
by calculating the solvent accessible surface area (SASA) us-
ing VMD, and the radius of gyration (Rg) was used to mea-
sure the size variation of the protein. To examine inter-peptide
interactions, inter-peptide backbone hydrogen bonds and salt
bridges (SBs) were calculated. Furthermore, the evolution of
secondary structure and the measurement of secondary struc-
ture percentage were determined throughout the simulation us-

ing the DSSP program.[>*!

J

-~/ (

(.
Fig. 1. Initial structure of WT PrP and its variants. (a) WT PrP, (b) V180I
variant, (c) H187R variant, and (d) Double variant.

3. Results and discussion

3.1. The stability of the a2 C-terminal and the hydropho-
bicity of the protein.

First, the RMSD of the Ca atom in the entire sequence
was calculated to examine the structural changes caused by
mutations in the globular structural domain. For each system,
there are three parallel runs. Run 1 is shown in Fig. 1, run
2 and run 3 are shown in Figs. S2 and S3, respectively. As
shown in Fig. 2(a), the RMSD values indicated that the WT
reached equilibrium at 50 ns, whereas three mutants started to
stabilize at 260 ns. It was also observed that the mutations ex-
hibited higher structural fluctuation compared to the WT. The
average RMSD values in the V1801, H187R, and Double sys-
tems were 0.26 nm, 0.30 nm and 0.29 nm, respectively, while
it is 0.23 nm in WT. Furthermore, the minimum deviation of
the wild-type protein revealed that the wild-type conformation
is the most stable, when compared to the three mutations.

To further explore the structural changes of each part, the
RMSD value of a1, o2, and a3 was calculated in each sys-
tem. Figures 2(c)-2(e) show the volatility of each helix in dif-
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ferent systems. It can be seen from the figure that each system
was relatively stable in the a1 region. In contrast, for the a3
area, three mutants are more flexible. Interestingly, the mutant
sites of the three mutations are all located in the a2 region.
However, it has been found that the presence of a mutation
at residue 187, such as H187R and Double, is more likely to
cause a2 fluctuations in the a2 region.

The RMSF serves as an important indicator of residue
mobility around its average position, and can be used to an-
In Fig. 2(b), the
RMSF trends are shown to be similar in the four systems.

alyze the dynamic stability of proteins.

In the HI87R mutant, dynamic instability is observed in the
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namically stable for all regions of the protein. These muta-
tions at residues 180 and 187 have led to a slight decrease in
the flexibility of Double. Notably, all mutant systems have
anomalous fluctuations near their mutation sites, especially a2
C-terminal. These fluctuations are considered as the first indi-
cation of conformational transitions.!!!! Therefore, it can be
inferred that all mutant systems undergo conformational fluc-
tuations, and that point mutations may affect local protein in-

teractions required for fiber species oligomerization. !

0.4

—Visor
0.3 — V180
H187R
0.2+ — Double

0.1y

0
0.5
0.4r
0.3r
0.21
0.1

0
0.4

RMSD (nm)

RMSD (nm)

0.31

0.2

RMSD (nm)

0.1

200 300 400
Time (ns)

Fig. 2. Stability and rigidity of WT PrP and its variants. (a) The RMSD values and (b) RMSF values of each system. (c)—(e) The backbone

RMSD of three helixs (a1, &2, 3).

The time evolution of the SASA, hydrophobic SASA
(Spho) and hydrophilic SASA (Spy;) is depicted in Fig. 3. From
the figure, we can find that the Spp; is higher than the Syp, in all
systems. This phenomenon is due to the fact that hydropho-
bic residues and side chains of the protein can readily reside
within the core, while the hydrophilic part is exposed to the
solution. Furthermore, the difference between Spno and Spp;
is significantly increased in three mutant systems compared to
the WT. Table 1 displays the specific solvent surface values
that reveal that the Spno of WT is 3288 A2, whereas the Spho Of
other three mutant forms have reduced to 3238 A2, 3154 A2,
and 3184 A2, respectively. In contrast, the Sphi has increased
to different degrees during the simulation. The transformation
trends of Spp; and Spp, are consistent with the study of the hu-
man prion protein. ! It is well known that the unfolding of the
protein releases hydrophobic residues, which increases the ex-
posure hydrophobic surface. Furthermore, specific experimen-
tal results have demonstrated that protein denaturation is asso-
ciated with an increase in hydrophobic surface exposure. 3233

These results suggest that the onset of prion diseases may be
related to prion protein denaturation caused by mutations.

Table 1. The average of SASA values.

System  Total (A%)  Hydrophobic (A%?)  Hydrophilic (A%)
WT 6937 3288 3649
V1801 7009 3238 3771
HI87R 6947 3154 3793
Double 6895 3184 3711

The Rg is a valuable parameter for measuring the effec-
tive size of a protein chain. Therefore, to comprehend the
overall shape and size change in the mutant protein, we plot
the function diagram of Rg over time and the probability dis-
tribution of Rg for Ca atom, as shown in Fig. 4. Figure 4(a)
reveals that the Rg value of WT is situated at the bottom of
the depicted position, with the smallest Rg value. After 300 ns
evolution, the Rg value of the Double is eventually stable at
the highest Rg value of 1.49 nm. This shows that the overall
size of the protein is altered by the mutation. In Fig. 4(b), the
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V180I mutant form is observed to have the narrowest Rg dis-
tribution, indicating that V180I has the least conformational
space. Both the double point mutation and H187R have a

broader distribution than V180I, while the wild type has the
broadest Rg distribution. It suggests that point mutations con-
tribute to the folded conformation of the entire protein.

oA i g

I Total
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—— Hydrophibic
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Fig. 3. Time evolutions of the solvent accessible area of (a) WT, (b) V180I, (c) HI187R and (d) Double.
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Fig. 4. (a) The Rg value vs. time. (b) The probability distribution of radius of gyration of Ca.

3.2. Local disruption of hydrogen bonds and salt bridges

Some specific salt bridges can play a decisive role in sta-
bilizing the folded structure of PrPC.3*! Even a small disrup-
tion of salt bridge accelerates the transition of the folded con-
formation toward an unstable state.!>3] Therefore, the proba-
bility diagram of SBs of wild type and mutant are plotted in
the Fig. 5. For the a1 region, the SBs of V180I and H187R
do not show significant changes. In the Double, the occupancy
of D144_R148 increased abnormally, resulting in a shortened
distance between the two residues and verifying the result that
a1 has significant fluctuations in the Double. In the a2—-o3
loop region, E196_R156 was weakened in HI87R and Double,

which cause the a1 structural domain to move away from the
a2—a3 core. This process led to the increased exposure of the
hydrophobic core to the solvent environment. %! Additionally,
the salt bridges of D178_R164 and D202_R156 were partially
lost in H187R and Double, causing the two substructural do-
mains, Bl1-o1-B2 and o2-a3, to separate. For E207_K204
and E211_K204 in the o3 region, all three mutant systems ex-
perienced the total or partial loss, leading to instability in the
a3 region. These mutations disrupted the native salt bridge
network and potentially accelerated the conversion of PrPC to
PrPSc, which may explain the occurrence of the disease.

To better understand the stability of each domain, the
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main chain hydrogen bonds of each domain are listed in Ta-
bles 2 and 3. The occupancy of hydrogen bonds over 75%
is considered to be real. In Table 2, it can be observed that
although the number of hydrogen bonds in the &1 region did
not change for all four systems, the 144Asp—148Arg, which is
found in all other systems, was not found in Double. And the
distance of Double between 144Asp and 148Arg is shortened
in salt bridge, which may also be the reason for the disruption
of the hydrogen bonds. Moreover, the number of hydrogen
bonds of V1801 decreases significantly in the a2 region. Ad-
ditionally, the mutant forms in the a3 region are deficient in
the number of hydrogen bonds to some extent. These results
indicate that the mutant forms have unstable structures in the
a3 region, consistent with the finding of salt bridges. In Ta-
ble 3, more hydrogen bond interactions are found in V180I
between B1 and 2, as shown by the secondary structure con-
tent later, which is the reason for the increase of -sheet.

In addition, it was shown that short f-sheet plays an

important role in the conversion of natural prion proteins
into pathogenic structures, with both elongation and deple-
tion of B-sheet likely to be key processes.l*”] 129N:1630,
1290:163N, 13IN:1610, and 134N:1590, the four main-
chain hydrogen bonds, are believed to provide supporting
evidence for the presence of naturally occurring [-sheet
structures.*®! Figure 6(a) shows the occupancy of these four
hydrogen bonds over time. The most significant change was
observed in the hydrogen bond between 1590:134N, which
showed an extremely weak appearance in V180I compared to
the WT. The change may be due to the elongation of the 3
structure (Table 2), causing disruption in the original hydro-
gen bond. On the other hand, in Double, where residue 180 is
also replaced, the 1590:134N hydrogen bond is strengthened.
This may be due to the mutation of residue 187 that stabilizes
the presence of the hydrogen bond. However, for the rest of
the hydrogen bonds in the four systems, no significant change
in hydrogen bond occupancy was observed.

Table 2. The hydrogen bonds of helix areas.

H187R

Double

147 Asp O-H Arg 151
147 Asp O-H Arg 151
146 Glu O-H Tyr 159
151 Arg O-H Asp 147

153 Asn O-H Arg 156
153 Asn O-H Arg 156
147 Asp O-H Arg 151
156 Arg O-H Asn 153

180 Val O-H Ile 184
181 Asn O-H Lys 185
182 Ile O-H GlIn 186
183 Thr O-H His 187
184 Ile O-H Thr 188
185 Lys O—H Val 189
188 Thr O-H Thr 192

178 Asp O-H Asn 174
184 Tle O-H Tle 180
185 Lys O-H Asn 181
186 Gln O-H Tle 182
187 Arg O-H Thr 183
189 Val O-H Lys 185
192 Thr O-H Thr 188

202 AspO-H Met 206
206 Met O-H Val 210
209 Val O-H Met 213
210 Val O-H Cys 214
211 Glu O-H Ile 215

213 MetO-H GIn 217
214 Cys O-H Tyr 218
217 Gln O-H Glu 221
218 Tyr O—-H Ser 222
221 Glu O-H Tyr 225

205 Met O-H Thr 201
206 Met O-H Asp 202
207 Glu O-H Val 203

210 Val O-H Met 206
211 Glu O-H Glu 207
214 Cys O-H Val 210
218 Tyr O-H Cys 214
221 Glu O-H GIn 217
222 Ser O-H Tyr 218

Table 3. The hydrogen bonds of special sites.

H187R

Double

129 Met O-H Tyr 163
161 Val O-H Gly 131
163 Tyr O-H Met 129

129 Met O-H Tyr 163
131 Gly O-H Val 161
163 Tyr O-H Met 129

Area WT V180I
144 Asp O-H Arg 148 146 Glu O-H Tyr 159
al 144 Asp O-H Arg 148 146 Glu O-H Tyr 159
143 Ser O-H Asp 147 144 Asp O-H Arg 148
147 Asp O-H Ser 143 150 Tyr O-H Glu 146
179 Cys O-H Thr 183
180 Val O-H Ile 184 174 Asn O-H Asp 178
181 Asn O-H Lys 185 180 Val O-H Ile 184
a2 182 Ile O-H GIn 186 181 Asn O-H Lys 185
183 Thr O-H His 187 183 Thr O-H His 187
184 Ile O-H Thr 188 184 Ile O-H Thr 188
188 Thr O-H Thr 192
202 Asp O-H Met 206
203 Val O-H Glu 207 202 Asp O-H Met 206
206 Met O—H Val 210 203 Val O-H Glu 207
207 Glu O-H Glu211 205 Met O-H Val 209
208 Arg O-H GlIn 212 206 Met O—H Val 210
s 209 Val O-H Met 213 207 Glu O-H Glu211
210 Val O-H Cys 214 211 Glu O-H Ile 215
211 Glu O-H Ile 215 214 Cys O-H Thr 218
212 Gln O-H Thr 216 217 Gln O-H Glu 221
213 Met O-H Gln 217 218 Tyr O-H Ser 222
214 Cys O-H Tyr 218 221 Glu O-H Tyr 225
215 Ile O-H Glu 219
Area WT V180I
129 Met O_H Tyr 163 129 Met O-H Tyr 163
B1-B2 161 Val O-H Gly 131 o) Gy O-H Val 161
163 Tyr O-H Met 129 161 Val O-H Gly 131
163 Tyr O-H Met 129
B2-a2 loop 165 Pro O-H Tyr 169 165 Pro O-H Glu 168

165 Pro O-H Glu 168
172 Gln O-H Val 176

165 Pro O-H Tyr 169
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hydrogen bond.

The mutant protein undergoes some local conformational
changes relative to the natural protein, especially near the mu-
tation site. It can be seen from Fig. 6(b) that the replace-
ment of His187 with Argl87 results in the repulsion between
Argl187 and Arg156 due to their positively charged side chains.
This repulsion is influenced by strong electrostatic interac-
tions. As a result, Argl87 experienced a significant deviation
from Argl56, leading to an increase in the distance between
these two residues. Figure 6(b) illustrates the bonding inter-
action of residues 165 and 187, whereby there is a significant
decrease in H187R, indicating that Arg156 and Arg187 move
apart from each other. This increased distance creates a gap in
the protein region, thus exposing more protein sections to the
solvent. Similarly, in the Double, the bonding between residue
165 and residue 187 is strengthened compared to H187R. This

effect can be attributed to the mutation of residue 180, which
facilitates the interaction between residues. In summary, it is
not difficult to draw that Double has a slight inhibitory ef-
fect on the disruption of single point mutations (V180I and
H187R).

3.3. The secondary structure of the protein

Here, in order to obtain detailed structural information
of PrP in the four systems, secondary structure analysis is
performed for all systems, and the results are shown in
Figs. 7 and 8. It can be observed from Fig. 7 that WT and
other mutations rarely change the natural structure of PrP, but
they are easy to transform into disordered irregularly coil and
turn at the a2 C-terminus. Previous studies have shown that
the C-terminus of a2 is highly capable of forming f-sheet,
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and that stabilizing this region can prevent the misfolding and  into 3-sheet formation. This observation highlights a negative
oligomerization of PrP.3%4% Interestingly, Fig. 7(b) reveals  correlation between the stability of &¢22 and the propensity for
that V180I is unstable in the a2 region, causing it to extend  structural misfolding.
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Fig. 7. The probability of each residue for helix and sheet of (a) WT, (b) V180I, (c) H187R and (d) Double.
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Fig. 8. The probability of each residue for coil and turn of (a) WT, (b) V180I, (c) H187R and (d) Double.
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In Fig. 8, the B 1-a1 structural domains of all three muta-
tions tend to form the irregular coil compared with the §1-o/1
region of the wild type. In Fig. 9, we observed that the total
content of random coils increased from 22% to 23% and 24%
in HI187R and Double, respectively. Furthermore, the content
of turns in all helical regions decreased in all three mutant sys-
tems because partial turn structures were transformed into a
helical structure due to the mutations, especially in the a3 re-
gion. In comparison to the WT, a significant increase in the
content of the a-helix was observed in the three mutant sys-
tems. This observation can be seen in Fig. 9. Meanwhile, the
content of turn was reduced from 15% to 12%, 9%, and 11%,
respectively. This result suggested that mutations at the o2
C-terminus play a key role in the transformation of the natural
structure, and it also demonstrated that the a2 C-terminus is
unstable.

0.6

I3 Coil
[l B-sheet

[13-helix

Probability
o
i

e
o
h

Double

Fig. 9. The average content of different secondary structures of each system.

4. Conclusion

The all-atom MD simulations were performed to investi-
gate the effects and kinetic properties of mutations in the a2
region on the PrP structure, aiming to understand the molecu-
lar basis of disease-associated structural transitions. Although
the differences between mutants and WT are usually limited,
three mutations had distinct effects on the kinetics properties
of PrP. Specifically, compared to other mutations, V180I re-
sulted in the formation of an extended f3-sheet in the secondary
structure and an increased number of hydrogen bonds in the
connection area of 31-f2. It also destabilized the a2 region,
leading to a significant reduction in the number of hydrogen
bonds on 2. In H187R and Double, key salt bridges such as
E196_R156 and D178_R156 were weakened or disappeared,
causing the a2 structural domain to become isolated from the
others and exposing more residues to the solvent. The mea-
surements of Rg and SASA indicated that several mutations
induce minor conformational changes during the simulation.

Therefore, we proposed that even small changes in natural pro-
teins may be sufficient to trigger self-aggregation and cause
diseases.

Data and software availability

The calculations
Rg, DSSP,
with Gromacs software (https://www.gromacs.org/) version
5.15. The protein structure is available on Github
(https://github.com/xk20/MMi-data-prion-validation/).

and analysis of RMSD, RMSF,
salt bridges and Hbonds were performed
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