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Misfolding Dynamics of Human Prion Protein

Muhammad H. Zaman 1

Abstract: We report the results of longest to date sim-
ulation on misfolding of monomeric human prion protein
(HuPrP). By comparing our simulation of a partially un-
folded protein to the simulation of the native protein, we
observe that the native protein as well as native regions in
the partially unfolded protein remain in the native state,
and the unfolded regions fold back with increased ex-
tended (sheet and PP-II) conformations. The misfolded
regions show increased basin hopping from non-helical
basins while the amino acids locked in the helical con-
formation tend to stay locked in that conformation. Our
results also validate the hypothesis that denaturation of
helices and formation of a partially unfolded intermedi-
ate is required for misfolding as the native protein stayed
in native conformation for the entire simulation. Finally,
we also observe that there is no correlation between mis-
folding and the chemical identity of amino acids, as both
hydrophobic and hydrophilic amino acids showed equal
probability of sampling extensively from non-native con-
formations.

keyword: Human prion protein, Langevin dynamics,
Misfolding

1 Introduction

The transformation of the prion protein (PrPc) from
its cellular form to its scrapie form (PrPsc) has been
linked to transmissible spongiform encephalopathies or
TSEs. TSEs are a class of neurodegenerative dis-
eases which include Creutzeldt-Jakob disease, fatala
familial insomnia, Gerstmann-Strassuler-Scheinker dis-
ease, Kuru, scrapie in sheep and bovine spongiform en-
cephalopathy (Prusiner 1991; Prusiner 1991; Prusiner
1998) . The key step in TSEs is the PrPc to PrPsc trans-
formation which results in denaturation of helices and in-
creases beta structure content (Caughey et al. 1991; Pan
et al. 1993; Safar et al. 1998). The two forms have an
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identical amino acid composition, and the primary differ-
ence is shown to be in secondary structure of the two iso-
forms. It is believed that this transformation is achieved
by partial unfolding of the protein, followed by misfold-
ing of the protein into an increased beta conformation
(DeMarco et al. 2004).

Most experimental studies on PrPc to PrPsc transforma-
tion have focused on either studying the disulfide bridge
and effect of pH, or on mutation of amino acids (Horne-
mann et al. 1998; Kocisko et al. 1995; Maiti et al. 2001;
Muramoto et al. 1996; Riek et al. 1998; Swietnicki et al.
1997). Computational efforts have also been undertaken,
with simulations ranging up to 10ns on monomeric and
dimeric forms of the protein studied under varying pH
conditions (Sekijima et al. 2003). In addition the ef-
fect of mutations on different regions in the protein have
also been studied extensively (el-Bastawissy et al. 2001;
Gsponer et al. 2001; Okimoto et al. 2002; Parchment et
al. 2000; Zuegg et al. 1999).

However, no computational study has, as of yet, focused
on misfolding dynamics of HuPrP. In this paper, we ad-
dress this issue and present a new method of studying
the transformation PrPc → PrPsc by partially unfolding
the protein, and then allowing it to refold. By using a
mechanical force on the protein, we unfold certain re-
gions of the protein and leave the remaining protein in
the native state, hence generating a partially folded pro-
tein. As it has been reported that the transformation from
the cellular form to the scrapie form proceeds by partial
misfolding (DeMarco et al. 2004), our study aims to un-
derstand this transformation from the partially unfolded
state to the misfolded state. Though, the exact nature of
the partially misfolded structure is not known, our simu-
lation is a first of its kind attempt to study the misfolding
kinetics by allowing this partially folded protein to re-
fold. This approach allows us to study the dynamics and
conformations of the regions that are unfolded at the be-
ginning of our refolding simulation, as well as to study
the conformational sampling of the regions that are in
the native basins at the beginning. Our 55ns simulation
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Figure 1 : HuPrP native and partially unfolded protein. The left figure shows the native structure used for our control
simulation and the right structure is the initial structure used for our partially unfolded protein simulation (generated
after pulling the C-term of the protein with 100pN for 100ps while keeping the N-term fixed). The three helices in
the left figure are marked by arrows and the direction of the force applied on the protein for 100ps is also shown.
The partially unfolded protein is unfolded in the helix III region, whereas it is partially in the native state in the helix
I region. The helix II region, remains mainly helical.

is the longest reported simulation to date on monomeric
HuPrP. In addition, we also carry out a control simula-
tion, where unperturbed HuPrP molecule is studied for
20 ns to provide rigorous tests for the use of our model,
force field and to provide a comparison with the contacts
and conformations sampled by the partially folded pro-
tein. In addition the control simulation tests whether the
protein can go from the native to misfolded state without
any external perturbation or without the formation of an
intermediate.

We hope that the results of our long-time simulation will
provide new insight into the PrPc to PrPsc transformation
and will serve as a basis for a wide variety of new com-

putational and experimental endeavors to understand the
TSEs.

2 Methods

2.1 Simulation Methods

Computer simulations were performed on monomeric
HuPrP (pdb code: 1QM2) (Zahn et al. 2000) using mod-
ified TINKER (Ponder 1999; Shen et al. 2002), em-
ploying langevin dynamics algorithm using an implicit
solvent as reported by Shen et al (Shen et al. 2001).
The simulations were performed using Garcia’s modi-
fied Amber 94 (Garcia et al. 2002), and were carried out
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at 298 K. The implicit solvent algorithm used has been
shown to produce excellent agreements with both experi-
mental results as well as explicit solvent simulations. The
langevin dynamics algorithm has been discussed in detail
by Shen et al and Zaman et al (Shen et al. 2002; Zaman
et al. 2003; Zaman et al. 2003). The simulations were
carried out using a 2 fs time step with the results recorded
every 10ps.

2.2 Generation of Partially Unfolded Structure

In order to study the refolding kinetics of the partially
folded protein, we generated a partially unfolded struc-
ture that was in part completely stretched out and in part
natively helical. This was achieved by pulling the C-term
of the protein away from the N-term at constant force of
100 pN for 100ps. This stretching resulted in unfold-
ing majority of the protein except a central helical region
(residues 172-195) which stayed in a helical conforma-
tion, and parts of the helix near the N-term which also
stayed natively helical (Fig. 1). As it is believed that
the transformation of PrP from the cellular form to the
scrapie form results in denaturation of helices, we focus
our attention to the three main helical regions in the na-
tive protein. The first helical region in the native structure
is formed between amino acids 144-154, the second he-
lix between amino acids 172-195 and the final helix is
formed between amino acids 204-226. Upon stretching
the protein and generating an unfolded structure, the first
helix was partially unfolded, the second one remained
more or less intact whereas helix III, which is closest to
the C-term, was completely unfolded. Thus our stretched
unfolded protein had native like regions as well as com-
pletely stretched out regions. This method allowed us to
study the conformations of the natively helical structures,
as well as unfolded regions (that were helical in the na-
tive state) within this new partially unfolded protein. The
refolding simulation of this protein was carried out for
55ns at 298 K and took nearly 4 months to complete on
IBM PIV cluster.

2.3 Control Simulation

In order to justify the use of the specific force field (Gar-
cia’s modified Amber 94) used in our simulation, as well
as to see whether the native structure underwent a tran-
sition to a misfolded conformation without intermediate
formation, we carried out LD simulation on native HuPrP
under exactly similar conditions as the partially unfolded

protein for 20 ns. This also allowed us to study the con-
formational preferences and dynamics for the two pro-
cesses simultaneously and quantify the differences be-
tween the two systems as they sampled the conforma-
tional space.

2.4 Analysis

Conformational analysis of the protein was carried out
by using the DSSP algorithm (Kabsch et al. 1983). The
basin hopping probabilities were carried out using the
methods outlined by Zaman et al. We used Mathemat-
ica 4.1 (Wolfram Inc.) to quantify and represent the con-
formational preferences of individual amino acids in our
simulation. The simulated protein structures were gener-
ated using VMD 1.8.2 (Humphrey et al. 1996).

3 Results

3.1 Control Simulation and Simulation Stability

Fig. 2 shows that even after 20 ns of simulation, the PrPc

protein stayed in native conformation. The native struc-
tures before and after 20ns are superimposed (Fig. 2b)
and show that our choice of the force field was reason-
able and the protein does not denature under native con-
ditions. There is no significant global structural change
in the protein before and after the 20 ns simulation, sug-
gesting that the protein is inherently stable and does not
transform into any isoform under native conditions.

The simulation of the partially unfolded structure also
shows convergence as after 17ns the protein has nearly
the same radius of gyration as the native protein (Fig.
2c). The partially unfolded protein does not show signs
of any further collapse and remains within the same ra-
dius of gyration for the remainder of the simulation.

3.2 Helical Region within the unfolded structure

The comparison between preference for a certain Ra-
machandran basin between the native and the partially
unfolded protein is shown in a color-coded map in Fig. 3.
Our simulation for the native protein was 20ns long while
the dynamics for the partially unfolded protein were stud-
ied for 55 ns. As there is no divergence in the native
structure even after 20 ns (Fig. 2b), we believe that our
native state simulation is long enough to compare the na-
tive state dynamics with that of the partially unfolded
protein.
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Figure 2 : Control simulation and radii of gyration. a) The control simulation results after 20 ns. b) The native
protein at the beginning and end of 20ns simulation superimposed on each other. The structure at 0 ns and at 20ns
are marked by arrows. There are statistically insignificant differences between the two structures, confirming that
the protein stays in native conformation. c) Radii of gyration for the partially folded and the native protein. The
partially unfolded protein has a radius of gyration in the same region as the native protein after ∼17 ns.

It is interesting to note that whereas the native protein and
the partially unfolded protein have similar radii of gyra-
tion, the structural differences between the two proteins
are in fact quite significant (Fig. 3).

In our partially unfolded protein simulation, helix I,
which was partially unfolded, shows some preference to-
wards helicity in our simulation. The region of this he-
lix that was left unperturbed, does in fact stay mostly in
helical configuration. Though we also see a slight pref-
erence for helicity in the unfolded part of helix I, yet

the differences in the structural preferences between the
two proteins are somewhat substantial, with the last few
residues of helix I showing a strong preference for coil/
sheet region (Fig. 3b). These last few amino acids in this
protein were in fact in a non-native conformation at the
beginning of the simulation. Once again, this observa-
tion suggests the presence of a two-step procedure where
misfolding is preceded by partial unfolding.

For helix II, which was left in essentially the native state
in our partially unfolded protein, we observed that it re-
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Figure 3 : Rama-Dynamics Map. a) The Rama-dynamics map is shown for the entire protein for both the native
and partially unfolded protein. The x-axis represents the simulation time. b) Helix I rama-map comparison. c)
The central helix rama-map comparison. d) Helix III rama-map comparison between the native structure simulation
and the partially unfolded protein. e) Further distinction between PP-II and sheet basin for helix III shows frequent
sampling between the two basins.
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Table 1 : Structural preference of helices in HuPrP in native and partially unfolded simulations
Native Protein Simulation Partially Unfolded Protein Simulation
Helix Sheet/PP-II Coil Helix Sheet/PP-II Coil

Helix I 98 1 1 72 16 12
Helix II 93 6 1 90 7 3
Helix III 92 5 3 39 53 8

Table 2 : Structural preferences of hydrophobic amino acids in helices I, II and III
Residue Name and Num-
ber

Region Percent time spent in he-
lical basin in native state
simulation

Percent time spent in he-
lical basin in partially
unfolded state simula-
tion

Tyr-145 Helix I 99 72
Tyr-149 Helix I 99 98
Tyr-150 Helix I 99 52
Met-154 Helix I 99 29
Phe-175 Helix II 99 96
Cys-179 Helix II 98 25
Val-180 Helix II 98 96
Ile-182 Helix II 99 95
Ile-184 Helix II 98 97
Val-189 Helix II 99 96
Met-205 Helix III 99 2
Met-206 Helix III 99 93
Val-209 Helix III 99 91
Val-210 Helix III 99 2
Cys-214 Helix III 99 17
Ile-215 Helix III 99 60
Tyr-218 Helix III 99 96
Ala-224 Helix III 99 58
Tyr-225 Helix III 98 34
Tyr-226 Helix III 98 73

mained in the helical conformation throughout the simu-
lation (Fig. 3c). It is interesting to note that with the ex-
ception of a single amino acid (Cys 179), that introduced
a kink in the helix, all the other amino acids remained in
helical conformation, suggesting that perhaps the native
well for the amino acid is in fact deeper that previously
thought. In addition, we observe that this region is ro-
bust to the change in the surroundings, as other regions
surrounding this native helix alternate between coil, and
extended conformations (Fig. 3a and 3c).

Finally, the most divergence between the native pro-
tein and the partially unfolded protein’s simulation is
observed in helix III, where the partially unfolded pro-
tein misfolded completely and predominantly preferred

a coil/extended conformation, as opposed to the highly
helical conformation of the native protein for the same
region (Fig. 3d).

The overall change in conformation is noted in Table I,
suggesting that the region comprising of helix III not only
did not stay helical, but in fact the refolding increased the
sheet population up to 53%. In other words, we observe
that if we start with a partially unfolded structure, where
helices have been denatured, the protein prefers to adopt
conformations that are rich in non-helical regions. On the
other hand, if the protein as a whole or parts of the protein
are allowed to stay in native basins, the amino acids in the
said regions tend to stay in those conformations. Thus
our results show that misfolding is in fact at least a two-
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Table 3 : Structural preferences of hydrophilic amino acids in helices I, II and III
Residue Name and Num-
ber

Region Percent time spent in he-
lical basin in native state
simulation

Percent time spent in he-
lical basin in partially
unfolded state simula-
tion

Asp-144 Helix I 97 90
Glu-146 Helix I 99 98
Asp-147 Helix I 99 97
Arg-148 Helix I 99 97
Arg-151 Helix I 97 92
Glu-152 Helix I 98 70
Asn-153 Helix I 99 4
Ser-171 Helix II 99 95
Asn-172 Helix II 98 92
Gln-173 Helix II 99 94
Asn-174 Helix II 99 91
His-177 Helix II 99 96
Asp-178 Helix II 99 93
Asn-181 Helix II 99 92
Thr-183 Helix II 99 97
Lys-185 Helix II 99 93
Gln-186 Helix II 99 98
His-187 Helix II 99 99
Thr-188 Helix II 98 98
Thr-190 Helix II 98 91
Thr-191 Helix II 99 94
Thr-192 Helix II 98 97
Thr-193 Helix II 98 97
Lys-194 Helix II 87 63
Lys-204 Helix III 99 1
Glu-207 Helix III 99 98
Arg-208 Helix III 99 7
Glu-211 Helix III 99 88
Gln-212 Helix III 99 8
Thr-216 Helix III 99 3
Gln-217 Helix III 99 5
Glu-219 Helix III 99 91
Arg-220 Helix III 99 85
Glu-221 Helix III 99 70
Ser-222 Helix III 99 7
Gln-223 Helix III 99 1

step process, with the formation of the partial unfolded
state being the first and a required step for misfolding.

3.3 Hydrophobic and Hydrophilic Amino Acids con-
formations

In order to study the correlation between misfolding and
chemical identity of amino acids, we studied the percent
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Figure 4 : Contact Map of a) native protein (top: 0 ns and bottom: 20ns) and b) partially unfolded protein at (top
left: 5 ns, top right: 35ns and bottom: 55 ns). Lower right section in the contact map shows all-atom contacts while
the top left section shows backbone only contacts. The native protein stays stable and only a few new contacts are
formed over a 20ns period. The ovals show key contacts in the native state that are absent in the partially unfolded
protein even after 55 ns. The ovals in 55ns contact map depict key contacts formed in the partially unfolded protein
that are missing in the native protein.
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time spent in the helical basin by each hydrophobic (or
hydrophilic) amino acid in the three helices. The results
of this analysis are summarized in tables II and III respec-
tively. It is clear from the tabulated results, that misfold-
ing is not a function of hydrophobicity or hydrophilic-
ity. Both hydrophobic and hydrophilic amino acids in
helices I and II show preference for helical conforma-
tions, with a few exceptions in helix I and one exception
in helix II (Cys 179). On the other hand, in helix III,
some hydrophobic amino acids show a preference for the
native helical conformation, while others do not. Similar
trend is observed for hydrophilic amino acids, the mi-
nor differences between the results of the two types of
amino acids are statistically insignificant. This result is
potentially very useful as it underlines the global nature
of the transformation from PrPc to PrPsc, and also sug-
gests that in fact the transformation is not a function of
the misfolding of a single amino acid, or a specific type
of amino acids, but is in fact a global behavior. In other
words, we observe that the regions that were unfolded,
refolded back with increased beta structure, whereas the
regions which were natively helical in the partially un-
folded protein, stayed in that conformation regardless of
their amino acid composition.

The time evolution of contacts in the native and the par-
tially unfolded protein are shown in Fig 4. The map
shows that the misfolded protein is in fact quite dynamic,
and whereas the central helix remains in the native con-
formation and samples few conformations, the other re-
gions sample extensively from sheet/coil conformations.
It is interesting to note that as the contacts evolve in the
partially unfolded protein, only fewer stable helical con-
tacts are made. This is in agreement with our previous
observation that misfolded regions sample rarely from
the helical basins and most contacts in the unfolded re-
gions of the protein are formed in the sheet/turn/coil re-
gion.

4 Discussion

Using long time computer simulations of the native pro-
tein, and a partially unfolded protein, we show that the re-
gions that are left in native conformations in the unfolded
structure remain in their conformation, whereas the re-
maining unfolded regions tend to fold with increased
sheet/turn conformation.

4.1 Dynamics and sampling of conformational state

Comparing the basin hopping of partially unfolded pro-
tein with that of the control simulation, we observe sev-
eral interesting features. Firstly, we observe that the he-
lical regions of the native protein are less dynamic in na-
ture, and sample rarely from basins other than the helical
basins. This is true for all the three helical regions of
interest. On the other hand, with the exception of he-
lix II, both helix I and helix III regions in the partially
unfolded protein show a dynamical behavior. In addi-
tion, it is interesting to note that most of the regions that
sample other conformations besides the helical basin are
dynamic between PP-II, coil and sheet basins, and hop
back and forth with high frequency (Fig. 3e). This is
in sharp contrast with the dynamics in the helical basin,
as the amino acids that end up in the helical basin tend
to stay locked in the helical conformation for extended
times and do not actively hop back and forth, regardless
of whether they are in helix I, II or III. Thus the interbasin
hopping between helical basin and other basins is rare
and infrequent, whereas hopping between other basins
occurs frequently. These results suggest that interbasin
barriers are higher between helical basin and other basins
whereas for other basins, they are relatively lower. Thus,
based on our results, we argue that for the native protein
it is highly unlikely to transform to the PrPsc form with-
out any perturbation, whereas if the barriers are lowered
by change in environment (changes in pH, temperature
etc) or with external force, the amino acids sample other
conformations which lead to misfolding of the protein.

4.2 Is Misfolding dependent on chemical nature of
amino acids

Is PrPc misfolding to PrPsc a function of mis-
conformation of certain amino acids, or certain types
of amino acids? Our simulations suggest that both hy-
drophobic and hydrophilic amino acids are equally likely
to have increased sampling from non-native basins, as
well as native basins, and hence it is more of a global ef-
fect than a local effect. Perturbation of the protein from
the native state results in increased sampling from the
non-native basins in both hydrophobic and hydrophilic
amino acids with essentially equal probability. In ad-
dition, we observe that in the native protein no particu-
lar amino acid always tends to misfold, regardless of its
identity or type. This implies that in fact a single point
mutation is not likely to completely correct misfolding,
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but does not contradict the fact that single point muta-
tions may lead to increased beta structure formation, as
has been shown experimentally as well as through com-
putational studies (Okimoto et al. 2002; Riek et al. 1998;
Sekijima et al. 2003).

Perturbation, PES and Prions: The purpose of our sim-
ulations of partially unfolded protein is to observe the
dynamics of the misfolding process. Our results indicate
that perturbing the native state of the protein increases
the probability of the unfolded region to refold back with
an increased sheet/coil structure. This is in sharp con-
trast with the native regions of the protein, which remain
in their native conformations. By focusing on helical re-
gions in the native protein, we address the issue of denat-
uration of helices and formation of new contacts in those
regions that lead to increased sheet structure. Thus there
are several interesting features to be noted here, the first
one being that the perturbation of the protein or parts of
the protein from the native state results in misfolding of
the protein while the regions which are resistant to per-
turbation or are not perturbed tend to stay in the native
basins. This is shown by both the helix II and parts of he-
lix I staying in native well, as well as the control simula-
tion showing little changes over a 20 ns long simulation.
Our simulations thus suggest that only perturbations can
lead to misfolding and native state conformational sam-
pling does not lead to misfolding or increased extended
structure formation. This result validates the hypothesis
of formation of an “intermediate” or a partially unfolded
structure that precedes the formation of misfolded pro-
tein. In other words, we note that the transformation of
PrPc to PrPsc is at least a two-step process, with the first
being the misfolding of the protein and the denaturation
of helices. This observation leads to several other im-
portant questions; the first one is that does the protein
undergo any sort of perturbation in vivo to go from the
native to the partially unfolded state? This change in
environment could be due to change in pH, increase in
temperature or a mechanical perturbation. So far there is
no evidence for any such perturbation; however, we hope
that further experiments will test this hypothesis. Sec-
ondly, it remains to be seen whether a change in pH or
a temperature jump (that results in an unfolded protein
or partially unfolded protein) would result in a misfolded
protein, and whether this misfolding would have a sim-
ilar signature as in the case of mechanical perturbation.
Finally, the nature of this intermediate state remains elu-

sive. A detailed study on the characteristics of this state
will tremendously improve our understanding of the mis-
folding process.

Efforts are underway in our group to computationally
study the effect of chemical and thermal partial denat-
uration, and the refolding kinetics of HuPrP as a result of
these perturbations. We also hope that these parameters
are tested experimentally. Recently, it has been shown
that dimerization leads to aggregation, and increases the
probability for misfolding (DeMarco et al. 2004). The
results reported in our study only address the misfolding
at a monomer level, and it would be interesting to see
whether mechanical, thermal and chemical perturbation
in monomer induce a greater probability for aggregation
and corresponding misfolding.

5 Conclusion

We report the longest simulations to date on PrPc mis-
folding. By using a new approach of partially misfold-
ing the protein, we study the dynamics of misfolding and
compare it to the dynamics of the native protein. Our
long-time simulations suggest that the native protein, as
well as native structures in the partially folded protein in
fact remain in the native basin, whereas the regions that
are unfolded in the partially folded protein tend to refold
with increased extended structure. We observe that the
native protein, as well as individual regions in the native
state in the partially unfolded protein are stable by them-
selves and an external change in environment is required
to enhance their probability of misfolding. The dynam-
ics of the misfolded regions also suggest that inter-basin
hopping between non-helical basins is fast and frequent,
whereas residues that sample helical basin, even if they
are in the misfolded regions of the protein, tend to stay
locked in helical conformations. Finally, we do not find
any correlation between hydrophobicity, hydrophilicity
or any other chemical identity of amino acids and mis-
folding, suggesting that individual mutations are unlikely
to correct misfolding.
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