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Misfolding and aggregation of the prion protein (PrP) are responsible for the development of fatal
transmissible neurodegenerative diseases. PrP undergoes structural conversion from a natively folded state
into a misfolded state, resulting in insoluble amyloid fibrils. Partial unfolding has been recognized as an
essential step in fibrillation. The strong correlation of unfolding and fibrillation emphasizes the importance of
denatured states. To gain insight into possible aggregation-prone denatured states, we characterized the
denatured state of human prion (huPrP) 121-230 near extended conformation by self-guided Langevin
dynamics simulations. Our results revealed that denatured huPrP is partially folded with a-helical structure.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The denatured state has traditionally been considered an unfolded
state with a lack of ordered structures. In the early 1990s, the
denatured state has drawn extensive attention in the study of protein
folding since the conservation of residual structures in the denatured
states was identified [1]. Subsequent studies indicated that the
residual structures of the denatured state are important in modulating
the folding rates and early folding events [2,3]. Recent experimental
studies have characterized the denatured state structure in great
detail, and found that the denatured states have residual native
secondary structures and sometimes even partial native tertiary
structures [4,5]. Unlike the native state, the denatured state is
typically populated with an ensemble of diverse structures [6],
referred to as denatured state ensembles (DSE). The structural
features presented in DSE are clearly linked to the folding process. A
full clarification of protein folding mechanisms requires a compre-
hensive understanding of these features and their roles in protein
folding. However, due to the structural diversity and the mobility of
DSE, characterization of DSE is a significant challenge in view of
current experimental approaches.

Prion proteins (PrPs) are infectious pathogens of a group of fatal
neurodegenerative disease in mammalians known as transmissible
spongiform encephalopathies (TSEs) [7]. TSEs can be ascribed to
conformational conversion of prion. The normal, cellular form of PrP
(PrP%) is rich in a-helix structures, whereas the abnormal and
infectious, Scrapie isoform of PrP (PrP¢) has a pronounced tendency
to misfold and to aggregate subsequently into highly stable and
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insoluble plaques rich with B-sheet structures. The structure of PrPS
and mechanism of its formation have not yet been fully elucidated.

In early studies of PrP, a partially folded intermediate of PrP 90-
231 has been suggested [8-10]. These partially unfolded states can
potentially initiate amyloid formation [11,12]. These locally unfolded
states are thermodynamically distinct from the native state, but
structurally similar to it. Therefore, in addition to understanding
folded structure, further understanding of intermediate PrP>¢ and DSE
is essential. We focused on the population of the secondary structure
of the DSE of huPrP under the native condition near extended
conformation in this study.

In this work, the DSE of huPrP was investigated by self-guided
Langevin dynamics (LD) [13,14] simulations using an all-atom point-
charge force field developed by Duan et al. [15]. We have conducted a
total of 25 unrestrained, independent all-atom simulations of huPrP at
300K starting from an extended conformation. LD simulation of
protein folding can easily produce millions of sets of coordinates.
Clustering is a general data-mining method applied to any collection
of data points where a function measuring distance between pairs of
points is available. Denatured states can be categorized through such a
clustering method. The structures within one cluster are ideally more
similar to each other than to the structures from other clusters. From
clustering analysis, the most populated structure in DSE can readily be
determined. Details of the DSE were investigated and are discussed
herein.

2. Methods
2.1. Simulation procedure
LD is an extended method of MD as jostling of solvent molecules

causes friction, and occasionally collision perturbs the system. The
local average time, the guiding factor and the collision frequency
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control a self-guided LD simulation. This simulation method has an
enhanced conformational search ability, and, therefore, it has been a
very useful tool in macromolecule studies [13]. The generalized Born
model used in this study modified the calculation of Born radii and
improved the accuracy in the solvent polarization for macromolecules
[16]. The combination use of the force-filed ff03 and the generalized
Born model led to successful folding of several small proteins [17]. The
AMBER 9.0 simulation package [18] was used in both LD simulation
and data analysis. The all-atom point-charge force field (also known
as ff03) built by Duan et al. [15] was applied to represent the protein.
The denatured state of huPrP 121-230 was computed starting from an
extended huPrP. To generate the initial extended structure, a heating
method was applied to a known NMR structure (PDB code: 1hjn [19]),
enabling it to unfold at 600 K for 40 ns of LD simulation to result in an
extended conformation. During this simulation, the disulfide covalent
bond between residues 179 and 214 was preserved. After heating
huPrP, local minimization for 1000 steps was applied to minimize the
resulting structure. Subsequently, the ensemble of huPrP was
computed by using self-guided LD method [13] at 300 K. In total, 25
sets of self-guided LD trajectories with duration of 50 ns at 0.002 ps
interval were computed based on the extended huPrP with different
random number seeds to generate the initial conditions. A 16 A force-
shifted nonbonded cutoff and generalized Born solvent models with
salt concentration of 0.2 M [16] were applied. A collision frequency y
of 2 ps~— !, guiding factor of 0.2 ps~ ! and local sampling time of 0.2 ps
for implicit solvents were used [20].

2.2. Structural analysis

The structural information of the unfolded human prion 121-230
can be illustrated as root-mean-square deviation (RMSD) of C%, or
radius of gyration. RMSD of C* was calculated based on residues 126-
227. The terminal residues in the N- and C-terminus were excluded
due to their high flexibility. Radius of gyration was calculated as the
root-mean-square distance of the residue from its center of gravity.
The information of the secondary structure was represented by the
fraction of a-helices (helicity) and anti-parallel p-strands. Native
huPrP contains three helices: helices I (residues 144-156), Il (residues
173-194) and III (residues 200-227) as defined by calculation with a
DSSP algorithm [21]. Helicity over 50 ns of simulation was calculated
based on the number of helical residues in the helix region in the
denatured state as a comparison to that in the native state. The
helicity of the entire huPrP was determined from residues 126
to 227. The calculation of helicity can be expressed as follows:
helidty = Tumber of residue’;u%betrh:fenh;:;x prre(f;giesor in helix region” Similarly,
the fraction of anti-parallel B-strand content was calculated.
Two anti-parallel R-strand regions were defined from the native
structure at residues 129-133 (B-strand I) and 160-163 (3-strand II).

The fraction of anti-parallel B-strand content was calculated as
number of anti—parallel B—strand residues .
number of residues in the entire protein or in anti—parallel B—strand region

2.3. Clustering analysis

The cluster-to-cluster distance is defined as the average of all
distance between individual points of two clusters as so-called
average-linkage algorithm. The average-linkage algorithm is one of
the best clustering methods as suggested by Shao et al. [22] Simulated
LD trajectories were clustered into distinct groups based on average-
linkage methods by ptraj from the AMBER 10 simulation package [23].
Based on the main-chain RMSD, each snapshot is compared against
the average coordinates of the existing groups after rigid-body
alignment. A snapshot may become a member of its closest cluster
if the RMSD is smaller than a given cutoff (2.5 A). Otherwise, a new
cluster would be generated if the minimum RMSD exceeded the
cutoff.

3. Results and discussion

Full length huPrP is a 210-residue protein. Previous NMR study
revealed that huPrP proteins contain a globular domain that extends
approximately from residues 125 to 228 [24]. The N-terminal
fragment of huPrP is flexibly disordered. The globular domain
contains one two-stranded anti-parallel 3-bridge and three a-helices.
The structure of huPrP 121-230 (Fig. 1A, PDB code: 1hjn [19]) was
studied in more detail. Experimental studies indicated that impairing
the native protein structure is essential in fibril formation since the
structural conversion of PrP protein into PrP fibrils requires
denaturants [25]. The RMSD, radius gyration and the secondary
structure feature of the denatured prion have not been determined
experimentally. The use of strong denaturing conditions is required in
experimental determination of the denatured protein structure. To
gain more insight of denatured state in the native condition, computer
simulation is the best solution. Therefore, we designed the extended
structure as the starting structure to be compared with. After heating
at 600 K, huPrP lost all characteristics of the secondary structure and
turned into an extended conformation (Fig. 1B) as the starting
structure of the LD simulation. The disulfide-bond between residues
179 and 214 was preserved during high-temperature simulation since
previous studies indicated the existence of disulfide bonds during
misfolding of PrP [26,27]. This unfolded structure was optimized by
local energy minimization prior to the following LD simulations.

3.1. Analysis of RMSD of C*

To quantitatively evaluate the structural similarity over the
simulation time as compared to the starting huPrP native structure,
RMSD of C* was calculated for the globular structured region
(residues 126-227). The average of 25 trajectories over 50 ns of LD
simulation is illustrated in Fig. 2A. The structure of fully unfolded
huPrP having mainly an extended chain conformation collapsed
significantly in the initial 10 ns and the mean RMSD of C* decreased
from 40.1A to 18.0A. In the next 40 ns, the structure changed
gradually due to partial formation of a-helices. The average trajectory
indicated that the mean RMSD of C* after 50 ns of LD simulation was
reduced to 15.6+ 2.0 A. This significant decrease of RMSD of C*
indicated formation of compact structures.

3.2. Analysis of radius of gyration

Besides the RMSD of C%, the radius of gyration of huPrP was
analyzed based on 25 sets of LD trajectories. The average trajectory of
the radius of gyration is shown in Fig. 2B. Similar to the trajectory of
RMSD of C%, the mean radius of gyration decreased extensively in the
first 10 ns from 42.5 A to 17.9 A. Subsequently, the structure became
less fluctuated in the next 40 ns. After 50 ns of LD simulation, the
mean radius of gyration reached 15.9 + 1.9 A. Interestingly, this value
is very close to mean gyration radius of native folded huPrP at 14.6 A.
The similarity between mean gyration radii indicates that denatured
huPrP is not a random coil lacking inter-residue interaction but is a
packed structure.

3.3. Analysis of a-helicity of native helical regions

Since the native structure of the simulated protein contains
three helices, the development of the helical structure would be a
good measure of the folding process. Therefore, the average of the
fraction of the «-helices (helicity) of denatured huPrP was
considered. Accordingly, the mean helicity averaged over 25 sets
of simulations is calculated (Fig. 3A-D). The helicity of the entire
PrP is only 15% (Fig. 3A). This is consistent with experimental study
that PrP loses helical conformation upon structural conversion.
Formation of the individual helix (Fig. 3B-D) was monitored by the



88

Fig. 1. (A) The NMR structure of huPrP121-231 (PDB 1hjn [19]), (B) fully unfolded huPrP 121-230 at 600 K with the disulfide-bond shown in red, and (C) the simulated denatured
structure of huPrP from the most populated cluster. The helical regions I, Il and III defined based on the native structure are colored in red, blue and magentas, respectively.
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Fig. 2. The average of 25 trajectories representing (A) RMSD of C* and (B) the radius of gyration of the structured region of huPrP (residues 125-228) as compared to the native
huPrP structure.

helix regions. Over 50 ns of simulation, helix I was 20% helical on

development of helical content within each native helical region.
average, while helix II and helix IIl were respectively 14 and 12%

The three helices performed different levels of helicity. Among the
three helices, helix I formed significantly faster than the other two

Fig. 3. The average of 25 trajectories representing the helicity in helix regions in the denatured state as a comparison to the native huPrP structure shown in (A) entire huPrP,
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Among three regions of a-helices, helix I conserved the highest o
helical content. This result is consistent with a previous replica
exchange molecular dynamics simulation that helix I is very stable in
the sheep PrP unfolded state [28]. The sequence similarity of human
and sheep PrPs is 96% based on clustal W2 algorithm [29]. Therefore,
same structural features are expected on these two proteins. In the
native huPrP state, helix I region has a remarkable high intrinsic helix
propensity as reported by both theoretical and experimental studies
[30,31]. However, a previous study incorporating the use of PrPS-
specific monoclonal antibody indicated a structural rearrangement of
the sequence of helix I during the conversion reaction [32]. PrP
amyloid fibrils are well recognized as 3-sheet stacking. The structural
rearrangement of helix I into a B-strand remains ambiguous, and
more effort is needed to clarify this critical process.

The low fraction of a-helix implies that the denatured state of
huPrP is not highly structured. However, the results of RMSD of C* and
the radius of gyration indicate that the denatured state of huPrP is a
compact structure. Taking together these results of structural analysis,
the denatured huPrP is between a random coil and a well-packed
structure.

3.4. Analysis of anti-parallel 3-strand

The significance of the formation of anti-parallel 3-strand in the
context of amyloid proteins is that amyloid fibrils are rich with anti-
parallel p-strand structures. Therefore, we analyzed the degree of anti-
parallel B-strand content using the same method as used previously for
determining a-helicity. The mean fraction of 3-strand averaged over 25
sets of simulation is calculated as shown in Fig. 4A-C. Formation of the
individual p-strand was monitored by the development of contents
featuring R-strand within the entire huPrP and in each native anti-
parallel p-strand region. In the entire huPrP, the fraction of B-strand
features reaches 4%. This value is much lower than a-helicity at 15%. In
both anti-parallel 3-strand regions, the formation of 3-strand is below
3%. Differing from smooth growth of a-helix, B-strand I formed readily
at 12 ns for 1%, but suddenly increased to 2% at 34 ns. Strong fluctuation
was observed in 3-strand II. Over 50 ns of simulation, 3-strand Il had not
reached an equilibrium state. Lack of 3-strand in DSE implies that anti-
parallel -sheets in amyloid fibrils are built from inter-molecular
interactions rather than intra-molecular bonds.

3.5. Clustering analysis

Sixteen most populated clusters occupy 16.7% of analyzed snap-
shots. The summary of 16 clusters analyzed from 25 LD simulations is
listed in Table 1. These clusters are categorized into 8 groups based on
their structural features. Six clusters, including the most populated
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Table 1
Structural features of the clustering analysis of all 25 simulations.

Structural feature No. of clusters Occurrences (%)

Helix I only 3 33
Helix II only 2 1.6
Helix III only 0 0.0
Helices I and II 1 0.8
Helices I and III 0 0.0
Helices II and III 3 34
Helices I-1II 6 6.9
No helix 1 0.7

one, contain three partially formed helices. The structure from the
most populated cluster (Fig. 1C) is helical at the three assigned helix
regions. The helices are partially formed, which results in discontin-
uous helical fragments in helix I and helix II, and tiny helical fragment
in helix III. In the anti-parallel 3-strand region of the native state, no
B-structure formed in the denatured state. Ten clusters out of 16
clusters are identified to contain partially formed helix I. This is
consistent with the result of helicity analysis that helix I is dominant
in the entire protein. Only one cluster does not form a significant
helical structure in any of the native helical regions. Helix Il does not
form alone in any clusters but forms only in the company of helix II.
The correlation of helix Il and IIl is essential as the association of these
two helices is linked to amyloid core of huPrP fibrils [33]. The residues
in helix I are mostly involved in the amyloid core structure, while
only half of residues in helix III are involved.

4. Conclusion

In the present work, the denatured state of huPrP was character-
ized by self-guided LD simulation. The structural analysis indicated
that the most populated denatured state of huPrP is partially folded
with helical structures. Helix I is the most structured region, and the
formation of helix Ill is associated with formation of helix II. Lack of 3-
structure suggests that B-sheets in amyloid fibrils may be formed
from inter-molecular interactions rather than intra-molecular forces.
Experimental observation indicated that PrP fibril is rich in B3-sheet
structure. This observation leads to the interpretation that helical PrP
protein changed to PB-structure before polymerization into fibrils.
However, this study revealed that denatured state of PrP has higher
content of a-helix than B-strand. Lack of structural information of
denatured PrP might be the reason that PrP5¢ has not been explicitly
identified. This structural analysis of the huPrP denatured state
provides further insight into the unfolding of prion. The unfolding of
prion will help us to understand the complex mechanism of protein
aggregation and its role in the pathogenesis of disease.
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Fig. 4. The average of 25 trajectories representing the fraction of B-strand in B-bridge regions of the denatured state as a comparison to the native huPrP structure shown in (A) entire
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