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ABSTRACT: The doppel (Dpl) and prion (PrP) proteins
share a very similar fold (three helices and two short β-
strands), while they differ significantly in sequence (only 25%
homologous) and in disease-related β-rich conformations that
occur for PrP only. In a previous study [Baillod, P., et al.
(2012) Biochemistry 51, 9891−9899], we investigated the
misfolding and rare, β-rich folds of monomeric PrP with
replica-exchange molecular dynamics (REMD) simulations. In
the work presented here, we perform analogous simulations
for Dpl with the aim of comparing the two systems and
characterizing possible specificities of PrP for misfolding and amyloidogenesis. Our extensive simulations, which allow us to
overcome high energy barriers via the REMD approach, sample several β-rich folds, some of which are stable at room
temperature, for both proteins. Per residue secondary structure propensities reveal that novel β-sheets of Dpl and PrP are formed
by amino acids belonging to the helices that are the least stable in the respective native structure, H1 for Dpl and H2 and H3 for
PrP, in agreement with experimental data. Using a specific clustering method that allows discrimination against different β-strand
arrangements, seven β-rich folds could be characterized for PrP and five for Dpl, which are clearly distinct and share only one
single similar fold. A major difference between the two proteins is found in the free energy barriers leading to misfolded
structures: they are approximately 3 times higher for Dpl than for PrP. This suggests that the difference in amyloidogenic
behavior between PrP and Dpl might be due to kinetic reasons.

Creutzfeldt-Jakob disease (CJD), bovine spongiform
encephalopathies (BSE), scrapie, and other transmissible

spongiform encephalopathies (TSE) are related to the
misfolding of the endogenous prion protein (PrP),1−3 as
revealed by the isolation4 and sequencing5−7 of PrPSc, an
aggregated, infectious PrP isoform found in the central nervous
system of infected organisms.
One of the first attempts to understand the function of PrP,

which remains enigmatic,8,9 was to create knockout mouse lines
deficient in PrP (PrP0/0). The first two PrP0/0 lines, Zürich I10

and Edinburgh,11 were viable and phenotypically normal,
suggesting that PrP function was not indispensable or can be
taken over by another protein. However, animals of a third
(Ngsk PrP0/0)12 and fourth (Rcm0 PrP0/0)13 PrP0/0 line
developed late onset ataxia accompanied by Purkinje cell
degeneration. Another strategy applied to the elucidation of
PrP function consisted of searching for related genes. Large
cosmid clones containing the PrP gene of different species were
investigated, and a candidate was eventually found 16 kb
downstream of the Prnp mouse PrP gene. The new gene,
encoding a 179-residue protein with a sequence that is ∼25%
identical with the sequences of all known prion proteins, was
called Doppel (PrnD gene and Dpl protein), a German
synonym for “double”.13

PrP knockout cells have been shown to undergo Dpl-induced
apoptosis in a dose-dependent manner.14 Alternatively, Dpl
toxicity might be related to oxidative stress, because Dpl was
shown to induce expression of nitric oxide synthase (NOS)15,16

and Dpl toxicity could be blocked by a NOS inhibitor.15 Dpl-
induced ataxia leads to a pathology that differs from PrPSc-
induced TSE and is devoid of amyloid fibrils. Surprisingly,
reintroduction of Prnp transgenes into PrP0/0 lines suppressed
the toxic effects caused by Dpl,17 suggesting an antagonistic
function of PrP in blocking the neurotoxicity of Dpl. The
physical binding of the two proteins was demonstrated with an
enzyme-linked immunosorbent assay in which PrPC, bound to
the plate, could bind Dpl.15 PrP and Dpl were also shown to
copatch at the plasma membrane and co-internalize in
neuroblastoma cells.18

A nuclear magnetic resonance (NMR) structure was
obtained for the full-length mouse Dpl, intriguingly revealing
a fold that is very similar to that of the C-terminal domain of
mouse PrP, with three helices (H1−H3) and two short β-
strands (S1 and S2)19 (Figure 1, panels labeled dNMR and p &
dNMR). Small differences can be found in the β-strands
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(slightly shorter in Dpl), as well as in a kink of the second Dpl
helix that contributes to a triangular hydrophobic pocket.
Further similarities to PrP include the two glycosylation sites
(Asn99 and Asn111, with sequence positions that differ from
those of PrP and link different oligosaccharides) and a GPI
anchor at Gly155.20 In comparison with PrP, Dpl contains an
extra disulfide bond. The first disulfide bond (Cys109 and
Cys143) is analogous to that of PrP (Cys178 and Cys213) and
connects H2 to H3. The second one connects the S2−H2 loop
to a Cys of the flexible C-terminus of the protein (Cys95 and
Cys148). The NMR structure of human Dpl is very similar to
that of mouse Dpl, and the high degree of amino acid
conservation suggests structural similarity between all mamma-
lian Dpl proteins.21

Many PrP in vitro unfolding studies have been performed
with the aim of understanding the misfolding process leading to
the pathogenic PrPSc isoform, highlighting a number of
misfolding pathways and β-rich conformations.22−32 The
relative free energy, ΔGu, at 300 K between the native and
thermally unfolded states can be estimated by applying the
modified Gibbs−Helmholtz equation33 to transition temper-

ature midpoints (Tm) and van’t Hoff enthalpies (ΔHm)
obtained from thermal unfolding experiments. Surprisingly,
PrP with a single disulfide bridge was found to be thermally
more stable (Tm ∼ 70 °C, ΔHm ∼ 292 kJ/mol, and ΔGu ∼ 26
kJ/mol34,35) than Dpl with two disulfide bridges (Tm ∼ 53−58
°C, ΔHm ∼ 192−205 kJ/mol, and ΔGu ∼ 12 kJ/mol36,37). This
trend was confirmed by chemical unfolding experiments,
resulting in ΔGu values of 19.3 and 12.6 kJ/mol for PrP and
Dpl, respectively.36,38 Nicholson et al. observed superprotection
in the H2−H3 segment in PrP (suggesting a partially structured
unfolded state) but not in Dpl.38 Moreover, neither wild-type
Dpl nor a single-disulfide bridge mutant Dpl could be induced
to exhibit the α to β transition that is typical of PrP to PrPSc

conversion.36 A slight increase in β-content was however
obtained by co-incubating Dpl with negligible amounts of
PrP106−126 (too small to produce any CD spectra).15

In a previous study, we applied extensive replica-exchange
molecular dynamics (REMD) to investigate PrP misfolding.39

These simulations allowed us to identify a pool of rare β-rich
structures that were clustered into different folds according to
the location and topology of the newly formed β-sheets. The

Figure 1. Representative structures of the main β-contact map clustering folds of PrP (p1−p7) and Dpl (d1−d5). Panels labeled pNMR and dNMR
show the NMR structures of PrP and Dpl, respectively. The two panels labeled “p & dNMR” both show the structural superposition (90° rotated
views) of these NMR structures (blue for PrP, red for Dpl). In all panels except those labeled “p & dNMR”, (i) helices are colored purple and β-
sheets yellow, (ii) to highlight the sequence positions of structural rearrangements, sequence portions spanning NMR secondary structure elements
are highlighted with sphere representations of the C-α atoms of the residues delimiting S1 (yellow), S2 (green), H1 (blue), H2 (red), and H3
(orange), and (iii) the disulfide bridge-forming Cys residues are shown as black spheres for all the atoms.
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aim of the study presented here is to apply an analogous
simulation protocol to Dpl. Previous simulations of this protein
(see, e.g., refs 40 and 41) focused on the characterization of its
native state and its folding and unfolding using, e.g., high-
temperature simulations. To the best of our knowledge, the
study presented here is the first that reports a thorough
exploration of conformational landscape of Dpl (including
misfolded structures) at room temperature. To anticipate our
results, we determine relative thermal stabilities for the two
proteins that are in agreement with the results of unfolding
experiments. Surprisingly, β-rich configurations are found for
both proteins and not for PrP only. However, at 300 K, the free
energy barriers separating the native structures from such states,
as well as from other non-native states, are at least 3 times
higher for Dpl. The characterization of Dpl misfolding and the
identification of its β-rich folds highlight the difference in the
conformational properties of this structural homologue of PrP.
Furthermore, assessing sequence differences between Dpl and
PrP that lead to differences in β-sheet and α-helical propensities
or to different local folds, despite a very similar global native
fold, can shed new light on the twilight zone separating mere
unfolding from disease-related aggregation and amyloido-
genesis.

■ METHODS
The protocol we used for this study is the same as that we used
previously for our investigation of the misfolding of the prion
protein.39 Here, we briefly review the main aspects of our
methodology and highlight the specificities of the simulations
we performed for Dpl. We refer the reader to ref 39 for more
details.
Molecular Dynamics Setup. The initial configuration we

used for the simulations of Dpl was obtained from the NMR
structure of mouse Dpl [Protein Data Bank (PDB) entry
1I17].19 Like in ref 39, we modeled the system at pH 4, because
acidic conditions are known to accelerate the conversion of
PrPC to PrPSc31,42−50 (see also ref 51 and the references cited
therein).
We performed Poisson−Boltzmann calculations52,53 to

assign the protonation state of titratable residues, using the
DELPHI program54 supplied with the WHATIF54 package.55

According to these calculations, the protonation states were as
follows: Glu4, d; Asp18, p; Asp20, d; Glu24, d; Asp38, d;
Glu43, d; Glu47, p; Glu53, p; Glu70, d; Glu74, d; Asp77, p;
His81, p; Glu91, d; His97, p; Asp99, p; and Glu103, p (where p
stands for protonated and d for deprotonated).
All simulations were performed with the GROMACS 3.3.0

package,56 the GROMOS96 43a1 force field,57 and the SPC
explicit solvent water model.58 All MD simulation parameters
were kept the same as in ref 39.
Reference Molecular Dynamics Simulation. A 315 ns

reference MD simulation was run in the NVT ensemble. Such a
simulation was performed in our previous study of PrP39 (i) to
check the validity of our REMD protocol (see the next section)
and (ii) to assess its performance in terms of configurational
sampling with respect to straightforward MD simulations. Here,
we mainly use this reference simulations to establish a first
comparison between PrP and Dpl.
REMD Simulations. To enhance the conformational

sampling, we used the same hybrid REMD protocol59,60 as in
ref 39. Briefly, the equations of motion at each temperature are
propagated using a standard MM potential with explicit solvent,
while Monte Carlo switching probabilities between the different

replica are computed using the protein potential energy only
(including its energy of interaction with the solvent) instead of
the full potential. Previous studies have shown that the effect of
this type of approximation on the final sampling is
negligible.59,61,62 The REMD simulations were conducted
using 32 replicas with the following temperature distribution:
300.0, 306.0, 312.1, 318.2, 324.3, 330.4, 336.6, 342.8, 349.1,
355.3, 361.6, 368.0, 374.3, 380.7, 387.1, 393.6, 400.1, 406.6,
413.1, 419.7, 426.3, 432.9, 439.6, 446.3, 453.0, 459.8, 466.5,
473.3, 480.2, 487.1, 494.0, and 500.9 K.
The simulation length was 56.4 ns for each replica

(corresponding to a total time of 1.8 μs). It was chosen on
the basis of our previous convergence analysis performed in ref
39 using the fact that, after tens of nanoseconds, we do not
seem to sample a significant amount of new conformational
clusters. This is illustrated by the time evolution of the fraction
of collapsed structures that reaches a plateau at the end of the
simulation (Figure S4 of ref 39). We stress that the main goal of
our study is a thorough and extended exploration of the
conformational landscape of PrP and Dpl, more than reaching
ergodicity (which is most probably impossible in this case). As
discussed in Results and Discussion, our simulations are long
enough to highlight possible misfolded structures at room
temperature for both proteins and to show that the topologies
of their conformational landscapes differ substantially (Figure
5) despite the high degree of structural similarity of their native
states. In addition, the agreement of our results with a broad
range of experimental data [in particular the relative stability of
the helices and the relative thermal stability of PrP and Dpl (see
Results and Discussion)] strongly suggests that our simulations
provide a realistic description of PrP and Dpl.

Conformational Landscape and Free Energy Barriers.
Following the spirit of ref 39, the conformations obtained from
our REMD simulations were used to compute the probability
distribution as a function of a set of order parameters, which
served as a fingerprint of the conformational landscape of a
given protein. We tested several pairs of order parameters and
found that the radius of gyration (Rg) and the fraction of native
contacts (QN) taken together were the best to highlight and
distinguish key conformational basins for Dpl and PrP [the
corresponding probability distributions, P(QN,Rg), are repre-
sented in panels 1 and 2 of Figure 5, respectively]. In particular,
the choice of Rg is relevant for PrP because, as highlighted in ref
39, a significant portion of the conformational landscape
explored by our REMD simulations is characterized by
collapsed structures with respect to the native state. This is in
agreement with high-pressure unfolding experiments in which
PrP was observed to collapse around molecular voids.30

To compare the misfolding propensity of PrP and Dpl, we
estimated the free energy barriers surrounding the native state
in the two systems. To do so, we converted the probability
distributions in free energy landscapes, ΔG(QN,Rg), using the
following expression:63
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where A and B are two states characterized by specific values of
QN and Rg. It should be stressed that using this strategy to
compute free energy barriers can yield only approximate results
here. First, our REMD simulations provide only a limited
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sampling of transition regions associated with high free energy
barriers (white regions in panels 1 and 2 of Figure 5). As a
consequence, the free energy landscape obtained from eq 1 is
statistically inaccurate in transition regions and cannot be used
directly to compute free energy barriers. Fortunately, the
REMD approach allows an extensive sampling of the free
energy basins (colored ones in panels 1 and 2 of Figure 5) that
are connected by these transition regions. Thus, it is still
possible to fit parabolae along the lowest-free energy path in
these basins and to extrapolate the free energy profile to regions
of low probability. Then, the intersection point of these
parabolae can serve as an approximation for the transition state
and provides an upper bound for the free energy barrier.
Although this is a rough estimate, repeating this operation for
both PrP an Dpl allows an insightful comparison to be made.
Second, it is worth stressing that when choosing the radius of

gyration (Rg) and the fraction of native contacts (QN) as a set
of order parameters for computing free energy barriers, we
implicitly define a state i as an ensemble of conformations for
which Rg and QN take specific values, {QN

i ,Rg
i }. Choosing

another set of order parameters would change the shape of the
probability distributions as well as the corresponding free
energy landscape. This means that the absolute values of free
energy barriers computed using the method mentioned above
should be considered with caution. Nevertheless, it turns out
that the estimated barriers are always higher for Dpl than for
PrP [with a ratio of ∼3 (see also Results and Discussion)],
which is independent of the choice of order parameters. Hence,
we use this method more as a way to provide a qualitative, yet
insightful, comparative analysis about the kinetics of PrP and
Dpl misfolding, rather than to compute absolute free energy
barriers.
Secondary Structure Analysis and Clustering. Struc-

tural analysis and clustering analysis were performed as
described in ref 39. Briefly, the secondary structure of each
configuration generated by our REMD simulations was defined
with the DSSP64 algorithm. Then, for each β-rich configuration
(i.e., those containing ≥19 β-residues), a β-contact map (bcm)
was computed. This map represents the contacts between
different β-strands in a given configuration and so is the
fingerprint of the β-strand arrangement in that configuration.
Finally, the bcm’s of all β-rich configurations are clustered to
yield a series of β-rich folds.

■ RESULTS AND DISCUSSION

Reference MD Simulations. As a first comparison
between PrP and Dpl, we performed 315 ns standard (i.e.,
without enhanced sampling) reference MD simulations for
both proteins. Dpl shows a very high stability, characterized by
the conservation of all native secondary structure elements
throughout the simulation (Figure 2, left panel). In stark
contrast, in the PrP simulation, H2 and H3 partially unfold
between 45 and 200 ns and two additional β-sheets are formed
(Figure 2, right panel). The corresponding partially misfolded
structure is represented in panel p4 of Figure 1 [it is also
observed in our REMD simulations (see the following
sections)].
As mentioned in our previous investigation of PrP,39 we

intentionally chose simulation conditions such as acidic pH
(pH 4) and the GROMOS force field39 that can be expected to
accelerate conformational transitions to β-rich structures.
Indeed, the GROMOS force field is known to favor β-sheets
with respect to α-helices.65 However, because we applied
exactly the same protocol to PrP and Dpl, the relative
differences that we observe for the two systems can be
expected to be independent of possible limitations related to
the force field. The comparison of the simulation results for the
two systems suggests that PrP has an intrinsically higher
propensity for the formation of alternative folds than Dpl.
However, because of the limited sampling time, straightfor-

ward MD cannot be considered to be fully conclusive with
respect to the presence or absence of free energy barriers. That
is why our study mainly applies REMD (see the next section).
The main advantage of this approach is that it allows us to
overcome high energy barriers that the system has to cross to
convert from one fold (e.g., the native state) to another (e.g., a
misfolded state), because of the large temperature interval that
the simulation replicas span.39

Thermal Stability from REMD Simulations. For a more
comprehensive picture of the overall conformational landscape
of PrP and Dpl, we performed extensive explicit solvent REMD
simulations. In the remainder of this paper, we will focus on the
results obtained from these enhanced sampling simulations. As
a first result of our REMD simulations, we compared the
thermal stability of the two proteins, assessed by the fraction of
native versus non-native structures present at different REMD
temperatures. For both proteins, native structures were defined

Figure 2. Secondary structure (DSSP) as a function of time in our reference MD simulations of Dpl (left) and PrP (right). Color coding for the
secondary structure: red for β-sheet and blue for α-helix. Native (NMR) secondary structure element locations are delimited by dashed and dotted
green horizontal lines: dotted for β-sheets (in sequence order, S1 and S2) and dashed for α-helices (in sequence order, H1, H2a, H2b, and H3 for
Dpl and H1, H2, and H3 for PrP). Yellow dashed horizontal lines denote Cys residues forming disulfide bridges. Residues were numbered starting
from the first residue of the NMR PDB file.
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as structures with ≥64% native contacts present in the
respective NMR structures. We have chosen this cutoff because
we found that PrP structures satisfying this criterion share many
structural traits with the native state, in particular the
conservation of the three helices (although their length may
vary) and the two β-strands.
The average fractions of native structures per temperature

show a higher thermal stability for PrP than for Dpl (Figure 3),

in agreement with experiments.34−38 An exception is found at a
low temperature (∼300 K), for which the fractions of native
structures are slightly lower for PrP than for Dpl. This is due to
the fact that PrP can loose nativelike structures at very low
temperatures in favor of β-enriched conformations, consistent
with our reference MD simulations.

Secondary Structure Propensities. Besides the mere loss
of native structure at elevated temperatures, new β-sheets form
on rare occasions for both proteins during the REMD
simulations. Of all the sampled conformations (at all temper-
atures), 1.3% of PrP and 2.7% of Dpl structures have a β-
content of ≥19 residues. Although β-structure enrichment was
not observed in Dpl thermal unfolding studies,36 β-rich
conformations might be favored by other denaturing
conditions. Indeed, a number of proteins that are not involved
in amyloidogenesis-related diseases show β-rich states under a
variety of denaturing conditions.66−70

To compare the secondary structure propensity of PrP and
Dpl sequences, we defined the per-residue secondary structure
propensity by the fraction of simulation time that each residue
spends in α-helical or β-sheet conformations, at a given
temperature (Figure 4). As we have shown in ref 39 (see also
the bottom left panel of Figure 4), for PrP, H2 is found to be
the least stable helix at all temperatures, followed by H3 and
H1, consistent with the results from the 300 K reference MD
simulation, experimental stability studies,30,45,71−74 and pre-
dictions from previous simulations.48,51,75−78 For Dpl (Figure 4,
top left panel), the pattern differs strongly. H1 is the least stable
helix, followed by H2 and H3.

Figure 3. Average fractions of native structures as a function of
temperature for PrP (blue) and Dpl (red). The dashed line shows 50%
of native structures. The inset shows differences between the fractions
of native structures for PrP and Dpl. The gray dashed line shows 0%
and the black dashed like 7% (average difference in the temperature
range of 300−439 K). Structures with a threshold of ≥64% of the
native contacts are defined as being native.

Figure 4. Per residue α-helical propensity (pα) and per residue β sheet propensity (pβ), computed as the percentage (color bar) of time spent by
each residue at different REMD temperatures in the α- or β-conformation. The first (i) and second (ii) colored rulers just above the x-axis show (i)
NMR α-helices (blue) and β-sheets (red) (solid lines), with green circles indicating the location of the disulfide bridge-forming Cys residues, and (ii)
mutations favoring prion diseases:79 red x (mutations increasing hydrophobicity) and red o (mutations decreasing hydrophobicity) (shown for PrP
only). Residues were numbered starting from the first residue of the NMR PDB file.

Biochemistry Article

dx.doi.org/10.1021/bi400884e | Biochemistry 2013, 52, 8518−85268522



In addition, the location of the newly formed β-sheets differs
for the two proteins (Figure 4, right column). In PrP, β-sheets
are mainly formed by residues belonging to H2 and H3 in the
native structure. This sequence interval contains most of the
disease-promoting mutations,79 as well as the “β-core” of
residues for which three different independent experiments
suggest the involvement in a PrPSc β-sheet scaffold.72,80,81 New
β-sheets in Dpl are mainly formed in the sequence interval
delimited by the protein N-terminus and the native β-strand S2,
where residues of the unstable H1 helix become available, in
contrast to PrP, where these residues remain in a helical
conformation most of the time.
β-Rich Folds. In ref 39, we introduced the β-contact map

clustering (bcmc) protocol (see Methods), developed to
identify the main β-rich folds in the β-rich pool of structures
with at least 19 residues in the β-conformation in the PrP
REMD simulation. In the work presented here, we apply an
identical bcmc protocol to the β-rich pool observed during the
Dpl REMD simulation and compare the main β-rich folds of
PrP and Dpl. Representative structures are shown in Figure 1.
Seven and five main β-rich folds were found for PrP and Dpl,
respectively, at room temperature. PrP folds have been
discussed previously in relation to recent PrP misfolding
experiments.39 A comparison of the PrP β-rich folds with those
of Dpl shows that there are very few common trends: only Dpl
fold 2 (d2) and PrP fold 4 (p4) resemble each other to some
degree.
In ref 39, we suggested that p4 might be related to a

precursor of the β-oligomeric form, a stable and soluble PrP
conformation that has been reported to form on the time scale
of hours to days in stock solutions without prior denaturing
treatment.23 It has even been suggested that this structure
corresponds to the free energy minimum in aqueous
solution.26,27,82 In ref 39, we also analyzed whether the PrP
β-rich folds contained a sufficient amount of α-helical residues
to be consistent with experimental determinations of the α-
helical content of PrPSc. β-Rich folds containing at least one
structure with ≥17 α-helical residues were termed α+, while
those β-rich folds with <17% α-helical content were termed α−.
Although in the case of Dpl, such a distinction is not motivated
by direct experimental results, we apply the same classification
scheme to Dpl for the sake of comparison. It turns out that in
the case of Dpl, most of the β-rich structures belong to an α-
fold, in contrast to PrP (Table 1). This finding is consistent
with the thermal stability (related to the helical content), which
was found to be lower for Dpl than for PrP.34−37 It also
supports the idea that PrP can progressively unfold into β-rich

states while maintaining a large part of its α-helical topology
facilitating misfolding with respect to other proteins, while Dpl
would need to overcome a higher energy barrier (see the next
section) corresponding to the disruption of most of its helical
content to access a β-rich state.

Kinetic Trapping. The extended conformational space
explored for both proteins is represented by the probability
distributions projected on the fraction of native contacts and
the radius of gyration (Figure 5). The high-temperature
probability distributions of PrP and Dpl are very similar
(Figure 5, panel 4) and converge to a new, non-native, and
more compact structure. In contrast, the 300 K probability
distributions differ for the two proteins (Figure 5, panel 3):
while PrP reveals a succession of connected high-probability
regions leading from the native state to a non-native compact
form (Figure 5, panel 2), the corresponding high-probability
regions in Dpl are well separated from one another (Figure 5,
panel 1). This indicates high free energy barriers for Dpl, which
are crossed only with the help of the enhanced sampling
provided by REMD. In particular, the native Dpl population is
isolated by such barriers on the free energy surface, suggesting
that the protein must be particularly stable toward misfolding in
the absence of denaturing conditions (high temperature,
detergents, etc.). We estimate that the barriers in the case of
Dpl are approximately 3 times higher than the corresponding
barriers in PrP (see Methods for more details). Thus, in
agreement with our reference MD 300 K simulations, the
REMD 300 K simulations also show a higher kinetic stability
for Dpl than for PrP.

■ CONCLUSIONS
In this work, REMD simulations of misfolding and of rare β-
rich conformations of PrP and of its nonpathogenic structural
homologue Dpl are compared, with the aim of highlighting PrP
specific misfolding characteristics that might relate to PrP
pathologies. In agreement with experiments, we find a higher
thermal stability for PrP than for Dpl. However, for Dpl, the
free energy barriers leading to non-native and β-rich states are
at least 3 times higher than for PrP, suggesting a higher kinetic
stability for the former. Indeed, although both proteins can
access β-rich conformations via thermal misfolding (high
REMD temperatures), only PrP can readily convert into the
β-rich misfold p4 via long (∼100 ns) straightforward reference
MD simulations at 300 K, whereas β-rich folds can be observed
only in enhanced sampling simulations of Dpl. This difference
suggests a higher intrinsic misfolding and β-enrichment
propensity for PrP than for Dpl.
The β-cores observed in the β-rich folds for both PrP and

Dpl are formed by residues belonging to the helices that are the
least stable in the corresponding native structures: H2 and H3
for PrP and H1 for Dpl. Thus, the stability of the helices,
related to the sequence, appears as a determinant of the β-
propensity and β-folds that can be formed. Seven β-rich folds
are found for PrP and five for Dpl, with one single quasi-
common fold, p4/d2, that accumulates at 300 K in the PrP
REMD simulation and is also formed in the PrP reference MD
simulation at the same temperature. This stable β-rich misfold
is therefore accessible from two different amino acid sequences,
suggesting a sequence-independent stabilization process and a
possible relation to soluble PrP β-oligomers formed under
certain experimental conditions and found to be even more
stable than the native structure.26,27,82 Finally, the fact that
there are practically no common β-rich folds in PrP and Dpl

Table 1. Fractions (%) of β-Rich Pools Found in the Main
bcmc Folds (F) of Dpl and PrPa

Dpl Prp

F % F %

α+ 1 5.7 1 17
2 5.5 2 0.9
3 0.7 3 8.9

4 16.6
5 0.8

α− 4 39.9 6 9.9
5 14.9 7 2.2

aα+ refers to the folds that contain at least one structure with ≥17 α-
helical residues and α− to folds that comprise no such structure.
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suggests that if Dpl β-rich folds are at all possible under
physiological conditions, they might not be related to
amyloidogenic pathologies. In contrast, one or more of the
PrP specific β-rich folds may represent monomeric PrPSc or
PrP* precursor forms.30
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