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ABSTRACT: We perform a replica exchange molecular
dynamics simulation corresponding to a 2.8 s total time for
the extensive enhanced sampling of the conformational space
of the C-terminal part (residues 124—226) of the mouse prion
protein (PrP); 1.3% of the conformations sampled display a
high level of f-structure (>19 residues), allowing the
assessment of B-propensities along the sequence and high-
lighting the most structurally labile hot spots. A clustering
algorithm is applied to sort the structures of this pool
according to their fold. Ten f-rich folds are thus defined and
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analyzed with regard to their topology, accumulation temperatures, and structural characteristics. In contrast to the so-called
spiral and S-helix models suggesting that the f-rich core of the scrapie isoform (PrP%) comprises the N-terminal tail and part of
the C-terminal domain up to helix 1 (HL1), we present putative structural models for monomeric precursors of PrP* and PrP f3-
oligomers that are characterized by a C-terminal S-rich core, in agreement with the suggestions of a series of recent experiments.

According to the prion hypothesis,"* prion diseases are
caused by an aggregated misfold of the prion protein
(PrP) frequently termed scrapie isoform PrP*:. One proposed
scenario for this transition assumes the normal cellular isoform
(PrP€) in equilibrium with a metastable intermediate,
designated PrP*, that catalyzes the conversion.”* This process
is devoid of any chemical change but involves profound
conformational alterations from the soluble, predominantly a-
helical PrP€ to the insoluble, aggregated S-rich prpSe®

The first experimental PrP® structure was obtained by
nuclear magnetic resonance (NMR) for mouse PrP (residues
124—226)° (Figure 1, panel 0). The protein shows an
unstructured N-terminal domain (residues 21—123) and a
structured C-terminal domain (residues 124—226). PrP C-
terminal domains of different species reveal highly conserved
structures, comprised of two short f-strands (S1 and S2), three
a-helices (H1—H3), a disulfide bridge connecting H2 and H3,
and two glycosylation sites (one in H2 and one in the H2—H3
loop).

Despite decades of research, the structure of PrP* has
remained elusive.” Circular dichroism (CD) of the full length
protein has revealed that PrP¢ (6% f and 43% a) undergoes
dramatic secondary structure changes in the conversion to
PrP% (43% f and 30% a).’ For PrP27—30, a subfragment of
PrP% obtained with proteinase K digestion via cleavage around
residues 87—91 (depending on the PrP strain), the
corresponding values are 47-54% f and 17-25% a,
respectively.>®” Consequently, PrP27—30 should contain at
least ~17 a-helical residues.

A consensus is slowly emerging for the picture of a very
complex PrP folding landscape, allowing for a large variety of
misfolding pathways.”'™>* The multitude of possible con-
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formations observed in vitro, under different perturbing
environments (acidic pH,23’24 redox condition changes,lo’25
chemical unfolding agents,“_13’20 removal of detergent from
the protein solution,"*'¥*! high temperature,'® and pressure*)
include a variety of soluble monomeric and oligomeric
species,'”” " as well as aggregated conformations and amyloid
fibrils.**"

The relationship between the size of PrP> aggregates and
infectivity has also been evaluated. Silveira and colleagues
showed that small oligomers composed of fewer than six units
were noninfectious in Syrian hamsters, while particles exhibiting
the highest infectivity were nonfibrillar structures composed of
14—28 units of PrP*>® B-Monomers,'*** predominantly a-
monomers and a-dimers,'®?*” octamers,’”” 12mers and
36mers,”® and 15mers®® have also been observed in in vitro
oligomerization experiments. Even though oligomerization may
play a crucial role in the infective process, it is still unclear if the
structural transition is induced by aggregation or if the structure
of PrP by itself is intrinsically metastable under particular
environmental conditions. This has triggered the quest for a
monomeric PrP% or PrP* precursor form,* as well as the
investigation of PrPC changes leading to such a form.'®

Furthermore, several independent experiments have shown
that the C-terminal structured domain might by itself be able to
promote the pathology. (i) PrP27—30 is still infectious.* (ii)
The structured C-terminal domain (residues 124—226) can
also undergo complex misfolding conversions leading to p-
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Figure 1. f-Rich folds. Panels 1—10 show representative structures of f-rich folds 1—10 as specified in Table 1. Panel 0 shows the NMR structure,
and panel 11 shows the maximal ff-content structure obtained in simulation (38 ff-residues). Helices are colored blue and f-sheets red. To highlight
the sequence positions of structural rearrangements, sequence portions spanning NMR secondary structure elements are highlighted with CPK
sphere representations of the C-a atoms of the residues delimiting S1 (yellow), S2 (green), H1 (pink), H2 (cyan), and H3 (orange). The figures

were all oriented in the same way as the NMR structure of panel 11.

sheet-rich oligomers and aggregates.”**"** (iii) Limited
proteolysis of fibrils formed in vitro with recombinant mouse
PrP has generated C-terminal prion fragments that have been
reported to support fibril propagation in vitro.>> This unusual
protease-resistant core reaches from residues 152—162 (C-
terminus of H1 or S2) to residue 226 and has also been found
in a novel form of sporadic Creutzfeldt-Jakob disease (CJD).**
(iv) Lu et al, who performed hydrogen exchange and mass
spectroscopy experiments on recombinant human PrP amyloid
fibrils, identified a f-rich core comprising mainly H2 and H3
residues.® (v) Similar p-rich cores were found with
recombinant human PrP fibrils formed in vitro and investigated
via site-directed spin labeling experiments combined with EPR
spectroscopy.>® (vi) Fibril unfolding studies performed with
labeled residues revealed two distinct cooperative unfolding
domains differing with respect to their resistance to
denaturation, with the more resistant domain coinciding with
the f-rich core described above.”” (vii) The binding of PrP and
PrP* specific antibodies to fibrils suggests that residues from
the C-terminal domain are buried in the fibril structure, while
residues from the N-terminal domain are solvent-exposed.*®
Various atomistic fibril models of monomeric misfolded PrP
or PrP* have been proposed.” In the so-called spiral® and -
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helix***" models, the f-rich region comprises the N-terminal
tail (spiral model) and part of the C-terminal domain up to H1
(B-helix model). Although these models are in good agreement
with a number of experimental data, they have been subject to
criticism because several lines of evidence now highlight the
H2—H3 region as a possible f-core.*73% Rezaei and co-
workers have isolated the H2—H3 domain as an independent
folding unit and shown that this domain is highly
fibrillogenic**** and may act as a conformational switch in
the full protein.*® It has also been suggested that PrP* could be
entirely refolded in an in-register extended f-sheet.**

Using high-temperature molecular dynamics (MD) simu-
lations, a number of transient f-enriched conformations have
been observed.** A replica-exchange molecular dynamics
(REMD) study has investigated early changes in the solvation
shell and subdomain motions of murine PrP,* but no
substantial f-structure enrichment was observed within the
limited simulation time (30 ns) and temperature range (320—
370 K).

In this work, we perform an extensive (2.8 us total time)
explicit solvent REMD*® simulation to characterize the
conformational landscape of the C-terminal part of monomeric
PrP€ (residues 124—226). To allow for an efficient simulation
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despite the explicit solvent system investigated, we use an
approximate REMD protocol (see Computational Methods).
Our aim is to assess sequence specific f-sheet formation
propensities of the monomeric PrP and to investigate possible
p-rich rearrangements. To increase the probability of observing
PrP%“related changes, we have chosen to perform the
simulations at pH 4, mimicking an acid environment favoring
the PrP¢ to PrP% conversion;*>* ™% 1.3% of all sampled
configurations display a high f-content (>19 residues). These
observed f-rich conformations can serve as structural models
for putative monomeric precursors of PrP*¢ and/or f-
oligomers, allowing the characterization of early stages of the
pathology that, because of insolubility and aggregation, remain
poorly understood.

B COMPUTATIONAL METHODS

Molecular Dynamics Setup. The starting configuration
was the mouse PrP NMR structure [residues 124—226, Protein
Data Bank (PDB) entry 1AG2°). The protonation states of
ionizable side chains were predicted by finite-difference
Poisson—Boltzmann calculations®*** to mimic a 9pH 4
environment, which is known to favor PrP misfolding.4

The solvent and protein dielectric constants were taken to be
80 and 8, respectively. DELPHI>® supplied with the WHATIF
package®® was used to solve the Poisson—Boltzmann equation.
The protonation states of His, Asp, and Glu side chains were
consequently set as follows: His140, p; Aspl44, d; Glul46, d;
Aspl47, d; GlulS2, p; Aspl67, p; Hisl77, p; Aspl78, d;
Hisl87, p; Glul96, d; Glu200, p; Asp202, d; Glu207, p;
Glu211, p; Glu221, p (where p stands for protonated and d for
deprotonated). A rhombic dodecahedron box with 14076 water
molecules was constructed around the protein, and eight CI~
ions were added to neutralize the system.

All simulations were performed with GROMACS-3.3.0,” the
GROMOS96 43al force field,*® the SPC explicit solvent water
model,*® and a MD time step of 1.5 fs. The length of covalent
bonds involving hydrogen atoms was constrained by the
SHAKE® algorithm with a tolerance of 10™* kJ mol™ nm™.
Coulombic interactions were treated using a twin range cutoff,
in which interactions within 1.0 nm, and between 1.0 and 1.4
nm were computed every MD step, and every five MD steps,
respectively. Electrostatic interactions beyond 1.4 nm were
approximated with a generalized reaction field®' generated by a
dielectric continuum with a dielectric constant of 66. van der
Waals interactions were computed every step within a cutoff of
1.0 nm.

The equilibration of the system was performed in the NPT
ensemble, using a Berendsen barostat with a time coupling
constant of 1 ps.®> The solvent was first equilibrated for 225 ps
at 300 K with protein-atom position restraints of 25 X 10° kJ
mol™" nm™ Then, the protein was gradually heated to 300 K
with six successive 50 ps MD runs, for which the increasing
temperatures were 50, 100, 150, 200, 250, and 300 K and the
decreasing protein atom position restraints were 25 X 10% 5 X
10% 3.75 X 10% 2.5 X 10%, and 1 X 10 kJ mol™' nm™2 In the
final stage, 3 ns of 300 K MD with no position restraints
supplied the starting configuration for subsequent production
runs.

Reference Molecular Dynamics Simulation. A reference
MD simulation was run for 315 ns in the NVT ensemble using
two Nosé-Hoover thermostats (one for the protein and one for
solvent and counterions, with time coupling constants of 0.4
and 1.6 ps, respectively).®*** The main purpose of this
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simulation was (i) to establish a comparison, in terms of
configurational sampling, between REMD and straightforward
MD simulations and (i) to check the validity of our
approximate REMD protocol (see the next section).

REMD Simulations. To extend the conformational
sampling, we used an approximate REMD method. REMD
simulations of molecular systems solvated in explicit water
require a large number of replicas to span a temperature
interval sufficient for an efficient sampling of configuration
space. This is mainly due to the very narrow energy
distributions of the different replicas due to the large number
of degrees of freedom associated with the solvent molecules.
Therefore, a straightforward application of a REMD protocol
will predominantly sample solvent degrees of freedom, which
contribute with more than 99% to the total energy of the
system. Several modified REMD protocols have been suggested
for overcoming this problem. One of the most commonly used
approaches is the so-called “hybrid-Hamiltonian” scheme.®>%®
In this approach, the full Hamiltonian (with explicit solvent) is
used to propagate the equations of motion, while a simplified
one, which neglects solvent—solvent interactions (as in the case
of implicit solvent MD?), is used to compute the Monte Carlo
(MC) switching probabilities between the different replicas at
different temperatures. Previous studies®>**® have shown that
the bias induced in the final sampling by this approach is
negligible. Here we follow this philosophy by using the protein
potential energy (including its interaction energy with the
solvent) as a simplified potential to compute the switching
probabilities. A test of the validity of our approximate REMD
protocol is given in the Supporting Information. It shows that
the sampling is performed according to the proper Boltzmann
distribution.

The REMD routine of GROMACS was modified to compute
exchange probabilities with this simplified Hamiltonian, while
the MD propagation is based on the usual total potential
energy. Trial REMD simulations were performed with different
temperature distributions for the replicas, to ensure similar
exchange probabilities at all temperatures. The following
temperature distribution was selected for the 32 replicas and
used for the production run: 300.0, 306.0, 312.1, 318.2, 324.3,
3304, 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 REMD production run was conducted in the NVT
ensemble for 88.4 ns (total aggregate time of 2.8 us), with
exchanges attempted every 60 ps, performed on adjacent
temperature replicas n and n + 1 at every odd exchange trial,
and 2n and 2n + 1 at every even exchange trial.

The equilibration of the REMD replicas consisted of 32
parallel MD runs, linearly heating 32 copies of the initial
configuration described above to the different temperatures in
300 ps. MD was continued for an additional 200 ps at these
temperatures, generating the REMD starting replicas. Each of
these 32 replicas was prolonged for 88.4 ns for data collection,
leading to a total simulation time of 2.8 us. This simulation
length was based on the fact that after this time we do not seem
to sample a significant amount of new conformational clusters.
This is illustrated in one particular case by the evolution of the
fraction of collapsed structures (radius of gyration of <1.3 nm)
along our REMD simulations (Figure S4 and the text of the
Supporting Information).

Secondary Structure Analysis and Clustering. The
secondary structure content was calculated for each config-
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uration generated by our REMD simulations, using the DSSP”°
algorithm. To cluster the different f-rich folds (ie. those
containing >19 f-residues) as a function of the topology and
location of the new f-sheets and to distinguish S-strands from
P-sheets, we developed and applied the p-contact map
clustering (bemc) protocol. beme comprises the following
three steps. (I) For each f-rich structure, a f-contact map
(termed bem) was computed with all S-residues. Each f-rich
structure was thus represented by a 103 X 103 bem matrix
(where 103 is the sequence length of the PrP structure)
containing, in entry (i), the minimal inter-residue backbone
H-bond distance whenever i and j were f-residues and “0” if
either i or j were not a f-residue. Minimal inter-f-residue
distances were only retained as f-contacts if (i) f-residues i and
j were at least two residues apart in sequence, defining a
possible contact between two distinct f-strands, and (ii) their
distance was <0.35 nm. For nonretained distances, the
corresponding position of the bcm matrix was set to “0”. The
bem obtained with this procedure describes pairs of f-strands
forming sheets (native and novel) found in the p-rich
structures.

Then, (II) to simplify our analysis, we grouped the j-
contacts by subdividing the sequence into intervals approaching
an optimal target size of I, residues. The number of intervals (s)
was obtained by rounding 103/I, to the next integer. Every
residue i was assigned to an interval of which the identifier
number I; was obtained by rounding (i/103) X s to the next
integer. At this stage, each f-rich structure was represented by
an s X s simplified bcm matrix (sbcm). Bach sbem was
constructed by setting sbcm(I,I) to “1” whenever any pair of
residue i € interval I; and j € interval I; would form a f-contact
[bem(ij) = 1] and to zero if no such pair could be found.
Alternatively, an sbcm matrix element of “1” means that two
distinct segments of the sequence contain H-bonded p-
residues. The sbem is the fingerprint of the A-strand
arrangement in a given f-rich structure.

Finally, (II) to cluster our REMD structures according to
their f-sheet pattern, we clustered the sbcms using K-means
nonhierarchical clustering,”" as implemented in MATLAB.”*

A number of trials were performed, varying the target
number of clusters, I,, and the size of the simplified matrix to
obtain the smallest possible number of clusters containing the
same sbcm for all members. This led to an I of 15, an s of 7, and
a target number of clusters of 4500, of which a majority were
small. Clusters were assigned to group a+ whenever they
contained at least one structure with 17 a-helical residues (the
minimal @-helical content of PrP*) and to group a— otherwise.
To limit the analysis to frequent f-sheet pairing patterns and
stable folds, cluster population size threshholds were set as low
as 20 for a+ clusters (so that very rare but potentially PrP%-
related folds could be considered) and to 182 for a— clusters.
Finally, similar clusters (similar bem and three-dimensional
structures) with populations exceeding size threshholds were
grouped into eight ar+ (at least one ar+ cluster) and two a— (no
a+ cluster) folds. Thus, each fold contained clusters sharing a
common group of f-contacts, with each cluster showing an
additional alternative f-contact.

B RESULTS AND DISCUSSION

Conformational Landscape. In our REMD simulations,
statistics were collected from 32 trajectories of 88.4 ns each,
distributed over a temperature range of 300—500 K. Figure 2
compares the conformational landscapes covered by three of
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Figure 2. Conformational landscape computed as a projection on the
fraction of native contacts and the radius of gyration. Two residues
were considered to be in contact if the shortest distance between two
atoms of these residues was <0.45 nm, and the fraction of native
contacts of a given conformation was defined as the percentage of
contacts of the NMR structure that were still present. a+ (red dots)
and a— (green dots) are f-rich structures (>19 f-residues) with
respective numbers of a-helix residues of >17 and <17: top left,
reference MD at 300 K (88.4 ns trajectory, as REMD); top right,
REMD at 300 K; bottom left, REMD at 361 K; bottom right, REMD
at 500 K.

these replicas (300, 361, and 500 K) and the first 88.4 ns of our
reference MD simulation (i.e, without enhanced sampling).
The conformational landscape is computed as a projection on
the fraction of native contacts and the radius of gyration. As can
be seen from the top panels of Figure 2, our REMD protocol
allows an extended sampling with respect to a straightforward
MD simulation of the same length and at the same
temperature. A complete sampling of the phase space, which
would include the unfolded state of the protein (small fraction
of native contacts and high radius of gyration), is not possible
because it would require much longer simulations. Never-
theless, our REMD simulations were long enough to capture
many misfolded states, as we shall see in the remainder of this
paper.

Part of the conformational landscape observed in REMD
simulations is characterized by the occurrence of collapsed
structures, which is in agreement with the results of Kuwata et
al., that show that high-pressure unfolding is concomitant with
protein collapse around molecular voids the authors identify
within H2 and H3.* Because simulations are performed in the
NVT ensemble, higher pressures build up at elevated
temperatures (up to 3.6 kbar at 500 K, comparable with the
high-pressure unfolding described above). The new structures
obtained from our REMD simulations correspond to a strong
misfolding of the native state, as we shall see in the next
sections.

Secondary Structure Propensity. To assess the secon-
dary structure propensity along the sequence, we computed the
fraction of simulation time spent per residue in a- and f-
conformations (Figure 3). H1 is found to be the most stable
helix, followed by H3 and H2 whose C-terminal parts unravel
(Figure 3, tog panel), consistent with experimental stability
studies**>”>”* and results from other simulations.*””> This
suggests that H1 might remain intact in PrP* and constitute
part of the minimal observed a-helical content of 17 residues.
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Figure 3. Secondary structure propensity per residue computed as a
fraction of time (% indicated by the color bar) that each residue
spends in a a-conformation (top panel) or a f-conformation (bottom
panel) at all REMD temperatures. The colored rulers just below the x-
axis show NMR a-helices (blue) and f-sheets (red), with green circles
indicating the location of the disulfide bridge-forming Cys residues.
Residues were numbered starting from the first residue of the NMR
PDB file.

This is also supported by the decrease in a-helical content and
unchanged f-content observed upon proteinase K digestion of
recombinant PrP27—30 amyloid, leading to a smaller protease-
resistant core and cleaving and/or degrading residues N-
terminal to the C-terminus of H1.*

Remarkably, besides the mere loss of native structure at
elevated temperatures, new f-sheets form occasionally, in
particular in the C-terminal part of H2 and in the loop
connecting H2 to H3 (Figure 3, bottom panel). In fact, 38.3,
6.75, and 1.29% of all structures (at all temperatures) have a f3-
content exceeding 7, 13, and 18 residues, respectively.
Surprisingly, every residue of the sequence adopts a pf-
conformation at least once during the simulation (Figure 3,
bottom panel), generating a variety of f-rich folds and revealing
the intrinsic propensity of PrP124—226 to adopt pJ-rich
conformations even in its monomeric form. Furthermore, the
new f-sheets are essentially formed by residues belonging to
H2 and H3 in the native structure (Figure 2, bottom panel), in
agreement with the suggestion from independent experiments
that the f-rich core of fibril f-sheets is located in the H2—H3
sequence interval***>**™3%% In particular, our data are
consistent with the finding of Rezaei and co-workers, according
to which the H2—H3 domain is highly fibrillogenic**** and
may act as a conformational switch in the full protein.**
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P-Rich Folds. We collected all structures with a f-content
exceeding 18 residues (~1.3% of the total of sampled
configurations) into a f-rich pool. To identify the major f-
rich folds, we developed and applied the M-contact map
clustering (bemc) protocol, presented in detail in Computa-
tional Methods. Briefly, for each f-rich structure, a f-contact
map (bem) derived from a two-dimensional residue—residue
distance plot was computed to describe pairs of hydrogen-
bonded f-residues (identified by their sequence position)
forming double- or multiple-stranded f-sheets. The bcm
matrices were then clustered and classified into a+ (>17 a-
helical residues, which correspond to the experimentally
observed a-helical content of PrP%) and a— (otherwise)
groups. The 10 major folds defined with this procedure
contained 56.7% of the f-rich pool (Table 1) and 74.9 and

Table 1. Folds Obtained via bcme Clustering of the f-Rich
Pool (~1.3% structures with >19 f-residues)®

E % max f SASA increase
o+ 1 17 31 23
2 0.93 21 14
3 8.9 25 14
4 16.58 30 29
S 0.77 28 17
6 0.08 22 -3
7 0.45 21 69
8 0.11 25 21
a— 9 9.9 36 29
10 2.19 26 40

“The a+ group includes folds containing at least one a+ structure with
>17 a-helical residues. The a— group includes folds that only contain
structures with fewer a-helical residues. F is the fold number. A
minimal size of 182 members defines clusters forming the main folds
(all except 6—8), while a smaller threshhold of 20 members is used to
identify small a+ clusters (containing at least one a+ structure),
grouped into additional folds 6—8. % is the fraction of the structures of
the f-rich pool per fold. max f is the maximal number of f-residues
observed in a structure of the fold. SASA increase is the increase in
hydrophobic SASA (in %) with respect to the native fold.

51.1% of all a+ and a— structures, respectively. In Figure 1, one
representative conformation is shown for each fold. The bem's
of all folds are given in the Supporting Information and
describe, for every f-strand, sequence location and the
hydrogen-bonding partner f-strands. The atomic coordinates
of these models (PDB format) are available in the Supporting
Information.

All f-rich structures form at high temperatures, but fold 2
and fold 4 are the only ones to accumulate at room
temperature; all other folds remain marginally stable at
intermediate or high temperatures only. Fold 2 is characterized
by the native S-sheet and two new f-strands: S3, formed at
mid-H2, and S4, formed at the C-terminus of H2, forming the
four-stranded p-sheet (S1—S2—S3—S4). Fold 4 is characterized
by three distinct, noninteracting f-sheets: (i) the native S1—S2,
(ii) S3, at the S2—H2 loop, hydrogen-bonded to S6, at the C-
terminus of the protein, and (iii) S4, at the C-terminus of H2,
hydrogen-bonded to S5, at the H2—H3 loop.

Transient f-sheet formations leading to structures similar to
fold 4 were also observed when we prolonged our reference
MD simulation from 88.4 ns (the simulation time of our
REMD replica) to ~300 ns (Figure S2 of the Supporting
Information). This conformational transition is most probably
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favored by (i) the low pH that is known to accelerate PrP
misfolding”>*~>* and (i) the GROMOS force field that has a
tendency to favor f3-sheets with respect to a-helices.”® We stress
that we made this choice for the computational setup on
purpose, to accelerate the transition toward A-rich folds.
Although this can shift artificially the thermodynamic balance
between different protein folds (hence, the relative probability
densities in Figure 2 should be considered with caution), we
consider it as a useful “trick” in helping to reveal f-rich folds on
the conformational landscape of PrP.

The transition toward fold 4 observed in the reference MD
simulation is completed only after ~200 ns (Figure S2 of the
Supporting Information), which is more than twice the
simulation time of our REMD replica. This, once again, reflects
the higher efficiency of our REMD protocol in terms of
sampling efficiency. Nonetheless, the fact that fold 4 can be
reached in a straightforward MD simulation is an indication of
the ease by which PrP can reach it with respect to other f-rich
folds.

Furthermore, fold 4 is one of the most frequent S-rich folds
in our REMD simulations [~17%, comparable in abundance
only to fold 1 (Table 1)]. In contrast, folds 1, 3, and 5—10
possibly never exist at room temperature or require aggregation
to larger multimers to be stabilized. Folds 2 and 4 could
therefore be monomeric precursors on the pathway to a stable
and soluble prion conformation, a f-oligomeric form that has
been reported to form on the time scale of hours to days in
stock solutions without prior denaturing treatment.'” It has
even been suggested that this form is in fact the global free
energy minimum in aqueous solution."*'>"7

We have also characterized the different folds according to
their location on the conformational landscape computed as a
projection on the fraction of native contacts (Qg) and the
radius of gyration (R,) (Figure 2). It turns out that fold 3 is an
elongated conformation, containing structures with R, values as
high as 1.6 nm (Figure 3, green and very rare red dots at R, ~
1.5 nm), while the R, values of all other folds range from ~1.4
nm (such as fold 4, with an R, that is close to that of the native
fold) to 1.25 nm (highly collapsed structures, such as folds 1
and 10). Only folds 2, 4, and 5 contain structures with a Qg as
high as 60—80%. While folds 2 and 4 accumulate at lower
temperatures, fold S accumulates around 343 K. In other words,
the only fB-rich folds that can accumulate at low temperatures
are nativelike folds. The native structure group has indeed the
lowest average potential energy (total and protein), compared
to the corresponding values for other structural groups, such as
collapsed, unfolded, etc. (data not shown).

The monomeric f-rich core of a beme fold can be considered
as the sum of all the residues that can adopt a B-conformation
in at least one of the structures assigned to that fold. -Rich
cores were computed according to this assumption for all 10
beme folds (data not shown). With the exception of fold S, the
largest part of all f-cores coincides with the recently
determined location of the f-core in fibrils, involving H2 and
H3.2#333573%% The a4 folds (1—4 and 6—8) can therefore be
regarded as models of monomeric PrP*:.

The highest f-content we observe in our simulation
comprises 38 residues for a rare a— structure that was not
assigned to a fold (Figure 1, panel 12) and 31 residues for an
a+ fold (fold 1, Table 1). Most of the f-content observed in
our simulation originates from residues of the experimental -
rich cores observed in fibrils,>***™>® and further extension of
the f-sheets we observe might occur via aggregation. This result
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is comparable to the maximal }-content of 38 residues achieved
in the MD simulations that lead to the spiral model.*>””7®
However, the f-rich core of the latter is located in the N-
terminal part of the protein, in contradiction to the
experimentally found C-terminal f-rich cores. The spiral
model might nevertheless be a part of the conformational
landscape of the monomer. With fold S, we observe some of its
features (all helices partially preserved, an extended native f3-
sheet, and a new f-strand located in the S2—H1 loop), but this
beme fold is one of the rarest we obtain and is present only at
high temperatures.

Finally, it is interesting to notice that all the f-rich structures
we have obtained (Figure 1) exhibit some signatures of
aggregation-prone macromolecules. (i) They all exhibit at least
one exposed f-sheet edge that, according to Richardson et al,”
makes them more prone to binding other monomers (or a
growing fibril) via backbone H-bonds. (ii) Except for fold 6,
they are characterized by an increase in hydrophobic SASA
ranging from ~14 to ~69% (Table 1). These criteria could be
used in subsequent studies to build models of PrP* oligomers
or fibrils. The coordinates of the representative structures
depicted in Figure 1 are given in the Supporting Information.

H CONCLUSION

Using REMD simulations, we have performed an extensive
exploration of the conformational landscape of the monomeric
PrP C-terminal domain. A small fraction of all conformations
sampled (1.3%) contain a high number (>19) of f-residues.
Clustering these structures according to their S-sheet arrange-
ment has revealed 10 different f-rich folds, but only two of
them accumulate at room temperature. Interestingly, most of
these f-rich folds, including those that are present at room
temperature, are in good agreement with the @- and f-content
estimated from previous CD experiments.”®® They exhibit
exposed f-sheet edges” and increased hydrophobic SASA,
which is characteristic of proteins prone to aggregation.
Therefore, our study provides putative structural models for
the p-rich metastable intermediate (PrP*) that has been
proposed as a possible catalyst for the PrP® — PrP*
conversion.™

Although rare, f-rich conformations could be sampled in
sufficient amounts to estimate p-propensities along the
sequence. These calculations reproduce the general trend
observed in a series of independent experiments, suggesting
that the f-rich core of PrP* corresponds to the H2—H3
sequence in native PrPC>***3373%%% This finding is in
disagreement with the spiral®® and f-helix***' fibril models,
which have been subject to controversy (see, e.g., ref 44).

One possible source of errors in this study is the GROMOS
force field because it may favor f-sheets with respect to a-
helices.”® Nevertheless, the agreement with a broad range of
experimental data suggests that our structural models could be
useful for subsequent studies aimed at unraveling the structure
of PrP%, which is considered as a key step toward the
understanding of prion diseases.”
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Structures of our f-rich folds in PDB format. This material is
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