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Abstract. We need to understand the underlying factors
that promote or reverse the amyloid-type structure of the
prion protein (PrP). In an earlier study, we showed that
mutations within the first b strand can extend the short b
sheet in the normal protein into a larger sheet at neutral
pH. To determine the impact of the point mutation P102L
and the deletion of either the first or the second b strand
on PrP, we performed further long molecular explicit wa-
ter dynamics simulations. The trajectories show that all
mutations do not exert a uniform effect on the dynamics
of the N-terminal tail. The results of the deletion of the
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two b strands confirm the idea that partially unfolded
conformations are involved in the structural transition. In
the deletion variants, the a helices H2 and H3 are disor-
dered, while helix H1 is either fully stable or partially dis-
ordered. This finding, consistent with recent spectro-
scopic analyses on peptides spanning helix H1 and flank-
ing sequences, demonstrates that unfolding of the full
domain containing helix H1 is not an early step in PrP in-
terconversion. This result also raises questions regarding
a current view of PrPSc structure that transforms helix H1
into a b sheet conformation. 
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Transmissible spongiform encephalopathies (TSEs) are
fatal neurodegenerative diseases and include Creutzfeldt-
Jakob disease, Gerstmann-Straussler-Scheinker syn-
drome and fatal familial insomnia in humans, scrapie in
sheep, and bovine spongiform encephalopathy. The ‘pro-
tein-only’ hypothesis states that TSEs are devoid of infor-
mational nucleic acid and result from the conversion of a
monomeric soluble cellular protease-sensitive prion pro-
tein (PrPC) into a multimeric insoluble protease-resistant
PrPSc [1]. Mammalian PrPC is a highly conserved secre-
tory cell surface glycoprotein of approximately 210
amino acids (residues 23–231) that contains two glyco-

* Corresponding author.

sylation sites at Asn181 and Asn197, a glycosyl-phos-
phatidyl-inositol anchor at its C-terminal residue 231 and
a single disulfide bond between Cys179 and Cys214. The
three-dimensional nuclear magnetic resonance (NMR)
structure of recombinant PrP spanning residues 90–231
(referred to as PrP90–231) from Syrian hamster [2] con-
sists of a disordered tail (residues 90–123) and a globu-
lar domain with three a helices (H1: residues 145–153;
H2: 172–194; H3: 200–225) and a short antiparallel 
b sheet (strand S1: residues 129–132; strand S2:
160–163). Although the NMR structures from mouse
[3], cattle, human [4] and Syrian hamster are very simi-
lar, conformational changes are observed within the
loops connecting the helices and even in the length of the



helices. Recently, the crystal structure of a dimeric form
of recombinant human PrP was reported, the dimer being
formed by swapping of helix H3 and an intermolecular
disulfide bridge [5]. In contrast to PrPC which has a low
b sheet content (3–8%), PrPSc has 40% b sheet [6] but no
high-resolution structure is yet available [7, 8].
Despite intensive research, the molecular mechanism un-
derlying the conformational conversion remains enig-
matic. TSEs may arise sporadically, may be acquired by
transmission of an infectious agent and may be inherited
(familial forms) through more than twenty mutations in
the human PrP gene [9, 10]. Most mutations are located
in the structured core 124–226: strand S1 (M129V,
G131V), helix H2 (D178N, V180I, T183A, H187R,
T188A or T188K or T188R), loop between H2 and H3
(E196K, F198S) and helix H3 (E200K, D202N, V203I,
R208H, V210I, E211Q, Q212P and Q217R). But, three
mutations also occur within the disordered N-terminal
tail: P102L, P105L and A117V. Mutations in the PrP gene
are generally believed to promote the conformational
conversion by destabilizing the native structure of PrPC

[11]. Although this has been confirmed for T183A,
F198S and Q217R mutants [12, 13], it is not a general
mechanism underlying the formation of PrPSc [14]. In an
earlier molecular dynamics (MD) study, we showed that
the mutations M129V and G131V within the first 
b strand can extend the short b sheet in the normal pro-
tein into a larger sheet at neutral pH [15]. This study com-
plements previous MD simulations on A117V [16],
D178N [17], T183A, V180I and Q217R variants [18].
This result, however, raises the question whether the mu-
tations within the tail exert the same effect. As a first step,
we decided to examine the mutation P102L. This muta-
tion, which changes TSE incubation times [19], is also of
interest because its impact on the thermodynamic stabil-
ity of PrP is not fully understood. Cappai et al. [20]
showed that mouse PrP23–231(P101L) – codon 101 in
mouse but codon 102 in human –  is associated with a sig-
nificant decrease in a helix content, while Swietnicki et
al. [21] reported that human PrP90–231(P102L) does not
lead to any identifiable effects on secondary structure or
stability. Because the P102L mutation can be coupled
with codon 129 [22], we also examined the effect of the
double mutation P102L-M129V. To this end, we per-
formed MD simulations of wild-type PrP90–231 and its
P102L and P102L-M129V variants for 4–8 ns at 320 K.
There is interest in approaches aimed at preventing or
even reversing PrPSc formation. Soto et al. [23] partly re-
versed in vitro PrPSc to PrPC using b sheet breaker pep-
tides spanning PrP115–122 [23]. Caughey et al. [24] in-
hibited the conversion reaction in vitro using diferoyl-
methane. Another strategy involves the use of deletion
variants. Eberl and Glockshuber [25] generated
PrP121–231-H1 where helix H1 is deleted and replaced
by the dipeptide Asn-Gly in order to facilitate a b turn be-
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tween the strands. They showed that this variant, which
partially retains a-helical structure, is strongly destabi-
lized compared to wild-type PrP121–231. Vorberg et al.
[26] extended this approach further: they showed that
deletion of either the first or the second b strand signifi-
cantly reduces the ability of PrPC to be converted to PrPSc

in a cell-free assay system. The conversion efficiency of
both PrP deletion variants was found to decrease by
~75%. Based on the atomic contacts within the PrPC

structure, they proposed that deletion of strand S2 (re-
ferred to as PrP-S2) should destabilize PrPC and lead to a
misfolded protein, while deletion of strand S1 (PrP-S1)
should not destabilize the protein, but rather modify the
interactions between PrPC and PrPSc. To test their hy-
potheses, we performed MD simulations of wild-type PrP
and its PrP-S1 and PrP-S2 variants at 320 K for 4 ns and
298 K for 20 ns. 

Materials and methods

Molecular modeling
All simulations were performed at neutral pH using the
program GROMACS2.0 and the all-hydrogen energy
function GROMOS96 [27]. As in our earlier study, the
starting point was the NMR structure of Syrian hamster
PrP90-231 [Protein Data Bank (PBB) entry 2PRP] [28].
The PDB entry 2PRP was chosen rather than the most re-
cent entry 1B10 because 1B10 lacks the atomic positions
of the 90–123 tail. Although the tail is presumably too
disordered in 2PRP, as suggested by the experimentalists,
its NMR-derived position is a better starting point than (i)
any structural candidates suggested by fold recognition
methods using the PrP90–124 sequence as a query and
(ii) any conformations generated by ab initio molecular-
modeling methods. The initial structures for P102L,
P102L-M129V, PrP-S1 (residues 129–132 removed) and
PrP-S2 (residues 160–163 removed) were constructed
using the SWISS-MODEL server [29] and the resulting
structures minimized using the EEF1 energy model [30].
EEF1 combines the CHARMM19 polar hydrogen poten-
tial energy function and a simple Gaussian model for the
solvation free energy. We believe that the local minima
generated by this procedure for the deletion variants have
little impact on the dynamics at a 20-ns timescale. 
All PrP models were then solvated in a cubic box of 
70-Å sides with ~10,000 simple point charge (SPC) wa-
ter molecules and simulated using periodic boundary
conditions. Van der Waals interactions were truncated at
8.5 Å. The electrostatic treatment (12-Å truncation) is
standard and allows a good trade-off between accuracy
and computer time [17]. Note that a 10-Å truncation has
also been used elsewhere [31]. The PrP models were min-
imized by 300 steps of steepest descent and 600 steps of
conjugate gradient and then equilibrated at the desired



temperature for 50 ps under Ca atom restraints followed
by 50 ps free of any atomic restraints. At this stage, MD
simulations were performed in the canonical NPT (num-
ber of particles-pressure-temperature) ensemble. The
time step for dynamics was 2.0 fs using the LINCS algo-
rithm and the list of nonbonded interactions was updated
every 20 fs. Temperature was controlled using a weak
coupling to a bath of constant T (coupling time of 0.1 ps)
and pressure by a weak coupling to a bath of constant P
(1 atm, coupling time of 0.5 ps). All PrP models were
simulated at 320 K for 4 ns. The temperature was set to
320 K to accelerate conformational sampling, but this T
still favors the native state (Tm ~340 K [32]). The P102L
variant was also simulated starting from the same struc-
ture using different initial velocities (runs R1 and R2) to
check that different simulations on the same sequence
produce equivalent results. The P102L-M129V variant
was also simulated for 8 ns to determine the effect of ex-
tending the timescale on the calculated dynamics proper-
ties. Finally, wild-type PrP and its PrP-S1 and PrP-S2
deletion variants were subjected to MD simulations at
298 K for 20 ns. All runs covering 88 ns in total took 6
months on a cluster of 7 PII 500 MHz processors. 
The trajectories were analyzed using several order para-
meters. These include (i) Ca root mean square (RMS) de-
viations of the residues 90–231, 124–226 or 128–214
from the MD average NMR structure (the trajectory from
100 to 200 ps was used to generate this structure; we em-
phasize that one single NMR conformer is available in the
PDB entry 2PRP); (ii) Ca RMS fluctuations (RMSFs)
relative to the average MD structure; (iii) percentage of
secondary structure content using the DSSP program
[33]; (iv) cluster analysis of the conformations and (v)
fraction of native contacts. Following Day et al. [34], a
contact is defined when aliphatic carbon atoms of two
nonsequential side chains come within 5.4 Å or any other
atom of two nonsequential side chains lies within 4.6 Å.
Solvent-accessible surface areas were calculated using
the GETAREA server [35]. The pictures were produced
with MOLMOL software [36]. 

Validity of simulations
The validity of the present conclusions depends on sev-
eral factors. The impact of force field and pH conditions
on PrP dynamics has been discussed elsewhere [16, 31].
Here, we focus on two other points. First, the Syrian ham-
ster sequence has been used for both the studies, while the
P102L mutation occurs in humans, and the deletion mu-
tants have been studied in mice neuroblastoma cells. The
mouse and human PrP90–231 sequences share 94% and
89% identities, respectively, with hamster PrP90–231.
The species variation has been studied in detail by MD
simulations on hamster, human and bovine forms of the
prion protein at neutral and low pH [37]. The results show
that the dynamics of the protein core and the tail are es-

sentially independent of the species. This suggests that
our MD average properties using Syrian hamster can be
extrapolated to human and mouse.
Second, we draw conclusions on the prion protein con-
formations extrapolating from nanosecond timescales.
Clearly, the timescale accessible by the present explicit
water simulations (20 ns at 298 K and 8 ns at 320 K) is
several orders of magnitude smaller than the experimen-
tal folding time of PrP (0.2 ms at 278 K [38]). The mil-
lisecond timescale, however, is still beyond computer fa-
cilities using all-atom models [39]. As a result, we cannot
exclude the possibility that the most populated structures
of the deletion and mutation PrP variants may only cap-
ture the initial unfolding steps, and thus the present dy-
namic behavior has only qualitative significance.

Results and discussion

Wild-type and P102L PrPs have comparable overall
dynamics
To determine whether the point mutation P102L induces
structural changes in PrPC, we performed 4-ns MD simu-
lations of wild-type PrP, P102L (run 1), P102L (run 2)
and P102L-M129V at 320 K. The minimized structures
of P102L and P102L-M129V variants deviate by
0.4 Å from that of wild-type PrP.
Figure 1 shows the Ca RMS deviations of the residues
90–231 (fig. 1A) and 124–226 (fig. 1B) from the MD
average NMR structure for all PrP models. The RMS de-
viations of residues 90–231 versus time fluctuate around
4.5 Å for wild-type PrP, 3.5 Å and 6.5 Å for P102L in
runs 1 and 2, respectively, and 5.5 Å for P102L-M129V
between 2 and 4 ns. Clearly, extending the PrP102L-
M129V simulation from 4 to 8 ns does not change the re-
sults (see also table 1). The increased flexibility in
P102L-M129V and P102L (run 2) with respect to wild-
type PrP does not result from the structured core
124–226, but rather from the tail. The plots of Ca RMS
deviations (fig. 1B) and Ca RMS fluctuations with re-
spect to the average MD structures (fig. 1C) are highly
superposable in the region 124–226. The largest differ-
ences in RMS fluctuations between all PrP models and
for example between runs 1 and 2 of PrP102L variants are
found in the loop between S1 and H1 (residues
134–142), the loop between S2 and H2 (residues
165–179) and the loop between H2 and H3 (residues
195–199). These three regions have been characterized
by NMR to have low hydrogen-deuterium exchange pro-
tection factors in wild-type PrP [40]. 
The standard deviation of MD-generated secondary-
structure percentage within the region 124–226 in table 1
is independent of the PrP model studied (a helix: 3.9%
for wild-type PrP, 3.2% for P102L, 5.9% for P102L-
M129V; b strand: 2.0% for wild-type PrP, 3.4% for
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P102L, 3.0% for P102L-M129V). The MD average per-
centage of the a helix varies: 51% for wild-type PrP,
55% for P102L and 45% for P102L-M129V. This is in
agreement with the NMR-derived percentages of human
PrP mutants (48% for S170N and 58% for E200K [5])
and the MD-generated percentages on G131V (49%) and
M129V (51%) [15]. We find that helix H1 is very stable
in all simulations and that helix H3 is very dynamic in
P102L-M129V: H3 is formed 68% of the time (on aver-
age broken into two parts, 200–204 and 209–220) versus
94% in P102L and 90% in wild-type PrP. This flexibility
is, however, not surprising since helix H3 is shorter in
mouse PrP, spanning residues 200–222 [3]. We also ob-

serve that the end terminal of helix H2 is very flexible in
wild-type PrP and P102L-M129V (residues 190–194 are
disordered), while it is very rigid in P102L. Such flexi-
bility of the C-terminal portion of helix H2 has already
been discussed [41]. In line with MD analysis of the
G131V and M129V variants [15], the MD average per-
centage of b strand within the region 124–226 increases
upon mutation: 3.9% for wild-type PrP, 6.1% for P102L
and 8.2% for P102L-M129V. But, again, this percentage
remains within the NMR-derived percentages of various
PrPs: 3.8% for wild-type PrP and 8.7% for R220K [42].
Finally, the total number of native interactions with time
is conserved upon mutation (fig. 1D). Taken together,
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Figure 1. (A–D) Simulations of wild-type PrP90-231 and its P102L and P102L-M129V variants at 320 K. RMS deviations from the MD
average NMR structure of the residues 90–231 (A) and residues 124–226 (B) as a function of time. RMSF from mean structure (C). Per-
centage of native contacts as a function of time (D). Red, P102L run 1; green, P102L run 2; blue, P102L-M129V; black, wild-type (wt) PrP.

Table 1. Secondary structures of the PrP90-231 models from MD simulations at pH 7. 

PrP model T (K) ns Sa Ha Sc Hc H1 H2 H3

wt 320 4 5.2 ± 2.3 37.3 ± 3.0 3.9 ± 2.0 51 ± 3.9 80 76 90
P102L (R1) 320 4 7.5 ± 2.0 41.6 ± 1.5 7.9 ± 2.5 57 ± 2.1 98 93 96
P102L (R2) 320 4 5.7 ± 4.2 38.7 ± 2.1 6.1 ± 4.2 53 ± 4.2 90 88 92
P102L–M129V 320 4 7.0 ± 2.6 33.6 ± 4.3 8.2 ± 3.0 46 ± 5.9 93 81 68
P102L–M129V 320 8 8.1 ± 2.9 32.7 ± 4.0 8.8 ± 2.9 45 ± 5.4 90 75 68
wt-S1 320 4 0.0 39.2 ± 2.9 0.0 55 ± 4.0 99 85 74
wt-S2 320 4 6.5 ± 2.3 28.1 ± 3.3 4.8 ± 2.1 42 ± 4.5 70 64 83

wt 298 20 7.5 ± 2.5 41.7 ± 2.1 7.8 ± 2.6 57 ± 2.8 99 91 97
wt-S1 298 20 0.0 34.1 ± 4.1 0.0 47 ± 5.6 91 80 67
wt-S2 298 20 1.7 ± 2.3 24.4 ± 6.4 1.1 ± 1.9 34 ± 8.7 64 42 65

The mean (M) and standard deviation (SD) of a helix (H) and b strand (S) percentages within residues 90–231 (subscript a) and residues
124–226 (subscript c) are expressed in the form M ± SD. The mean percentage of helices H1, H2 and H3 during the simulations are shown
to the right. H1, H2 and H3 span residues 145–153, 172–194 and 200–225 in the NMR structure of wild-type (wt) Syrian hamster
PrP90–231 [2]. For P102L, runs R1 and R2 use different random seeds. The second P102L–M129 simulation extends the previous one from
4 to 8 ns.



these results indicate that the mutations P102L and
P102L-M129V likely have a small effect on the overall
conformational properties of the protein core. This is con-
sistent with the circular dichroism (CD) analysis of
Swietnicki et al. [21] on human PrP90–231(P102L). The
discrepancy with the work of Cappai et al. [20], which
points to a significant decrease in a helix content in
mouse PrP23–231(P101L), is not clear. It may be ex-
plained by the fact that the mutation may exert its effect
on a much longer timescale or in the full-length PrP pro-
tein alone. Such a study is clearly beyond the scope of the
present work. Comparison of the NMR spectra of
PrP23–231 and PrP90–231 containing mutation P102L
would help clarify these conflicting data.
In figure 1C, we see that the tail is more mobile in P102L
(run 2) and P102L-M129V than in wild-type PrP. Do
these mutations induce the formation of a transient three-
stranded antiparallel b sheet within the tail as was deter-
mined by MD simulations on the M129V and G131V
variants [15]? Specifically, we found that the population
of this b sheet spanning approximately residues 131–127
(S1 strand), 122–120 and 114–112 is ~30% for both
variants and that the rate-limiting factor for b sheet for-
mation in wild-type PrP90-231 is thermodynamic rather

than kinetic in character. MD analysis of the P102L and
P102L-M129V variants shows that the tail explores a 
b hairpin spanning residues 130–127 and 121–118
(70% of the simulation time) along with disordered states
(30%) as determined for wild-type PrP. Thus, the re-
placement of the b sheet breaker amino acid at position
102 does not propagate the b sheet within the tail on the
nanosecond timescale. 

Deletion mutants have different effects on PrP
stability
To determine the impact of the deletion of each strand on
PrP, MD simulations were carried out at two distinct tem-
peratures. For clarity in what follows, we keep the wild-
type numbering of the amino acids in the deletion vari-
ants. Furthermore, the percentage of native contacts is
evaluated by expressing the total number of contacts in a
given structure over the total number of contacts in the
native structure of wild-type PrP. This allows us to mea-
sure the stability of wild-type PrP contacts in the deletion
variants. 
The minimized structures of the PrP-S1 and PrP-S2 vari-
ants, shown in figure 2A, B, deviate by 2.1 and 1.5 Å from
that of wild-type PrP. The RMS deviation is located be-
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Figure 2. (A, B) Simulations of wild-type PrP and its PrP-S1 and PrP-S2 variants at 298 K. Superposition of the minimized PrP-S1 (A)
(red) and PrP-S2 (B) (blue) structures on wild-type PrP (gray). For clarity, only residues 124–226 are shown. The structural changes upon
strand deletion are indicated by arrows (see details in the text). (C, D) RMS deviations from the MD average NMR structure of the residues
128–214 as a function of time (C). Percentage of native wild-type PrP contacts as a function of time (D). Red, PrP-S1; blue, PrP-S2; black,
wild-type PrP.



tween positions Gly124 and Met138 in PrP-S1 and be-
tween Asn153 and Val166 in PrP-S2. A comparison was
first made of the secondary-structure composition gener-
ated at 320 K in order to estimate the relative stability of
each helix and b strand. We found that the a helix content
changes little upon S1 deletion (55% vs 51% in wild-type
PrP), but drops to 42% in PrP-S2 because of the destabi-
lization of helix H2 and the C-terminal end of helix H1
(table 1). The b strand content is 0% in PrP-S1 and 4.8%
in PrP-S2 versus 3.9% in wild-type PrP. Analysis of the
percentage of native contacts as a function of time shows
that PrP-S1 and wild-type PrP behave similarly (~63%
and 67%, respectively), but PrP-S2 is destabilized
(~47%) on a 4-ns timescale (data not shown). These find-
ings are supported by the 20-ns simulations at 298 K.
Analysis of the Ca RMS deviations generated at 298 K as
a function of time in figure 2C shows that PrP-S1 devi-
ates less from its starting structure than wild-type PrP
during the 20-ns timescale (mean RMSD of 2.0 Å for
PrP-S1 vs 3.5 Å for wild-type PrP) and that PrP-S2 is
very flexible (mean RMSD of 4.5 Å). In this analysis, we
used residues 128–214 because the C-terminal end of he-
lix H3 is very flexible as determined by hydrogen ex-
change and NMR relaxation studies of human and Syrian
hamster PrP [40]. Secondary-structure composition at
298 K shows that the mean percentage of a helix within
the protein core varies upon strand deletion from 34% in
PrP-S2 to 47% in PrP-S1 versus 57% in wild-type PrP by
MD and NMR. Clearly, the predicted percentage of a he-
lix in PrP-S2 is much shorter than that identified by NMR
for various PrPs. For PrP-S1, the situation is less clear be-
cause the C-terminal end of helices H2 and H3 varies be-
tween species NMR: helix H2 is 12 residues shorter
(173–182) in human PrP125–228(S170N) [42] – this
leads to 48% of a helix versus 47% for PrP-S1 –  and he-
lix H3 spans residues 200–222 in mouse PrP121–231 [3]
versus 200–228 in human PrP90–231 [5]. The mean per-
centage of b strand at 298 K is 0% in PrP-S1 and 1.1% in
PrP-S2 versus 7.8% in wild-type PrP by MD and NMR.
Thus, there is no b sheet in the S1-deleted variant, but a b
hairpin forms in wild-type PrP and the S2-deleted variant
from residues 120–122 and 128–130 (S1 strand) for
90% and 30% of the simulation time, respectively. The
percentage of native contacts at 298 K with time, in fig-
ure 2D, is invariant upon deletion of strand S1, but is re-
duced upon deletion of strand S2. We see that the per-
centage of native contacts at 20 ns is 67% in PrP-S1 and
50% in PrP-S2 versus 67% in wild-type PrP. Taken to-
gether, the RMS deviation, the percentage of native con-
tacts and the secondary structure analysis indicate that
deletion of strand S2 changes the global (stability) three-
dimensional PrP structure, while removal of strand S1
does not lead to major tertiary-structure variation within
the core. This is consistent with the hypotheses of Vorberg
et al. [26] based on the NMR structure of wild-type PrP.

Deletion mutants modify the binding and conversion
sites targeted by PrPSc

Transition from PrPC to PrPSc is a two-step process, which
begins with binding between the two PrP isoforms, fol-
lowed by conversion of the cellular to the pathogenic
form [43]. In hamster PrP, the binding surfaces include
residues 119–138, 165–174 and 206–223, while con-
version to PrPSc is strongly influenced by residues 139,
155 and 170 [43].
Figure 3A–C shows for each PrP the conformation rep-
resenting 84% (PrP-S1), 98% (PrP-S2) and 55% (wild-
type PrP) of the MD-generated structures from 15 to 
20 ns, using cluster analysis and an RMSD cut-off of 
2 Å for residues 90–231. In both deletion variants, the
three binding regions spanning helix H3 (206–223), the
loop between S2 and H2 (165–175) and the N-terminal
sequence (119–138) move substantially from their posi-
tions in the NMR structure of wild-type PrP. The C-ter-
minal end of helix H3 (215–223) is disordered in both
variants and can even interact with the tail in PrP-S1
(residues M213 and Q217 are in contact with residue
A118). The binding site 165–175 is much more dynamic
and the conformation of the N-terminal tail is substan-
tially modified. The residues (G119, M138) move by 
(11 Å, 8 Å) and (22 Å, 6 Å) from the NMR wild-type PrP
structure to the representative PrP-S1 and PrP-S2 forms,
respectively. Moreover, deletion of strand S2 does not
prevent the formation of a b sheet spanning S1
(130–128) and the tail (122–120), while deletion of
strand S1 blocks or (may delay) the formation of a b sheet
within the tail. 
Along with a change in the shape of the three binding
sites, removal of the b strands also changes the position
(see fig. 3) and solvent accessibility of the residues im-
portant for conversion. Met139 becomes totally buried in
PrP-S1 [its solvent accessibility surface (SAS) is 4 Å2 vs
46 Å2 in the NMR structure) and the residues Asn155 and
Asn170 are less exposed to solvent. Their SASs are
(100 Å2, 111 Å2) in PrP-S1 and (94 Å2, 71 Å2) in PrP-S2
versus (130 Å2, 122 Å2) in the wild-type PrP structure. 

Helix 1 is rather stable and helices 2 and 3 are
disordered in deletion mutants
The MD-generated structures of wild-type PrP during the
20-ns timescale can be clustered into two conformations:
one (55%) with helix H1 spanning residues 144–153, H2
residues 172–194 and H3 residues 200–226, in perfect
agreement with the NMR positions; the other (45%) with
H1 residues 144–156, H2 residues 172–194 and H3
residues 200–226. In the representative MD form of the
variants, we find that the a helix content of the fragment
spanning helix H3 is reduced by 44%. The N-terminal
end of helix H3 remains formed (residues 200–214) and
the fragment 215–226 unfolds in PrP-S2, while H3 spans
residues 200–209 and 212–216 in PrP-S1. These find-
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ings are in line with a number of studies. These include
hydrogen exchange and NMR relaxation of PrPs in their
normal structures [40], sequence analysis which proposes
that residues 204–216 stay invariant through conversion
[8, 44], and the discovery of the antibody V5B2, raised
against residues 214–226, which recognizes PrPSc but not
PrPC, indicating a structural rearrangement of the C ter-
minus [45].
The a helix content of H2 is reduced by 36% upon S1
deletion and 64% upon S2 deletion. H2 spans residues
173–188 in PrP-S1, while H2 spans residues 179–183
and 185–188 in PrP-S2 versus residues 172–194 by MD
and NMR. This high propensity to unfold in both variants
correlates well with recent studies which identified helix
H2 as frustrated in its monomeric PrPC structure [46, 47].
Frustration in secondary structure elements is defined as
the incompatibility between the predicted (by using
neural networks, for example) secondary structure and
the experimentally determined structure. This is also in
agreement with biophysical studies on the fragment span-
ning helices H2 and H3 which showed that the full ter-
tiary structure context of PrP is critical to stabilize the C-
terminal a-helical hairpin [25]. We emphasize that the
disorder of helices H2 and H3 may be reduced in PrP-S1
and PrP-S2 spanning residues 23–231 because of tran-
sient interactions between the N-terminal octarepeat re-
gion and the protein core [2, 41]. But such a disorder oc-
curs because it is an intrinsic property of PrP: helices H2
and H3 span residues 171–188 and 200–223 in the crys-
tal structure of human PrP119–226 [5] versus residues
173–182 and 200–227 in the NMR structure of human
PrP125–228(S170N) [42]. 
In contrast to helices H2 and H3 which are disordered
upon b strand deletion, helix H1 is found to be rather sta-
ble. Helix H1 is fully formed upon removal of strand S1.
Helix H1 spans residues 145–149 upon removal of strand
S2 because of favorable interactions between Tyr145 and
Tyr149, and between Asp144, Glu146, Asp147 and the
dipole moment of the helix. This finding is fully consis-
tent with CD and NMR studies of human and murine
prion peptides encompassing helix 1 and flanking se-
quences under various pH conditions [48, 49]. Moreover,
helix H1 was recently found to have the highest thermo-
dynamic stability among the three helices [50], and helix
H1 is the most stable secondary-structure element at low
pH by MD simulations of human PrP(125–228) [51].
Taken together, these data exclude the possibility that the
high stability of H1 as discussed here results from a
smaller chance of being hit by random effects because H1
is much shorter than H2 and H3. 

Conclusions
The formation of PrPSc involves a decrease in a helix con-
tent and a substantial increase in b strand content [6].
Within the ‘protein-only’ hypothesis, a detailed mecha-
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Figure 3. Superposition of the NMR structure of wild-type PrP
(gray) on the most populated conformation of wild-type PrP (A)
(magenta), PrP-S1 (B) (red) and PrP-S2 (C) (blue) from 15 to 20 ns
(see text). The N and C terminals correspond to residues 118 and
231, respectively. For clarity, the three regions involved in binding
of the two isoforms, namely spanning residues 119–138, 165–175
(between strand S2 and helix H2) and 206–223 (helix H3) [43], are
also shown in boxes. The residues Met139, Asn155 and Asn170,
important for conversion, are represented at an atomistic detail [43]. 



nism for this conversion of secondary structure is unclear,
but both the tail and the core are implicated in the con-
formational transition [52]. We investigated the impact of
the point mutation P102L and the deletion of either the
first or the second b strand on PrP(90–231) structure and
dynamics. By using PrP mutants in isolation, we do not
expect that their MD-generated forms are similar to the
scrapie form. These PrP mutants can, however, provide
insights into the early steps in PrP interconversion, as re-
ported for amyloidogenic mutants of proteins such as
lysozyme [53] and transthyretin [54].
Figure 4 summarizes the likely biologically important
fluctuations of the secondary structures of PrP as deter-
mined by our MD predictions. MD analysis of wild-type
PrP and its variants shows that the point mutations
M129V and G131V extend the short b sheet in the nor-
mal protein into a larger sheet at neutral pH, but P102L
does not (see fig. 4). This result is significant because it
shows that all pathogenic mutations do not exert a uni-
form effect in promoting b sheet conformation, which is
further stabilized by interactions with PrPSc.
Based on a total of 60-ns MD trajectories at room tem-
perature, PrP-S1 is found to fluctuate around the native
structure of wild-type PrP, while PrP-S2 explores par-
tially unfolded conformations. Since the topological con-
version is not abolished in a cell-free assay system, the
PrP-S1 and PrP-S2 forms retain some of the structural
features recognized by PrPSc. In both variants, the N-ter-
minal tail and all residues involved in binding and con-
version are, however, subjected to significant conforma-
tional changes. This finding confirms that partially un-

folded intermediates of molten globule type are involved
in the structural transition [50, 55]. Intriguing in this con-
text is that our PrP-S2 structure with disordered helices
H2 and H3 but well-formed helix H1 resembles the con-
formation of Syrian hamster PrP90–231 determined by
high-pressure NMR experiments and identified as a PrP
intermediate or a closely related precursor [50]. There is,
however, no available detailed experimental structure for
exact comparison.
Finally, our MD simulations indicate that helix H1 span-
ning residues 144–153 in the NMR structure of wild-
type PrP, and lacking point mutations associated with
known human prion diseases, is rather stable against en-
vironmental perturbations (fig. 4). This finding, which
complements spectroscopic studies of prion peptides
lacking the full tertiary context of PrP [48, 49], demon-
strates that unfolding of the full domain containing helix
H1 is not an early step in PrP interconversion. In addition,
figure 4 offers no really compelling evidence that helices
H2 and H3 are more stable than H1 and that they are able
to survive the transformation to the scrapie form while
helix H1 is not. This result raises the question whether the
N-terminal end of helix H1 may retain its structure in
PrPSc. Recently, the model of Wille et al. [7] with a he-
lices H2 and H3 formed and b helices in the region
90–170 has been questioned using sequence analysis [8,
44] and vibrational Raman optical activity [56]. The pres-
ence of partial helix H1 in PrPSc is also compatible with
the in vivo inhibitory effects on prion replication using
the monoclonal antibody ICSM18 recognizing residues
146–159 of murine PrPC and having a lower affinity for
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Figure 4. Schematic representation of the secondary structures of wild-type recombinant Syrian hamster PrP90-231 by NMR [2] and its
variants from the present (PrP-S1, PrP-S2, P102L and P102L-M129V) and previous (M129V and G131V [15]) MD simulations. H1, H2
and H3 are presented by black boxes; S1 and S2 by gray boxes with crosses; permanent b strands within the tail by gray boxes and tran-
sient b strands within the tail (formed less than 50% of the simulation time) by cross-hatched boxes. B1, B2, B3 and B4 are b-strands
within the tail. Deletion of S1 and S2 strands is shown as a gap. Point mutations associated with known human prion diseases are: P102L,
P105L, A117V, G131V, D178N, V180I, T183A, H187R, T188R, E196K, F198S, E200K, D202N, R208H, V210I, E211Q, Q212P and
Q217R; polymorphism: M129V, E219K; unclassified: N171S as found in SWISS-PROT entry P04156 [59].



PrPSc [57]. Moreover, the monoclonal antibody 15B3,
which recognizes PrPSc at positions 142–148 (N-terminal
half of helix H1 in the normal protein), 162–170 and
214–226, does not necessarily require a structural re-
arrangement of the full helix H1 [8, 58]. 
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