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Abstract

Inherited forms of transmissible spongiform encephalopathy, e.g. familial Creutzfeldt–Jakob disease, Gerstmann–Sträussler–Scheinker
syndrome and fatal familial insomnia, segregate with specific point mutations of the prion protein. It has been proposed that the pathologically
relevant Asp178Asn (D178N) mutation might destabilize the structure of the prion protein because of the loss of the Arg164–Asp178 salt
bridge. Molecular dynamics simulations of the structured C-terminal domain of the murine prion protein and the D178N mutant were
performed to investigate this hypothesis. The D178N mutant did not deviate from the NMR conformation more than the wild type on the
nanosecond time scale of the simulations. In agreement with CD spectroscopy experiments, no major structural rearrangement could be
observed for the D178N mutant, apart from the N-terminal elongation of helix 2. The region of structure around the disulfide bridge deviated
the least from the NMR conformation and showed the smallest fluctuations in all simulations in agreement with hydrogen exchange data of
the wild type prion protein. Large deviations and flexibility were observed in the segments which are ill-defined in the NMR conformation.
Moreover, helix 1 showed an increased degree of mobility, especially at its N-terminal region. The dynamic behavior of the D178N mutant
and its minor deviation from the folded conformation suggest that the salt bridge between Arg164 and Asp178 might not be crucial for the
stability of the prion protein. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

An increasing body of experimental evidence indi-
cates that prions are the cause of transmissible spongi-
form encephalopathies (TSEs) [1–4]. TSEs include kuru,
Creutzfeldt–Jakob disease, fatal familial insomnia and
Gerstmann–Sträussler–Scheinker syndrome in humans,
scrapie in sheep, and bovine spongiform encephalopathy
[5–7]. Such prion diseases can appear sporadically or as
infectious or inherited disorders [8], characterized by the
accumulation of an abnormal isoform (PrPSc) of the cel-
lular prion protein (PrPC) in the brain [9,10]. According
to the “protein only” hypothesis [11–13], the infectious
agent of TSE has no nucleic acid and is composed mostly,
if not entirely, of PrPSc. This disease-associated form is
identical in its covalent structure to PrPC [14], and the
two forms seem only to differ in their three-dimensional
structure. Fourier-transform infrared and circular dichroism
(CD) spectra indicate that PrPSc has an increased content
of �-sheet conformation compared to PrPC [15,16].
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Mammalian PrPC is a highly conserved secretory cell
surface glycoprotein of 209 residues (208 residues in
murine PrPC (mPrPC)) [17,18]. It is anchored to the cell
membrane via a glycosyl phosphatidylinositol (GPI) an-
chor at the C-terminus and has a single disulfide bridge
(Cys179–Cys214) and twoN-glycosylation sites [14]. The
nuclear magnetic resonance (NMR) solution structure of the
recombinant mPrPC (23–231) reveals that the N-terminal
segment 23–120 is disordered, while the C-terminal seg-
ment 121–231 forms a structured domain [19–21]. The
three-dimensional structure of this domain is shown in
Fig. 1. It consists of a small two-stranded anti-parallel
�-sheet and three�-helices. The flexible loop 167–171,
the last two turns of helix 2 (188–193), and the residues
220–226, containing the helix-like segment 222–226, are
structurally disordered [20]. Recently, Zahn et al. have de-
termined the NMR solution structure of the recombinant
human PrPC, hPrPC (23–231) [22]. The conformation of
the mPrPC differs only slightly from that of the hPrPC. In
mPrPC, helix 3 ends at residue 219, followed by a kink and
the helix-like segment 222–226. The hPrPC has a longer
helix 3 which comprises the residues 200–228.

The structured domain of PrPC can adopt alterna-
tive, non-native conformations depending on the solution
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Fig. 1. (Top) Stereoview of the refined NMR solution structure of the murine PrP (124–226). The disordered chain-terminal segments 121–123 and
227–231 are ill-defined, and therefore, not shown. The disulfide bridge between Cys179 and Cys214 is identified by black bonds. Secondary structure
elements are defined according to the NMR data [20]. (Bottom) Stereoview of the region close to the side chains of Tyr128, Arg164 and Asp178. Asp178
is replaced by Asn in the mutant simulations. The orientation is rotated by about 50◦ with respect to the stereoview in the top. The image was prepared
using MOLSCRIPT [68].

conditions [23–25]. An increase of�-sheet content could
be observed at low pH values [24,25] or at pH 5 and 328 K
[23]. Therefore, it has been suggested that PrPC has a high
conformational plasticity, which permits it to be in dynamic
equilibrium with alternative conformations [23,26]. Since
the structured domain of PrPC holds 8 of 12 specific point
mutations linked with familial TSE forms [27,28], it has
been proposed that the thermodynamic stability of PrPC

decreases upon mutation, and thus, further facilitates its
conversion into alternative conformations like PrPSc [26,29].

Molecular dynamics (MD) simulations have become
a powerful tool for studying the structure and dynamics
of biomolecules. The reversible folding of miniprotein
motifs has been simulated with an implicit model of the
solvent [30–32]. However, MD studies with full atomic
representation of the protein and solvent are usually limited

to few nanoseconds. Therefore, even for small proteins
they are not long enough to describe the inter-conversion
between native and non-native states at room temperature.
Nevertheless, MD simulations started from the X-ray or
NMR conformation can provide information concerning the
flexibility and the contribution of backbone and side chain
interactions to local structural rearrangements of the folded
state [33,34]. The flexibility of a structure is reflected in
the fluctuations of each atom relative to its average position
during the trajectory. Useful insights can be obtained by
comparing the mobility of similar proteins or the same pro-
tein under different pH [35,36] or temperature conditions
[33]. Recently, the effect of low pH on the wild type Syrian
hamster PrPC (109–219) conformation was investigated by
two 10 ns MD simulations at neutral and low pH [37]. At
low pH, a larger flexibility was observed throughout the
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sequence and the native�-sheet structure increased. It was
proposed that the neutralization of Asp178 at low pH re-
moves interactions that inhibit a structural change at neutral
pH. MD simulations have also been performed to investi-
gated the dynamical and structural behavior of a homology
model of the hPrPC (90–230) and the Syrian hamster PrPC

(90–231) [38] as well as the mPrPC (121–231) [39]. The
simulations by Zuegg and Gready indicate that electrostatic
interactions play an important role in the dynamic stability
of PrPC and that a correct treatment of the long-range elec-
trostatic interactions is necessary to obtain stable trajectories
[38]. To investigate the influence of the glycosylation and
the GPI anchor on the structural and dynamical behavior of
PrPC, Zuegg and Gready also performed MD simulations
of the homology model of hPrPC (90–230) with the two
N-linked glycans (at Asn181 and Asn197) and the GPI
anchor attached to Ser230 [40]. The results suggest that
the N-linked glycans reduce the flexibility in some parts
of the hPrPC (helices 2 and 3) and increase it in others
(flexible loop 167–171). However, theN-glycans had no
major influence on the overall conformational properties
of hPrPC. The importance of N-linked glycosylation was
also investigated by short (100 ps) MD runs of the mPrPC

and mutants thereof with or without glycan in vacuo with a
distance dependent screening function [41]. Short MD sim-
ulations (500 ps) have been also performed using a small
layer of explicit water molecules [42].

In this paper, the dynamical behavior of the structured
domain of the wild type PrPC and the Asp178Asn mutant is
studied by explicit water MD simulations. Three runs of the
wild type PrPC and two of the Asp178Asn mutant (D178N)
were performed for a total simulation time of 7.5 ns. The
minimized average NMR solution conformation of mPrPC

(124–226) was used as initial conformation because the
hPrPC structure was not available when the simulations were
started. The segment 124–226 is of pathological interest,
since it has been suggested that helix 1 (144–154) might be
involved in the conformational change leading from PrPC

to PrPSc [2,43]. Moreover, structural rearrangements of the
D178N mutant are expected in this segment [44]. Two dif-
ferent phenotypes of the prion disease segregate with the
replacement of Asp178 by Asn, depending on the nature
of the amino acid in position 129, i.e. Met129/Asn178
correlates with fatal familial insomnia and Val129/Asn178
with Creutzfeldt–Jakob disease [45]. The simulations re-
ported here were done with a Met in position 129. As the
Asp178 side chain is involved in a salt bridge with Argl64
and a hydrogen bond with Tyr128, both connecting he-
lix 2 with the �-sheet (Fig. 1), it was predicted that the
replacement of Asp178 by Asn would lead to structural
rearrangements [44]. The D178N mutant is 1.7 kcal mol−1

less stable than the wild type according to site-directed
mutagenesis and urea-induced equilibrium transition
experiments [44].

The main objective of this study was to test the hypothesis
of structural rearrangements due to the D178N mutation and

to investigate whether this increases the flexibility of the
prion protein. In addition, the comparison of the simulation
results with hydrogen exchange data [46] is useful to validate
the former and extrapolate on the initial events responsible
for the PrPC to PrPSc conversion. In the MD simulations, no
major displacements could be observed in the�-sheet and
helix 2. Four structural elements remained close to the NMR
structure in all simulations; these are the C-terminal part of
helix 1, most of helices 2 and 3, and the second�-strand.
Larger deviations and a higher flexibility were observed in
regions which are ill-defined in the NMR structure, as well
as at the N-terminal part of helix 1.

2. Methods

2.1. Simulation method

The CHARMM program [47] with the all-hydrogen
CHARMM22 parameter set [48] was used for all simula-
tions. The modified TIP3P model was employed for the
water molecules [49,50]. As the NMR structure of mPrPC

(protein data bank (PDB) code 1AG2) does not contain the
coordinates of the ill-defined first three and last five residues
of the domain 121–231, simulations were done with the
segment 124–226. For the D178N mutation, one oxygen
of the carboxyl group was replaced by a NH2. The NMR
structure of mPrPC (124–226) and the D178N mutant were
minimized by 400 steps of steepest descent and 600 steps
of conjugate gradient to relieve local strain. The minimized
conformations were then immersed in an equilibrated water
sphere of 36 Å radius. Water molecules overlapping the pro-
tein atoms were deleted. The criterion for overlapping was
a distance smaller than 2.8 Å between the water oxygen and
any heavy atom of the protein. The solvent was equilibrated
for 1 ps around the rigid protein. The same sphere was over-
laid four times with different orientations to fill holes in the
water structure. After each overlay, all water within 2.8 Å
from any protein heavy atom or other water molecule were
deleted [51], and the solvent equilibrated for 1 ps. The final
molecular system consisted of the prion protein (1675 and
1677 atoms for the wild type and D178N mutant, respec-
tively) centered in a sphere of 36 Å radius with 6212 (wild
type) and 6216 (D178N) water molecules. Atoms in the
spherical region of 32 Å radius were treated by Newtonian
dynamics, whereas the water molecules in the spherical shell
from 32 to 36 Å were treated by Langevin dynamics. A de-
formable spherical boundary potential [52] was used to min-
imize the boundary effects. It has been shown that spherical
boundary conditions do not affect the dynamics more than
periodic boundary conditions [53]. The MMFP option of the
CHARMM program was used to constrain the protein on the
center of the water sphere by imposing a harmonic potential
on the protein’s center of mass [54]. The length of covalent
bonds involving hydrogen atoms were constrained using
the SHAKE algorithm [55] and the leap-frog integrator was
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used with an integration step of 2 fs. The non-bonding pair
list was updated every 20 steps. The CHARMM22 default
cutoffs for long-range interactions were used, i.e. a shift
function was used for the electrostatic term with a cutoff at
12 Å, and a switch truncation acting between 10 and 12 Å
was employed for the van der Waals interactions [48]. Struc-
tures were saved every 0.5 ps for a total of 3000 snapshots
for each trajectory. During an initial heating phase of 60 ps,
the velocities were scaled to the final temperature of 300 K.
Three simulations of the wild type (WT1–3) and two of the
mutant (D178N1 and 2) were performed with different seeds
for the random number generator used for the assignment
of the velocities. Each simulation required approximately 2
months of CPU time on a 195 MHz R10000 processor.

2.2. Analysis methods

For the calculation of the root mean square (RMS) fluctu-
ations relative to the average structure, the coordinate frames
from the trajectories were first superimposed on the NMR
conformation to remove any effect of overall translation and
rotation. The RMS fluctuations are given by

RMS fluctuations= 〈d2
traj, avg〉1/2 (1)

wheredtraj,avg is the distance between the actual coordinates
and the average position over the selected time interval, and
〈 〉 represents the time average.

The hydrogen bond criterion consisted of a distance be-
tween the amide hydrogen and the oxygen smaller than 2.6 Å
and the angle N–H· · · O larger than 120◦. A salt bridge was
considered to be present if the distance between the donor
and acceptor atoms was smaller than the sum of the van der
Waals radii plus 1.5 Å [38]. Analysis of the secondary struc-
ture content was done with the program DSSP [56]. DSSP
classifies the structural features of a residue according to its
hydrogen bonding patterns. Ann-turn is identified by a hy-
drogen bond between the CO group of residuei and the NH
group of residuei + n. At least two consecutive hydrogen
bonds are required for an helix assignment. In this context,
repeating 3-, 4-, and 5-turns are 310- , �- and�-helix, respec-
tively. If the hydrogen bonding patterns of some residues
in a given conformation are compatible with different types
of helices, �-helices take precedent over�-helices, and
�-helices are preferred to 310-helices. Then-turns which are
not part of a helix are considered as hydrogen bonded turns.

3. Results

3.1. Overall behavior

In two of the three WT runs (WT2 and WT3) the C� RMS
deviation from the minimized average NMR conformation
reached a plateau after 0.5 ns with an average value over the
final nanosecond of 2.2 ± 0.1 and 2.2 ± 0.2 Å, respectively

Fig. 2. Temporal evolution of the C� RMS deviation from the minimized
average NMR structure in the WT runs (upper panel) and the D178N
runs (lower panel).

(Fig. 2). The C� RMS deviation of WT1 remained at about
2.8 Å from 0.5 to 1.2 ns, but increased in the last 0.2 ns to
a value of 3.7 Å. For the mutant, at the beginning of both
D178N runs, the C� RMS deviation from the minimized
average NMR conformation increased faster than in the wild
type simulations and reached a value of 2.5 Å already after
0.25 ns. However, in the D178N2 run, it stayed close to
this value over most of the simulation time, and in the last
0.25 ns, the average C� RMS deviation was 2.1 ± 0.1 Å. In
the D178N1 run, the C� RMS deviation increased further
with an average value of 3.1± 0.2 Å during the final 0.5 ns.

Since there can be significant conformational heterogene-
ity in the NMR structures, it is useful to consider all of the
NMR conformers as reference state for RMS deviation cal-
culations. At the end of the WT1 run, the C� RMS devia-
tion from 11 of 20 NMR conformers is smaller than 3.0 Å
(Fig. 3). In the WT2 run, the C� RMS deviation from the 20
NMR conformers decreased with time and is smaller than
2.5 Å at 1.5 ns. Only for the conformers 9, 14 and 17 peak
deviations between 3.0 and 3.5 Å were observed. WT2 re-
mained the closest to the NMR conformer 11 with a time
averaged C� RMS deviation of 2.1± 0.2 Å. It is clear from
Fig. 3b that there can be significant differences in the value
of the RMS deviation using different NMR conformers as
reference structure. The magnitude of the deviations of the
WT3 run (data not shown) is in between the ones of WT1
and WT2. As for the C� RMS deviation from the minimized
average NMR structure, the deviation from the 20 NMR
conformers increased in the first and showed a plateau phase
in the second half of the D178N1 run. From 13 conform-
ers, the average C� RMS deviation was lower than 2.5 Å.
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Fig. 3. ((a), (b), (e) and (f)) C� RMS deviation from the 20 NMR
conformers as a function of time. Color code: white, 0.0–2.5 Å; gray,
2.5–3.0 Å; black, >3.0 Å. ((c), (d), (g) and (h)) Evolution of the C�

RMS deviation as a function of time. The reference conformation is the
NMR conformer with the smallest (gray lines) and largest (dotted lines)
deviation from the final snapshot. The average value of the C� RMS
deviation from the 20 NMR conformers is shown by the black solid line.

However, peak deviations up to 3.5 Å are seen for 11 of the
20 NMR conformers. In the D178N2 run, the C� RMS devi-
ation from most NMR conformers remained constant during
the 1.5 ns simulation time. The average deviation from 15 of
them is smaller than 2.5 Å and the lowest average value is
observed for the conformer 14 with 2.2± 0.1 Å. Only from
conformers 11, 13 and 19, the D178N2 deviated transiently
>3.0 Å. Overall, this analysis indicates that the D178N sim-
ulations deviate from the NMR ensemble more than WT2
and less than WT1.

To identify the parts of the protein that underwent large
displacements, it is useful to plot C� RMS deviations as a

Fig. 4. C� RMS deviation from the minimized average NMR structure
as a function of residue number and time in WT1 (upper panel) and
D178N1 (lower panel). Color code: white, 0.0–3.0 Å; gray, 3.0–6.0 Å;
black, >6.0 Å. The secondary structure elements of mPrPC are shown at
the bottom of the panels [20].�-Helices are represented by rectangles
and �-strands by arrows. The filled circles mark the position of the two
cysteines forming the single disulfide bridge of the prion protein.

function of residue number and time. This is shown in Fig. 4
for WT1 and D178N1, which, among the five simulations,
present the largest deviations from the NMR conformers.
Overall, the WT1 and D178N1 simulations show a similar
behavior along the sequence and this is also true for WT2,
WT3 and D178N2 (see below). In the WT1 simulation, ma-
jor displacements took place in the disordered segments of
the NMR solution structure, i.e. at the loop 167–171 and the
C-terminus, and also in the well-defined first�-strand and
the first turn of helix 1. The flexible loop 167–171 moved
towards the N-terminus (Fig. 5). The deviations of the first
�-strand were caused by small displacements without affect-
ing the integrity of the two-stranded�-sheet. The first turn
of helix 1 remained close to the NMR structure during the
first 0.5 ns. Shortly after, it underwent an almost rigid body
motion that resulted in a displacement of the the N-terminal
part of helix 1 away from helix 3 (Fig. 5). This caused large
deviations from the average NMR conformation mainly in
the first turn of helix 1 and the final part of the segment
connecting the first�-strand with helix 1 (138–143). The
deviations of the first�-strand and helix 1 may be related to
the fact that the former does not contribute to the hydropho-
bic core and the latter has only one side chain (Tyr150) in
the core. Furthermore, the helix 1 residues are not involved
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Fig. 5. Stereoview of the initial (helices in red and�-strands in magenta) and final (helices in blue and�-strands in cyan) conformation of the WT1
simulation. The picture was generated with MOLMOL [69].

in hydrogen bonds with the rest of the prion protein, except
for Tyr149 and Tyr150, whose side chain hydroxyls donate
to the carboxyl groups of Asp202 and the CO of Pro137
(Table 2 of [20]). The last turn of helix 2 (189–193), which
belongs to an ill-defined segment in the NMR structure,
showed significant deviations in the second part of the WT1
simulation due to an helical kink. This is reflected in an in-
creasing C� RMS deviation not only of the last turn, but
also of the segment connecting helices 2 with 3 (193–199).
In WT2 and WT3 (data not shown), the deviations were less
pronounced, but affected the same segments as in WT1. The
flexible loop 167–171 moved towards the N-terminus and
the N-terminal part of helix 1 underwent an almost rigid
body motion away from (WT2), respectively towards (WT3)
helix 3. The amplitude of the motion of helix 1 was smaller
than in WT1. Deviations higher than 3.0 Å were also seen

Fig. 6. Same as in Fig. 5 for the initial (helices in red and�-strands in magenta) and final (helices in blue and�-strands in cyan) conformation of the
D178N1 simulation.

for the segment connecting helix 2 with helix 3. However,
there was no kink in helix 2 in the WT2 and WT3 runs.

In the D178N1 and D178N2 simulations, the nature and
amplitude of the deviations were similar to WT1 for the loop
167–171, the C-terminus and the region of the first�-strand
(Fig. 4). A displacement of the N-terminal part of helix 1
away from helix 3 could be observed in both, but it was less
pronounced than in WT1 (Figs. 4 and 6). Moreover, a kink
in helix 2 was transiently observed in the first part of the
D178N2 simulation and disappeared at the end.

3.2. Flexibility along the sequence

The deviations described above indicate how far the pro-
tein has moved from the ensemble of NMR conformers.
The C� RMS fluctuations with respect to the average MD
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Fig. 7. C� RMS fluctuations from the average structure of the 0.0–1.5 ns
time interval as a function of residue number. The secondary structure
elements and cysteine residues are represented as in Fig. 4. The arrow
indicates the position of the mutation.

conformation (Fig. 7) are more appropriate to describe flex-
ibility differences among residues. Over the whole simula-
tion period of 1.5 ns, comparable fluctuations were found
for the wild type and the D178N mutant. The residues with
the smallest fluctuations are in the helices 2 and 3. They
are centered around the stabilizing Cys179–Cys214 disul-
fide bridge (residues 178–184 and 203–218). Further, the
segment 156–164, which contains the second,�-strand and
contributes to the hydrophobic core with the Pro158 and
Val161 side chains, shows restricted mobility. The smallest
fluctuations from the averaged MD conformation were ob-
served for the following residues: Tyr157 and the segment
210–213 in the three WT runs, and Val161 and the segment
210–214 in both D178N runs. Large fluctuations were found
in the ill-defined loop 167–171, as well as at the C- and
N-terminus. The flexibility of the first turn of helix 1 and

the preceding segment (138–143) as well as the last turn of
helix 2 and the following residues in the segment 193–199
were high in all runs, but particularly in WT1 and D178N2.
This is related to their temporary large deviations from the
NMR conformers. Overall, the plots in Fig. 7 indicate that
the fluctuations in WT2 and WT3 are more similar to the
ones of the D178N runs than to WT1. This shows that it
is important to run multiple simulations and compare them.
More important, it suggests that the wild type prion protein
and D178N mutant show similar flexibility.

3.3. Secondary and tertiary structure stability

3.3.1. Backbone hydrogen bonds and secondary structure
Since a major shift in secondary structure content from

�-helix to�-sheet is at the basis of PrP misfolding and aggre-
gation, it is important to investigate the behavior of the main
chain hydrogen bonds along the simulations. Further, the
overall stability of the native configuration depends in part
on the presence of backbone hydrogen bonds. Table 1 lists
the occurrences of backbone hydrogen bonds during the MD
simulations and compares them to the energy-minimized
average NMR structure [20]. Most of the backbone hydro-
gen bonds of the NMR structure were present in wild type
and mutant runs. However, reduced occurrences of hydro-
gen bonds were observed in the ill-defined fourth turn of
helix 2 and the C-terminal segment 222–226. The loss of the
hydrogen bonds in the fourth turn of helix 2 promoted the
kink of the last turn and tended to split helix 2 in WT1 and
D178N2 (Figs. 8 and 9). However, the DSSP results show
that the three residues involved in the kink (Gln186, His187
and Thr188) lost the�-helical conformation only for about
10% of the WT1 and 30% of the D178N2 simulations time
(Fig. 9) Further, two backbone hydrogen bonds were par-
tially lost in structurally well-defined parts of PrPC. They
are Arg208HN –Lys204O′ and Glu152HN –Arg148O′. Nev-
ertheless, the loss of these hydrogen bonds was only tempo-
rary and did not influence the continuity of the helices 1 and 3
in any run (Fig. 9). Three of the four�-sheet hydrogen bonds
were present for >93% of the simulation time (Table 1). The
fourth one (Val161HN –Gly131O′) was present only in WT1
and D178N2. A hydrogen bond between the NH of Met134
and the CO of Asn159, which would be compatible with
an elongation of the�-sheet towards the first helix, was ob-
served only in the D178N1 simulation and for about one-half
of the simulation time. Overall, the position and amount of
the secondary structure elements were well preserved in the
five runs (Table 2). The�-strands have a similar length in all
simulations, which is slightly shorter than in the averaged
NMR structure of the mPrPC, but corresponds to the ex-
tent found in the NMR structure of the Syrian hamster PrPC

[57]. The length of helix 1 is the same in the five runs and
just one residue shorter at the C-terminus region than in the
averaged NMR conformation, whereas the helices 2 and 3
differ more. While in WT1 and WT2 their length is similar
to one of the NMR solution structure, the N-terminal part
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Table 1
Backbone hydrogen bondsa

Residue numbersb Hydrogen bonds Secondary structurec

HN CO NMRd WT1e WT2 WT3 D178N1 D178N2

M129 Y163 x 100 98 96 100 100 �

G131 V161 x 100 93 99 100 100 �

M134 N159 x 0 0 0 51 0
D147 N143 80 79 75 83 81 �1
R148 D144 x 99 97 99 97 99 �1
Y149 W145 x 91 92 86 83 87 �1
Y150 E146 x 93 93 88 98 95 �1
R151 D147 x 96 70 91 92 87 �1
E152 R148 x 48 47 52 43 21 �1
N153 Y149 x 82 90 95 98 78 �1
M154 Y150 x 97 93 72 79 96 �1
R156 N153 x 96 95 70 91 98
V161 G131 x 62 0 18 0 79 �

Y163 M129 x 98 97 99 100 98 �

S170 V166 0 0 98 0 0
H177 N173 12 10 59 77 60 �2
D178 N174 0 0 51 48 82 �2
C179 F175 x 78 99 0 98 95 �2
V180 V176 x 96 74 0 99 87 �2
N181 H177 x 96 92 28 91 70 �2
I182 D178 x 92 93 87 89 63 �2
T183 C179 x 87 86 88 93 73 �2
I184 V180 x 93 99 94 88 99 �2
K185 N181 x 91 96 88 84 91 �2
Q186 I182 x 98 97 98 99 92 �2
H187 T183 x 61 85 88 92 52 �2
T188 I184 x 96 86 100 93 98 �2
V189 K185 x 15 0 32 20 48 �2
T190 Q186 x 24 30 58 62 17 �2
T191 H187 x 75 94 99 93 29 �2
T192 T188 x 83 90 96 61 74 �2
T193 V189 x 93 97 83 87 87 �2
K194 T190 69 90 86 75 62 �2
V203 T199 81 87 77 58 75 �3
K204 E200 x 86 75 90 82 89 �3
M205 T201 x 87 95 98 98 97 �3
M206 D202 x 99 100 94 100 100 �3
E207 V203 x 86 69 66 92 92 �3
R208 K204 x 21 22 0 23 60 �3
V209 M205 x 87 97 83 90 91 �3
V210 M206 x 100 100 100 100 99 �3
E211 E207 x 94 89 80 91 95 �3
Q212 R208 x 77 78 21 88 87 �3
M213 V209 x 83 98 96 93 98 �3
C214 V210 x 100 100 100 99 100 �3
V215 E211 x 99 93 70 98 81 �3
T216 Q212 x 99 100 73 98 94 �3
Q217 M213 x 99 98 91 97 100 �3
Y218 C214 x 97 92 77 67 94 �3
Q219 V215 x 99 99 0 59 90 �3
K220 T216 76 86 0 58 61 �3
E221 Y217 48 75 0 50 57 �3
S222 Y218 95 96 91 77 96 �3
Q223 Q219 x 0 0 37 0 0 Helix-like
A224 E221 x 0 0 0 0 28 Helix-like
Y225 S222 x 0 0 47 0 0 Helix-like
Y226 S222 x 24 37 91 17 0 Helix-like

a This list contains the backbone hydrogen bonds in the average NMR conformation and those with occurrences larger than 50% in either the WT
or D178N simulations.

b The hydrogen donors are given in the first column (labeled HN) and the hydrogen acceptors in the second column (labeled CO).
c Secondary structure elements in which the hydrogen bond is formed.
d Hydrogen bonds in the minimized average NMR conformation are marked with a x [20].
e Percentages lower than 50% are in bold.
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Fig. 8. Secondary structure of WT1 (upper panel) and D178N1 (lower
panel) as a function of simulation time determined with DSSP [56]. The
�-helix is shown in blue, the 310-helix in magenta, the H-bond turn in
green and the�-strand in red. The secondary structure elements of the
NMR solution structure [20] are shown on the left and are represented
as in Fig. 4.

of helix 2 is shorter by 3 residues and the C-terminal part
of helix 3 by one residue in WT3. The N-terminal shorten-
ing of helix 2 is associated with the formation of an addi-
tional i − i + 4 backbone hydrogen bond between Ser170
and Pro166 (Table 1) and the partial formation of a helical

Fig. 9. Percentage of secondary structure per residue during WT1 (black), WT2 (yellow), WT3 (magenta), D178N1 (green) and D178N2 (red). The
DSSP program was used to assign secondary structure [56]. The dotted regions show the extent of the�-strand (top panel) and the�-helices (bottom
panel) in the NMR solution structure [20].

turn (Fig. 9) in the preceding flexible loop 167–171. In both
mutant simulations, an N-terminal elongation of helix 2 by
at least one residue was observed. This elongation is also re-
flected in the two backbone hydrogen bonds His177–Asn173
and Asp178–Asn174, which have a higher occurrence in the
D178N than in the WT runs and may originate from the
rearrangement of the region close to the mutated residue.

3.3.2. Side chain hydrogen bonds
The analysis of the salt bridges and side chain hydro-

gen bonds within helices 2 and 3 did not reveal substan-
tial differences between the WT and D178N simulations.
In helix 1, the salt bridge Asp144–Arg148 at the surface of
the protein was present in all simulations. The salt bridge
Asp147–Arg151, observed in >68% of all three WT simu-
lations, was present during<25% of the D178N runs, but
partially replaced by the salt bridge Glu152–Arg151. The
other side chain hydrogen bonds in helix 1 behaved very
similarly in WT and D178N.

Salt bridges and side chain hydrogen bonds between
residues far apart in the sequence can stabilize the sec-
ondary structure [58,59]. The two most frequent charge
interactions between residues distant in the sequence are
Arg156–Asp202 and Arg156–Glu196 (Table 3). The for-
mer bridges the C-terminal part of helix 1 with helix 3 and
the latter the C-terminal part of helix 1 with the segment
between helices 2 and 3. It is interesting to note that the
kink in the last turn of helix 2 was associated with the loss
of the salt bridge Arg156–Glu196 in WT1 and D178N2.
The D178N mutation results in the loss of the salt bridge
with Arg164 and the hydrogen bond with the side chain of
Tyr128 (Table 4). The disappearance of the latter was also
frequently observed in the WT runs, but was water-bridged
for at least 15% of the time during which the hydrogen
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Table 2
Residues in regular secondary structural elements

NMRa WT1b WT2 WT3 D178N1 D178N2

Helix 1 144–154 144–153 144–153 144–153 144–153 144–153
Helix 2 175–193 176–194 176–194 178–194 174–194 174–195
Helix 3 200–219 200–221 200–221 200–218 200–221 200–220
Strand�1 128–131 129–131 129–131 129–130 129–131 129–131
Strand�2 161–164 161–163 161–163 162–163 161–163 162–163

a Residues in regular elements of secondary structure in the minimized average NMR structure [20].
b Secondary structure in the WT and D178N simulations. Residue ranges were defined using DSSP [56] and averaging over the 1.5 ns time interval

of each run.

Table 3
Salt bridges between residues far apart in the sequence

Salt bridges NMRa WT1b WT2 WT3 D178N1 D178N2

Glu146–Lys204 0 0 0 0 6 29
Glu146–Arg208 15 0 22 81 0 4
Asp178–Arg164 45 99 15 88 0 0
Glu196–Arg156 80 87 100 100 100 59
Asp202–Arg156 65 98 100 100 100 100

a Salt bridge occurrences in the 20 NMR conformers [20]. Percentages lower than 50% are in bold.
b Salt bridge occurrences in the WT and D178N simulations.

Table 4
Side chain hydrogen bonds between residues far apart in the sequence

Hydrogen bonds NMRa WT1b WT2 WT3 D178N1 D178N2

Tyr128Hη–Asx178Oδ 45 44 6 34 2 6
Arg136Hη–Tyr157O 0 94 100 98 100 99
Arg136Hε–Pro158O 15 41 51 5 13 77
Tyr149Hη–Asp202Oδ 65 34 100 100 100 99
Tyr150Hη–Pro137O 65 93 100 100 100 23
Tyr157Hη–Asp202Oδ 30 71 99 94 100 92
Tyr162Hη–Thr183Oγ 15 98 99 61 99 97
His187Hε–Gln160O 15 100 100 97 100 99

a Hydrogen bond occurrences in the 20 NMR conformers [20]. Percentages lower than 50% are in bold.
b Hydrogen bond occurrences in the WT and D178N simulations.

bond was not formed. This was not the case in D178N. The
salt bridge Asp178–Arg164 was broken during most of the
WT2 run, without being water-bridged during its absence.
The N-terminal part of helix 1 was only weakly connected to
helix 3 by the new formed salt bridge Glu146–Lys204 in the
D178N runs and the salt bridge Glu146–Lys208 in the WT
simulations. Additionally, another non-bonding interaction
between helices 1 and 3 was broken in WT1, the hydrogen
bond Tyr149Hη–Asp202Oδ. The rupture of this hydrogen
bond was associated with the loss of hydrophobic contacts
between helices 3 and 1 and the rotation of the N-terminal
part of the latter away from helix 3. In all five runs, Arg136
formed a new highly occupied hydrogen bond with Tyr157,
whereas the hydrogen bond with Pro158, which is present in
15% of the NMR conformers, is less frequently present. A
partial loss of the hydrogen bond Tyr150Hη–Pro137O was
seen in D178N2. However, a water molecule was inserted
between Tyr150 and Pro137 for >90% of the time during
which the hydrogen bond was broken. Taken together, these

simulation results indicate that on the 1.5 ns time scale of
the MD runs there are only minor differences in secondary
structure content and charge interactions between the wild
type and D178N mutant.

4. Discussion

4.1. Comparison with previous MD simulations of PrPC

Zuegg and Gready have performed two sets of MD simu-
lations of the PrPC [38]. In one set of runs the non-bonding
interactions were truncated at 8 Å, while in another set the
long-range electrostatic interactions were included using the
particle mesh Ewald (PME) approach. Stable trajectories,
over a 1 ns time scale, were only obtained by treating the
long-range electrostatic interactions with the PME method
and by neutralizing the system with counterions. By con-
trast, Alonso et al., obtained a stable trajectory over 10 ns at
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neutral pH by using a cutoff of 10 Å [37]. The simulations
reported here were performed with a cutoff of 12 Å for the
non-bonding interactions. No loss of secondary structure in
the well-defined parts of the mPrPC was observed. However,
the simulations indicate a wide range of dynamical behavior
for this protein. In two of the three wild type runs, the con-
formation is stable (C� RMS deviation smaller than 2.3 Å).
In the remaining one (WT1), a deviation of 3.5 Å from the
minimized average NMR conformation was observed. In the
D178N mutant runs, the C� RMS deviation from most NMR
conformers remained below 3.0 Å. Taken together with the
previous simulations, this shows that the variation within
simulations of the same system can be larger than between
different systems. This indicates that it is necessary to run
multiple simulations.

All previous simulations and the ones presented in this
study show a high flexibility of the loop 167–171 and the
segment connecting helices 2 and 3, but different results con-
cerning the mobility of the N-terminal part of helix 1. The
analysis of the Syrian hamster PrPC (90–231) trajectory by
Parchment and Essex [39] indicates that the region between
and including the first�-strand and helix 1 is rather flexi-
ble, which is not the case in their simulation of the mPrPC

(121–231). They suggested that this is the consequence of
the additional unstructured N-terminal region (90–120) in
the Syrian hamster PrPC. Although the simulations analyzed
here were performed with the mouse sequence devoid of the
unstructured N-terminal region (90–120), all WT trajecto-
ries show a high flexibility for the first turn of helix 1 and the
six preceding residues (segment 138–148). This indicates
that the reasons for the flexibility are complex. Moreover,
a rigid body motion of the N-terminal part of helix 1 was
observed in all simulations, particularly in WT1. This was
not reported in the previous studies except for the low pH
simulation of the Syrian hamster PrPC (109–219) [37].

The simulations of the human and the Syrian ham-
ster PrPC [38] identified three highly occupied salt
bridges, i.e. Glu146/Asp144–Arg208, Arg164–Asp178 and
Arg156–Glu196. The latter two were also present in two
of the three WT trajectories, whereas the first one showed
a high occurrence only in one. In addition, the salt bridge
Arg156–Asp202, connecting residues far apart in sequence,
was highly occupied in the WT simulations. Zuegg and
Gready suggested that electrostatic interactions, in general,
and salt bridges, in particular, are important for the sta-
bility of PrPC. It was proposed that the elimination of the
salt bridge Arg164–Asp178 by mutation may loosen the
structure of the prion protein [38]. The simulations reported
here allow to investigate this hypothesis by a direct com-
parison between WT and D178N. The latter did not deviate
more from the minimized average NMR conformation and
the 20 NMR conformers than the WT runs. Therefore, the
salt bridge Arg164–Asp178 does not seem to contribute to
the overall stability of the mPrPC. In WT2, which has the
smallest average and final C� RMS deviation from the av-
erage NMR conformation, the salt bridge Arg164–Asp178

was present during only 15% of the simulation time which
provides further support for its negligible contribution to
the dynamic stability of mPrPC. Moreover, the loss of
interactions in the Asp178Asn mutant might partially be
compensated by N-glycosylation, as shown by experiments
[60] and simulations [41].

4.2. Comparison of MD simulation results with
experimental hydrogen exchange data

In the WT and D178N simulations, the C-terminal part
of helix 1, most of helices 2 and 3, and the second�-strand
were the most stable elements of the mPrPC structure.
Recent hydrogen/deuterium exchange experiments [46]
showed that the same structural elements, and in particular
the residues close to the disulfide bridge have the highest
protection from exchange. In contrast, the loop 167–171,
the first six residues of helix 1 (144–149), the last seven
residues of helix 2 (187–193), as well as the first�-strand
showed no protection from exchange. These unprotected
regions match with the structured parts of the PrP, which
present the largest deviations from the NMR structure in the
simulations. Moreover, the differences in fluctuations along
the sequence seem to correlate with the hydrogen exchange
results. This is in accord with the results of Bahar et al. [61],
who have shown a correlation between hydrogen exchange
and residue fluctuations evaluated by a simple analytical
model based on local packing densities and distribution of
tertiary contacts in the native state.

However, the agreement between hydrogen exchange and
fluctuations in the nanosecond time scale can originate from
the fact that the pattern of protection of PrPC correlates well
with the hydrophobic core structure. This is not the case for
all proteins [62], although highly buried residues exchange
in many cases very slowly [63]. Moreover, the high fluctu-
ations of the N-terminal part of helix 1 reflect rigid body
motions. The backbone hydrogen bonds within the first turn
did not break more frequently than those in the remaining
part of helix 1, which was less flexible. A similar observa-
tion was made during low temperature MD simulations of
cytochrome C, which showed that large fluctuations do not
necessarily correlate with hydrogen exchange [64].

4.3. Mobility of helix 1

In all simulations, high fluctuations and relatively large
deviations from the NMR conformation were found in the
ill-defined segments of the solution structure, namely the
loop 167–171 and the C-terminus (220–226) [20]. The
N-terminal part of helix 1 (residues 144–148) is also flexi-
ble and deviated more from the average NMR conformation
than other structured parts of the proteins, although helix 1
is well-defined in the solution structure. Interestingly, the
three flexible structural elements lie, entirely or partially,
within the epitope recognized by the monoclonal antibody
15B3 [43]. This antibody can discriminate between PrPC
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and PrPSc and its epitope contains the residues 142–148,
162–170 and 214–226 [43]. The segment 142–148 is of in-
terest, since helix 1 is set apart from the core and also away
from the other epitope regions in the solution structure of
PrPC [19]. It has been suggested that helix 1 might be in-
volved in the conformational change leading from PrPC to
PrPSc [2,43]. Recently, on the basis of CHARMM energy
calculations, a theoretical model was proposed in which
helix 1 rearranges in�-sheet-like manner to favor aggrega-
tion [65]. The magnitude of the rotation of the N-terminal
part of helix 1 towards (WT3), and away (WT1, WT2,
D178N1 and D178N2) from the core, was different in the
five simulations. This motion may be explained by the al-
most complete lack of stabilizing tertiary contacts, neither
hydrophobic nor hydrophilic, between helix 1 and the other
structural elements. Overall, the analysis of helix 1 leads to
the conclusion that its N-terminal region can undergo larger
rigid body motions than most of the other well-defined
structural elements. On the other hand, it should be pointed
out that the backbone hydrogen bonds in the first turn of
helix 1, as well as the three salt bridges between helix
1 residues, were stable in all simulations. Interestingly,
Alonso et al. observe an approximately 10–15 Å displace-
ment of helix 1 and the preceding loop towards helices 2
and 3 in the low pH simulation [37]. Moreover, they report
a partial unfolding of helix 1.

4.4. Dynamic behavior and structural
rearrangements of the D178N mutant

The hypothesis of a high conformational plasticity of
PrPC was used to suggest that mutations may promote the
conversion of PrPC into intermediate states [26,29]. The
ability of mutations to increase the population of amyloido-
genic folding intermediates has already been demonstrated
for two naturally occurring human lysozyme variants [66].
As already mentioned in the Section 1, room temperature
simulations in the nanosecond time scale do not allow to
sample the inter-conversion between native and interme-
diate states. Nevertheless, mutations can result in different
dynamic behavior of the native state and lead to partial
unfolding with an increase of the RMS deviation from the
NMR solution structure in a MD simulation [34].

The D178N mutation results in the loss of the hydrogen
bond with the side chain of Tyr128 and salt bridge with
Arg164. Yet, the final RMS deviation from the NMR solu-
tion structure is similar in the D178N and WT runs. These
simulation results suggest that the interactions of Asp178 are
not essential for the overall stability. This appears to be in
disagreement with experimental results showing a reduced
thermodynamic stability for the D178N mutant [44]. How-
ever, it has to be stressed that MD simulations with explicit
water molecules give an insight on the dynamic behavior
only on the nanosecond time scale and close to the native
state. On the other hand, the thermodynamic stability de-
pends on the free energy difference between the folded and

the unfolded state. Therefore, even for small proteins, the
time scale currently accessible by explicit water MD simu-
lations does not allow to directly investigate thermodynamic
stability, and the analysis of native state flexibility and dy-
namic behavior has only a qualitative significance [33,34].

The loss of the salt bridge between Arg164 and Asp178
did not lead to a decrease of secondary structure in the 1.5 ns
time scale of the simulation. This is consistent with CD spec-
troscopy results indicating that the structural characteristics
of the wild type PrPC were preserved in D178N [44]. More-
over, three single-residue variants of the hPrPC (M166V,
S170N and R220K) were shown to have the same solution
conformation as the wild type bovine, human, murine and
Syrian hamster PrPC [67]. An elongation of the N-terminal
part of helix 2 (174–175) was observed in both D178N sim-
ulations; this might be a consequence of the lack of the salt
bridge. In contrast to what has been proposed based on ther-
modynamic stability measurements of D178N [44], no major
structural rearrangements were seen between the�-sheet and
helix 2. The reasons for this might be the high persistence of
the backbone hydrogen bonds in the�-sheet and the hydro-
gen bond Tyr162Hη–Thr183γ , which connects the second
strand of the�-sheet with helix 2. The mutation Thr183Ala
segregates with Creutzfeldt–Jakob disease and destabilizes
mPrPC (121–231) by about 4.6 kcal mol−1 at pH 7 and 25◦C
[44]. It might be interesting to experimentally measure the
effect of the mutations Tyr162Phe on the stability of PrPC.

5. Conclusions

The MD trajectories of the D178N mutant, which is
known to be a pathological variant of the hPrPC, showed no
major structural rearrangements of the protein, besides an
elongation of the N-terminal part of helix 2. The dynamic
behavior of D178N on the nanosecond time scale of the
simulations and, in particular, its deviations from the NMR
conformation, comparable to the ones of the wild type,
suggest that the salt bridge between Arg164 and Asp178
might not contribute to the stability of PrPC. All simulations
indicate that the N-terminal region of helix 1 can undergo
significant rigid body displacement. In agreement with hy-
drogen exchange data, the simulations results show a region
with a dynamically stable behavior around the disulfide
bridge, which links helices 2 and 3. Hence, helices 2 and
3 are unlikely to be among the first structured elements to
unfold and adopt an alternative conformation under native
state conditions.
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