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ABSTRACT: Conformational changes in the prion protein cause transmissible spongiform encephalopathies,
also referred to as prion diseases. In its native state, the prion protein is innocuous (PrPC), but it can
misfold into a neurotoxic and infectious isoform (PrPSc). The full-length cellular form of the prion protein
consists of residues 23-230, with over half of the sequence belonging to the unstructured N-terminal
domain and the remaining residues forming a small globular domain. During misfolding and aggregation,
portions of both the structured and unstructured domains are incorporated into the aggregates. After limited
proteolysis by proteinase K, the most abundant fragment from brain-derived prion fibrils is a 141-residue
fragment composed of residues 90-230. Here we describe simulations of this fragment of the human
prion protein at low pH, which triggers misfolding, and at neutral pH as a control. The simulations, in
agreement with experiment, show that this biologically and pathologically relevant prion construct is
stable and native-like at neutral pH. In contrast, at low pH the prion protein is destabilized via disruption
of critical long-range salt bridges. In one of the low pH simulations this destabilization resulted in a
conformational transition to a PrPSc-like isoform consistent with our previous simulations of a smaller
construct.

Human (hu) PrP1 expressed on the surface of cells is
derived from a 253 amino acid polypeptide. On its way to
the plasma membrane, both its N-terminal (residues 1-22)
and C-terminal (residues 231-253) signal sequences are
cleaved, glycans are covalently attached at Asn181 and
Asn197, the disulfide bond is formed between helices B and
C (HB and HC), and the glycosylphospatidylinositol (GPI)
anchor is attached to the C-terminal serine. The resulting
208-residue diglycosylated protein is then targeted to lipid
rafts on the membrane surface (Figure 1). Properly folded
cell surface PrP (PrPC) has a half-life of 3-6 h (1), and it
can constitutively cycle between the cell surface and early
endocytic pathway, each round trip taking approximately 60
min (2).

While PrPC is innocuous, the protein can misfold into
PrPSc, a species that has been identified as the causative agent
in transmissible spongiform encephalopathies. PrPC and PrPSc

share the same covalent structure but possess different folds.
Additionally, PrPSc is capable of aggregating into a variety
of forms from amorphous to highly structured aggregates.
In humans, PrPSc is responsible for Creutzfeldt-Jakob

disease (CJD), fatal familial insomnia (FFI), Kuru, and
Gerstmann-Sträussler-Scheinker disease (GSS), all of
which are fatal neurodegenerative diseases. To prevent and
treat these diseases, knowing where and how PrPC converts
to PrPSc is of interest. One plausible location for conversion
that has been identified is the endocytic pathway (3, 4).
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FIGURE 1: Sequence, structure, and clip sites of PrP. During the
synthesis of PrPC the N- and C-terminal signal sequences are
cleaved (gray arrows). In the purification of PrPSc, the protein is
enzymatically clipped at approximately residue 90 and at the GPI
anchor (red arrows) forming PrP 27-30.
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Defining where conversion may occur has also led to
plausible reasons as tohowconversion is triggered. Endocytic
organelles have a characteristically low pH (as low as pH
4.3 (5)), and this acidic environment triggers PrP misfolding
in Vitro (6). For a review of the numerous experiments
linking PrP misfolding with a low pH environment readers
are directed to ref7.

To study PrPSc, PrPC converted (in ViVo or in Vitro) to
PrPSc is purified by enzymatic and chemical treatments. The
purification step results in increased order of the aggregate
as well as partial proteolysis of N- and possibly C-terminal
residues, where the aggregate (now a fibril) is termed PrP
27-30. PrP 27-30 (27-30 refers to the mass range in kDa
of the PrP subunits and, although not explicitly stated, always
refers to the PrPSc isoform) is the most abundant fragment
in PrP fibrils and corresponds to residues∼90-230 (Figure
1).

Based on the NMR structure of the huPrPC 90-230
fragment (1QLX (8)), the protein has a large unstructured
domain (residues 90-124) and a globular domain (125-
228) with threeR-helices (HA, HB, and HC) and a short
â-sheet (S1 and S2) (Figure 1). While the structure of PrPC

is known, there exists no experimental high-resolution
structural information for PrPSc or for the pathway from PrPC

to PrPSc. PrPSc aggregates are heterogeneous both in structure
and properties, thereby preventing the use of existing high-
resolution structure determination methods. Molecular dy-
namics (MD) simulations represent another approach for
mapping the conformational changes involved in the conver-
sion of the prion protein. Our previous investigations of the
misfolding pathway of wild-type (wt) hu, wt and mutated
Syrian hamster (SHa), and mutated bovine PrPC focused on
the 109-219-residue fragment of the globular domain of
PrPC (9-11). For both the human and bovine forms the
globular domain begins at residue 125. To generate equiva-
lent constructs, residues 109-124 from a hamster structure
(12) were grafted onto the human and bovine structures. It
is important to include this N-terminal segment, as epitope
mapping studies indicate that the C-terminal portion of PrPC

is largely unaltered as PrPC converts to PrPSc, whereas the
N-terminal portion undergoes extensive conformational rear-
rangement in which epitopes in the N-terminus are either
altered or buried in PrPSc (13). Further support for large
changes in the N-terminal region during conversion comes
from protein engineering studies showing that this region is
critical for PrPSc formation (14). In addition, a stop signal at
residue 145 causes GSS and it eliminates essentially the
entire structured C-terminal region (15), again highlighting
the importance of the N-terminal region to the pathology.
There is further discussion of this issue below and in a recent
paper by DeMarco et al. (7).

Other research groups have also probed the structural and
dynamic properties of PrPC using MD simulations ranging
in length from 1 to 10 ns, with most about 1 ns in length
(16-24). These other studies used smaller constructs omitting
the unstructured, N-terminal region, typically beginning at
residue 125. In addition, several of these simulations have
the disulfide bond reduced, although experiments indicate
that it remains oxidizedin ViVo and that an intact disulfide
bond is necessary for infectivity (25-28). So, these studies
can address the conformational behavior of the structured
domain and assume that it reflects the behavior of the larger

constructs, but the N-terminus should be present to inves-
tigate effects relevant to the pathology.

Consequently, to build upon the previous studies and to
match the more commonly used experimental construct
(residues 90-230), we modeled the unstructured residues,
90-124 and 229-230, onto the NMR structure of huPrPC.
This construct encompassed our previously studied construct
(residues 109-219), as well as the only known neurotoxic
peptide (106-126) (29, 30), and the toxic and infectious
PrPSc106 (also known as mini-PrP, residues 90-230,∆141-
176) (31). Here we describe MD simulations of huPrPC

(residues 90-230) at both neutral and low pH to determine
the effect of lowering the pH on PrP structure and dynamics.

METHODS

The starting structure for the simulations was the huPrPC

NMR structure (1QLX (8)). Since the NMR structure
contains only residues 125-228, residues 90-124 and
residues 229-230 were modeled onto the globular domain
to yield the 90-230 construct. The N-terminal region was
modeled in two steps. First residues 109-124 were modeled
in based on the NMR structure of SHaPrPC, which begins
at residue 109 (structure provided by T. L. James and S.
Farr-Jones (12)). Second, an unstructured sequence, residues
90-108, was then modeled onto the 109-228 construct.
Since modeling residues 90-108 could potentially bias the
results of the simulations, we attempted to minimize such
bias by adding a segment with no repeating secondary
structure and no interactions between residues within the
segment and between the modeled segment and the globular
region. The secondary structure of the residues within the
modeled segment (residues 90-108), as calculated using the
DSSP algorithm (32), are (beginning at residue 91)
UUUâUUUHUUHUUââUââ where H) helix, â ) â-struc-
ture, and U indicates that the individual residue is neither
helical,â, nor extended. Finally, the missing two C-terminal
residues were added. The disulfide bond was left intact for
all simulations.

MD simulations were performed using our in-house
programin lucemmolecular mechanics (ilmm) (33), which
employs the Levittet al. force field (34, 35) and the
microcanonical (NVE) ensemble (36). All protein and water
atoms were explicitly represented. To model the low pH
environment of endosomes (pH 4.3-6) (5) and in Vitro
conversion of human PrP (6), we protonated Asp (pKa ∼
4.5), Glu (pKa ∼ 4.6) and His (pKa ∼ 6.2) residues. The
next relevant pKa is that of the terminal carbonylate, which
is protonated at∼pH 3.1, therefore by protonating Asp, Glu,
and His we achieved a pH range of approximately 3.2-4.7,
which falls within the pH range of both endosomal pH and
in Vitro conversion conditions. Neutral pH simulations
correspond to a pH of∼7, falling between the pKas of His
side chains and the main chainR-amino group (6.8-7.9).
The pKa values given are only approximations as they are
highly dependent on the local environment. A recent
theoretical investigation of His pKas in PrPC demonstrates
the range of possible values (37).

After setting the ionization states, the protein was mini-
mized for 1000 stepsin Vacuo and then solvated in a
rectangular box with water extending at least 10 Å from any
protein atom. All simulations were run at 298 K with the
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water density set to the experimental value of 0.997 g/mL
(38), by adjusting the box volume. The systems were further
equilibrated for 1000 steps of minimization, 2500 steps of
MD of water, 500 steps of minimization, 2500 steps of MD
of PrP, and a final 500 steps of minimization. A 10 Å force-
shifted nonbonded cutoff was used (36). The nonbonded list
was updated every 5 steps. A time step of 2 fs was used.
Each simulation was carried out for 15 ns, with structures
saved every 0.2 ps for analysis.

Secondary structure analysis was based on (φ,ψ) angles
where only repeating structure (three or more residues in
the same conformation) was considered. Hydrogen bond
networks were identified by geometrically defined criteria
(39) and displayed using UCSF Chimera software (40). All
molecular graphics images were produced using UCSF
Chimera (40).

RESULTS

Six simulations using huPrPC 90-230 as a starting
structure were performed: three at neutral pH (N1, N2, and
N3) and three at low pH (L1, L2, and L3). With the relatively
long disordered N-terminus, all simulations were monitored
for potential periodic contacts. All simulations maintained
zero contacts with their periodic images except L1. In L1,
one residue pair transiently interacted through the periodic
box for a total of 18 ps of the 15 000 ps trajectory, or 0.12%
of the time (at 3.411-3.427, 3.437, and 3.788 ns). To
quantitatively assess structural similarity/dissimilarity over
time as compared to the starting PrPC structure, CR root-
mean-square deviations (RMSDs) were calculated for the
globular region (residues 125-228, Figure 2), and the
average values over the last 10 ns of simulation time can be
found in Table 1.

CR root-mean-square fluctuations (RMSFs) were calcu-
lated for each simulation to monitor the degree of motion of
individual residues relative to the average structure populated
(Figure 3A). To visually demonstrate the dynamics of the
main chain, snapshots taken at 3 ns granularity from selected
simulations are shown in Figure 3B. By superimposing
structures and aligning them by CR atoms from HB and HC
(which are linked by the disulfide bond) the dynamics of
the N-terminal region is evident. A representative neutral
pH simulation is displayed (N1) as well as two low pH

simulations, one with high CR RMSFs and RMSDs (L3) and
one with high CR RMSFs and low (neutral pH-like) CR
RMSDs (L1). The values for all simulations are provided in
Table 1.

To identify simulations where misfolding to PrPSc-like
structures occurred, we evaluated main chain-main chain
hydrogen bonds participating in extended sheets. Only one
simulation, L3, had a significant increase in strand-to-strand
hydrogen bond networks (extended sheets). Snapshots from
L3 are provided in Figure 4, along with N1 as a control.
The results for N1 are typical of all the neutral pH
simulations. Unlike L3, in L1 and L2 the hydrogen bond
network remained similar to the starting structure and
conversion did not occur.

Upon inspection of structures from L3, the increase in
hydrogen bonding was due to the formation of two new
extended sheets. By 6 ns, the number of main chain-main
chain hydrogen bonds involved in sheet formation in L3

FIGURE 2: CR RMSD of the structured region of huPrPC, residues
125-228.

Table 1: Summary of CR RMSD and CR RMSF Results for the
Last 10 ns of the MD Simulations

globular
domaina

(last 10 ns)
entire

protein
unstructured
N-terminusb

globular
domain

CR
RMSD

(Å)
std
dev

CR
RMSF

(Å)
std
dev

CR
RMSF

(Å)
std
dev

CR
RMSF

(Å)
std
dev

N1 2.8 0.3 1.8 0.3 2.1 0.4 1.7 0.3
N2 2.6 0.2 1.9 0.4 2.3 0.4 1.8 0.3
N3 3.7 0.4 1.9 0.4 2.3 0.5 1.8 0.3

L1 2.9 0.4 2.0 0.5 2.5 0.5 1.9 0.3
L2 2.4 0.7 2.0 0.5 2.3 0.4 1.9 0.4
L3 4.3 1.4 1.9 0.4 2.1 0.4 1.8 0.3

a Residues 125-228. b Residues 90-124.

FIGURE 3: (A) CR RMSF of huPrP for neutral and low pH
simulations and (B) the dynamics of representative PrP simulations.
Note that rotational motion is not removed from the RMSF
calculations.
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increased from four (in the PrPC starting structure) to 11
(Figure 5). In the starting structure three hydrogen bonds
are found between S1-S2 and one above the S1-S2 sheet
(toward the C-terminus of HA). The initial S1-S2 sheet
acted as a template onto which an additional strand added.
The resulting hydrogen bond network was composed of three
strands: 119-121, 126-131, and 161-163 (Figure 5). In
addition, a hairpin, independent of the three-stranded sheet,
formed at the very N-terminus over residues 90-102. The
hydrogen-bonding network fluctuated, but overall, it was
maintained throughout the remainder of the simulation.

Using a combination of hydrogen bond networks and
repeating (φ,ψ) secondary structure analysis, the amount of
mixed R/â-sheets in the L3 misfolded ensemble (6-15 ns)
was determined. There were 36 residues in repeating
extended conformation: 90-95, 98-102, 119-121, 126-
134, 137-139, 160-165, and 196-199. New strands are
denoted: E1 (90-95), E2 (98-102), E3 (119-121), E4
(126-134), E5 (137-139), and E6 (160-165). In L3,
extended structure rose from 4% in the starting structure to
26% in the misfolded ensemble. The 8 ns snapshot from the
misfolded ensemble is shown in Figure 6.

In L3, the conformational conversion creates a large
hydrophobic region on the solvent exposed surface of the
protein (red residues in Figure 6). Unlike the scattered
positioning of surface hydrophobic residues in PrPC, as L3
forms the E3-E4-E6 sheet, hydrophobic residues coalesce
to form a large solvent-exposed hydrophobic cluster. This
motion is correlated with a modest overall increase in
nonpolar solvent accessible surface area from 5313 Å3 in
the starting structure to an average of 5460 Å3 in the
misfolded ensemble.

At both neutral and low pH, HA, HB, and HC remained
folded. In neutral pH simulations, the position of HA was
relatively fixed, whereas in the low pH simulations, the
position of HA fluctuated considerably with respect to the
disulfide linked HB-HC platform (Figure 7). In the NMR
structures, and in neutral pH simulations, HA is tethered to

the HB-HC platform through hydrophobic contacts (pri-
marily between S2 and HB), salt bridges, and side chain
packing between HA and HC. In the low pH huPrPC

simulations, HA becomes “disconnected” from the HB-HC
platform. Note, we use “disconnected” to describe the sliding
of HA about the HB-HC platformsit is not meant to imply
complete dissociation and solvation of HA.

The disconnection of HA can be attributed to the low pH
environment, which results in the abolition of two key long-
range salt bridges. (The term long-range is used with respect
to sequence separation to describe an interaction between
residues separated by more than 4 residues, whereas a short-
range interaction describes those between residues separated
by 4 or fewer residues.) In general, short-range interactions
are generally involved in stabilizing secondary structure
whereas long-range interactions are important for maintaining
tertiary structure. In the starting structure two long-range salt
bridges pin the N-terminal portion of the structured domain
(S1-HA-S2-loop) to the HB-HC scaffold: Arg156-
Glu196 and Arg164-Asp178 (Figure 8). A short-range
interaction extends the last salt bridge making the following
network: Asp167-Arg164-Asp178. These two long-range
salt bridges are well-maintained in all neutral pH simulations
(Table 2). Additionally, a new long-range salt bridge formed
in N1 and N3 between Glu146 and Arg208 (Figure 8),
reinforcing the connection between the N- and C-terminal
portions of the structured domain (Table 2). In all three
neutral pH simulations, the short-range salt bridge Arg164-
Asp167 broke at times without affecting the Arg164-Asp178
salt bridge.

In the three low pH simulations, neutralizing Asp and Glu
disrupts both long-range salt bridges/networks present in the
starting structure (Arg156-Glu196 and Arg164-Asp178)
and also prevents the formation of the Glu146-Arg208 salt
bridge (Table 2). In L2, the Asp167-Arg164-Asp178
network is disrupted but by the end of the simulation, Arg164
and Asp178 repacks to form a hydrogen bond between the

FIGURE 4: Comparing snapshots from a native state and a conversion trajectory. Structures from a neutral (N1) and low pH (L3) trajectory
are colored based on the NMR defined secondary structure, with N-terminal residues 90-108 colored green. Main chain-main chain
hydrogen bonds (orange lines) are represented (excluding those found within the native helices). The number of main chain-main chain
hydrogen bonds that are involved in a sheet or result in sheet formation is given in parentheses.
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two side chains. In L1 and L3, the disruption of the long-
range salt bridges partially releases HA and the nearby S1-
S2 sheet from the HB-HC platform.

DISCUSSION

Based on experiment we expected that PrPC would remain
stable at neutral pH, while at low pH it would be destabilized
and misfold. Based on the CR RMSD of the globular region
(residues 125-228), the structured region remains relatively
native-like for all simulations, with some exceptions in L3.
This does not, however, mean that they all behave like native-
state simulations. The three neutral pH simulations have
lower CR RMSFs over the globular region as compared to
the low pH simulations. This reflects the kinetic instability
induced by protonation of the Asp, Glu, and His residues,
as has been observed in previous neutral versus low pH
simulations of PrP (9-11). Consequently, low pH, in
agreement with experiment and previous MD simulations,
destabilizes huPrPC.

HA is rich in charged residues, and when some of these
residues are protonated at low pH we might expect to observe
two effects: partial unfolding of HA and “disconnection”
of HA from the HB-HC scaffold. The importance of
charge-charge interactions in stabilizing HA has been put
forth in a theoretical prediction (41) that is commonly
incorrectly cited as evidence for HA unfolding during
conversion. Experiments have demonstrated that the disrup-

FIGURE 5: The hallmark of PrPC f PrPSc transition: extended-structure formation. (A) Snapshots from L3 of the starting structure and the
8 ns structure from the misfolded ensemble. (B) Consistent with experiment, the N-terminal domain underwent a significant conformational
transition (portions of the main chain shown, colored by atom type). (C) Comparison of the extended structure in the N-terminus of the
NMR structure of huPrPC, the misfolded ensemble from L3 (huPrPSc), and the misfolded ensemble from a previous conversion simulation
of a mutated Syrian hamster PrP (SHaPrPSc D147N). N-terminal residues that are in repeating extended conformation are denoted (colors
correspond to the ribbon representation in A). A fragment of the protein, residues 90-166, is shown for the human constructs, and residues
109-166 are shown for the SHa since the simulation was of a smaller construct spanning residues 109-219.

FIGURE 6: Formation of solvent exposed hydrophobic cluster in
PrPC f PrPSc. Snapshots in space-filling mode from the L3
simulations are colored by polar (blue) and nonpolar (red) residues
(hydrogens removed).
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tion of salt bridges within HA does not disrupt HA (42),
and, in fact, the HA sequence is nonamyloidogenic and
generally slows conversion rates when present (43). High-
temperature simulations of PrPC have shown HA to be
resilient (ref44 and unpublished data), and this observation
is mirrored in experiments of PrP-derived peptides in which
HA under various conditions (low pH, high salt, organic
cosolvents) remains helical (45). Furthermore Watzlawik and
co-workers (46) have shown that HA (residues 144-154) is
not converted toâ-structure by comparing PrP fragments
23-144 and 23-159, which correspond to the human disease
related 145 and 160 stop mutants. Interestingly, the longer
fragment aggregates more rapidly, which given the lack of
conversion of HA is probably due to the added stability of
the residues C-terminal to HA compensating for the lack of
S2.

We have previously demonstrated that the complete
unfolding of HA is not necessary to produce misfolded

species in agreement with experimental observables for PrPSc

(7, 9-11). With most of HA, HB, and HC intact, PrP can
accommodate enough extended structure to account for the
43-54% extended structure observed in CD and IR spectra
of PrP 27-30 fibrils (residues∼90-230) (47-49). While
we do not observe unfolding of HA in the huPrPC low pH
simulations, we do observe the “disconnection” of HA from
the HB-HC platform. In previous simulations of SHaPrPC

at low pH specifically addressing mutations that knocked
out salt bridges in HA, this same disconnection was observed
with HA sliding both clockwise and counterclockwise about
the HB-HC platform (11).

We have now been able to pinpoint a cause of HA
sliding: the disruption of long-range salt bridges. In par-
ticular, the disruption of two long-range salt bridges results
in the displacement of HA as well as the S1-S2 sheet (Table
3). One of these salt bridges forms a network linking the
loop between S2 and HB to the HB-HC platform. A recently
engineered PrPC mutant with an additional disulfide between
Cys166 and Cys221 (50) essentially serves the same function,
linking the loop to the HB-HC platform. The relevance of
this mutant is that it increases the structural stability of PrPC

and reduces its ability to misfold into aâ-sheet rich structure
(50). From simulation, the detachment of the N-terminal
portion of the globular domain (S1-HA-S2) from the rigid
C-terminal portion (HB-HC) accommodates misfolding. If
on the other hand the salt bridges are intact or an even
stronger anchor such as a covalent bond is substituted for
the salt bridges (50), misfolding of PrPC is less favorable.
While low pH is known to destabilize and initiate misfolding
of PrPC, the current simulations in combination with experi-
mental results provide a mechanism for this destabilization.
We find that the low pH environment disrupts salt bridges
neighboring the S1-S2 sheet, significantly alters its location
and solvent accessibility. The unfavorable solvation of the
sheet aids in the addition of a new strand (E3) (Figure 5),
and the disconnection of the N- and C-terminal portions of
the globular domain facilitates the formation of nonnative
structure.

In the case of hereditary forms of FFI and CJD, a mutation
at position 178 (Asp178f Asn) is linked to disease (51).
This mutation, like the protonation of Asp178 in a low pH
environment, knocks out the native Arg164-Asp178 long-
range salt bridge. In the absence of the salt bridge, huPrPC

misfolding is facilitated. MD simulations of the globular
fragment of huPrPC (19, 22) and mouse PrPC (21) at neutral
pH with the Asp178Asn mutation have demonstrated that
the abolition of the Arg164-Asp178 salt bridge is not
particularly destabilizing. Our results suggest that disruption
of Arg164-Asp178, along with the disruption of other key

FIGURE 7: Snapshots of the final structures in each of the simulations (ribbon diagrams with helices shown, colored based on the minimized
structure).

FIGURE 8: Salt bridges involved in tethering HA to the structured
C-terminal portion of the protein. The Glu146-Arg208 is nonnative
and is acquired during MD at neutral pH. The salt bridges are
highlighted by magenta bars.

Table 2: Formation and Disruption of Long-Range Salt Bridges

Arg156-
Glu196a

Arg164-
Asp178c

Glu146-
Arg208c

in NMR structure? yes yes no
neutral pH simulationsb N1, N2, N3 N1, N2, N3 N1, N3
low pH simulationsb

a Residues protonated (neutralized) at low pH are italicized.b For
all simulations a salt bridge is considered intact if it is maintained, or
in the case of Glu146-Arg208, is formed over the final 5 ns of
simulation c Known disease-related genetic mutations that should
disrupt the salt bridges: Asp178Asn, Arg208His, and Glu196Lys.
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tertiary contacts at low pH, can trigger changes in the
N-terminal region.

Another known genetic mutation associated with CJD is
Arg208His (51). In two of the neutral pH simulations,
Arg208 (in HC) makes a stable salt bridge with Glu146 (in
HA) (Table 2). Upon protonation of Glu146, this stabilizing
long-range salt bridge does not form. The substitution of the
shorter His side chain at residue 208 may not be able to
make the same interactions/salt bridge as the longer Arg.
Finally, substitution of Glu 196 for Lys leads to CJD (51).
Thus, there are human disease-causing mutations affecting
all three of the salt bridges identified by MD to be important
in discouraging conversion, including one not present in the
NMR structure. Specifically, D178N, E196K, and R208H,
which should obliterate their respective salt bridges, are all
fatal in humans (51).

All simulations had high fluctuations in the unstructured
N-terminus, as expected (Table 1), but L3 had slightly lower
fluctuations over residues 100-124 compared with the other
low pH simulations (Figure 3A and Table 1). It is in this
region that L3 formed novel extended structure, as was also
observed in our earlier simulations. The formation and
docking of these new strands account for the decreased
fluctuations. In particular, in L3, residues 119-121 hydrogen
bond to S1, locking them in place. The sequence N-terminal
to residue 119 packs against HC and the sheet, contributing
to the observed increased kinetic stability. Unlike L3, L1
and L2 do not form new stabilizing structure. In general,
losing the salt bridges exacerbates the instability of the
N-terminal region, as it disrupts the core and sets part of the
globular region (residues 125-170) in motion, the conse-
quences of which filter down to the N-terminus. This was
the case for all low pH simulations, but in L3 the region
stabilized after formation of new sheets.

The increase in extended structure at the N-terminus is
consistent with a wealth of data implicating this region in
conversion. In particular, residues 90-120 are antigenically
accessible in PrPC and encrypted in PrPSc (52). In contrast,
HC is accessible to antibody in both forms. More recently
Matsunaga et al. (53) expanded upon this work and used
antibodies to probe the structure of rec-ShaPrP (residues 90-
231) over a pH range of 2-12. The results of this anti-PrP
antibody binding study indicate that the conformations of
epitopes localized in the C-terminus are insensitive to pH,
whereas the conformations of N-terminal residues are pH
sensitive. Below pH 4, there is a significant decrease in
binding of antibodies that target N-terminal epitopes.

Work by Swietnicki et al. (6) on an acid-induced unfolding
intermediate of huPrP suggests that the bulk of the change
in the structure upon conversion occurs over residues 90-
127. A mini-prion containing residues 89-140 and 177-
231 is infectious, suggesting that one of these two regions
is critical to the conformation change but that residues 141-

176 are dispensable (notably containing HA and S2) (31,
54-55). Moreover, a peptide containing residues 90-144
with the P101L mutation fold into aâ-rich structure that
can cause prion disease in transgenic mice (56). There are
also stop mutants at residues 145 and 160 in humans that
cause disease (51); these mutations remove all three of the
helices, and HB and HC, respectively. Consequently, conver-
sion of these helices is not necessary for disease, while the
N-terminus is. Lu¨hrs et al. (57) just reported a study of
amyloid formation of various PrP constructs (different
lengths and different sequences) in phospholipid bicelle
solutions to better mimic the lipid raft environment the
protein experiencesin ViVo: they concluded that residues
105-120 must be present for formation of PrPSc. Further-
more, residues 106-126 are neurotoxic (30, 58). Because
PrP(121-231) is not scrapie competent and not neurotoxic,
residues 90-120 must be of paramount importance. This is
where we see the bulk of our conversion here and in previous
studies, and the experimental findings stress the importance
of including the N-terminal segment in simulations.

During the misfolding process of huPrPC, extended
structure increased from 4 to 26%. The only available
experimental constraint for the amount of extended structure
in misfolded PrP species is of PrP 27-30 fibrils, with 43-
54% extended structure (47, 49). While the extended
structure in the misfolded ensemble of L3 lies outside the
experimental range, it is consistent with the trend of increased
extended structure formation. We must also keep in mind
that the experimental range comes from mature aggregates
that have been chemically and enzymatically treated to
consolidate structure while we are attempting to model the
prefibrillar species. Nevertheless, the position of extended
structure within our model is consistent with solid-state NMR
studies of a PrP-derived peptide (59). In addition, the
positions of the new strands E1 (90-94) and E2 (99-102)
is interesting since proteinase K digestion results in preferred
cleavage sites at 89, corresponding to type 1 prion strains,
or at 98 for type 2 (60). There is also general agreement
between the sites of conversion described here and in our
earlier ShaPrP simulations (Figure 5).

ANS binding experiments suggest that there is an increase
in nonpolar solvent accessible surface area upon conversion
(6). We do not observe a significant trend in higher total
nonpolar solvent accessible surface area in the low pH
simulations. However, in the conversion trajectory (L3)
N-terminal hydrophobic residues coalesce to form a continu-
ous hydrophobic surface, consistent with an ANS binding
site (Figure 6). The formation of the E3-E4-E6 sheet
(Figure 5) presents this large, continuous hydrophobic patch,
which has also been identified as a probable aggregation site
(11, 61).

The other proposed complementary oligomerization site,
E5, began as an MD prediction (11), and it has since been

Table 3: Disruption of Key Salt Bridges at Low pH Facilitates Conversion of PrP

key salt bridges effect of low pH

role of salt bridges in PrPc initial action consequence

Arg 156 Glu196 anchors HA to the HB-HC
platform

HA not anchored to HB-HC
platform

HA slides along surface of HB-HC, only
bound by hydrophobic contacts

Asp 167 Arg164 form network linking S2 and S2 and S2-HB loop region not S1-S2 sheet moves away from HB,
Asp178 Arg164 the S2-HB loop to HB anchored to HB disrupting core packing

Misfolding of the Human Prion Protein Biochemistry, Vol. 46, No. 11, 20073051



supported by a variety of experimental observations. The
observed E5 strand is in agreement with NMR studies of
PrP peptides from this region, which have a tendency to form
extended structure (45). This strand is found in an isolated
hydrophobic stretch (residues 137-142: Pro-Ile-Ile-His-
Phe-Gly). Recently Ziegler et al. (43) found that this region
has a high aggregation propensity via turbidimetric aggrega-
tion assays. Further support for this region forming extended
structure and being involved in PrPSc aggregation comes from
peptide inhibitors derived from the PrP sequence (61). PrP
peptides spanning this region aggregate to form fibrils and
can also act to inhibit PrP aggregation (61). Kundu et al.
(62) also found that the critical amyloidogenic region extends
beyond the N-terminus to our E5 segment and this region is
essential for nucleating oligomerization. Thus, CD, NMR,
peptide aggregation, peptide inhibitor, and PrP aggregation
studies give us reason to suspect that the region between S1
and HA is important in PrPSc oligomer formation, and our
MD studies provide atomic resolution models that account
for these findings.

In addition to extended structure formation, the amount
and location ofR-helix can help determine the presence of
a PrPSc-like species. In highly ordered PrPSc fibrils, PrP
subunits containR-helix in the range of 21-30% (47-49),
a drop from 35% in the NMR structure if corrected for the
difference in size of the constructs (8). Antibody mapping
studies have revealed that the helical structure in PrPSc is
native (PrPC) helix. Consistent with experiment, in both the
neutral and low pH HuPrPC simulations, the native helices
are largely maintained. The mapping studies also identified
specific regions of HA, HB, and HC that are maintained (both
in structure and accessibility) during conversion. Several
nonselective antibodies, antibodies that bind both PrPC and
PrPSc, have been mapped to HA (52, 63-65), the N-terminus
of HB (65), and the C-terminus of HC (66). All trajectories
preserve these epitopes. Furthermore, the 6H4 antibody,
which recognizes an epitope in HA, precipitates both PrPC

and PrPSc (67), indicating that HA remains intact through
the conversion process. A detailed comparison of PrPC and
PrPSc structure and PrP selective and nonselective antibodies
has been presented previously (7, 11). Based on the early
misfolded species identified in L3, the antibody mapping
studies, and FTIR and CD spectroscopy of PrPC and PrPSc

fibrils, we might expect some minor, localized unfolding of
the native helices (likely between the C-terminus of HB and
the N-terminus of HC and possibly the C-terminus of HA)
as conversion progresses, as has been observed in our
previous simulations.

CONCLUSIONS

The misfolding of huPrPC involves a partial unfolding and
misfolding step. In one of our low pH simulations we observe
these steps as PrPC converts to a PrPSc-like structure rich in
extended structure. Misfolding is a rare event, and we do
not expect to see it in every simulation. As is the case with
many of our low pH simulations, two of the three simulations
presented here did not convert into a PrPSc-like isoform.
However in all cases, we observed the partial unfolding and
disconnection of helix HA. This disconnection of HA can
be attributed to the low pH environment, which results in
the abolition of two key long-range salt bridges. In the
starting structure these salt bridges pin the N-terminal portion

of the structured domain (S1-HA-S2-loop) to the C-
terminal portion (HB-HC): R156-E196 and R164-D178.
These salt bridges are maintained in all three neutral pH
simulations. Additionally, a new, nonnative, long-range salt
bridge forms during MD at neutral pH between E146 and
R208, reinforcing the connection between the N- and
C-terminal portions of the structured domain. Neutralizing
Asp and Glu at low pH disrupts both long-range native salt
bridges, as well as preventing formation of the nonnative
salt bridge. The disruption of these long-range salt bridges
removes the structural tethers keeping HA close to the HB-
HC scaffold, and consequently HA and the nearby S1-S2
sheet become dislodged. All three of these salt bridges are
associated with known disease-causing genetic mutations:
R208H, D178N, and E196K. Loss of these salt bridges by
mutation is expected to be similar to removing them through
protonation, such that conversion drastically changes the
surface properties of PrP on one face of the molecule,
presenting large hydrophobic segments prone to aggregation,
while on the other face (HB-HC region), PrP remains
native-like. The results from this MD study of huPrP (90-
228) provide atomic-resolution views of the initial conversion
PrP may undergo in human neurodegenerative diseases such
as CJD, FFI, Kuru, and GSS.
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