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Prion diseases are associated with an abnormal conformational transition involving the prion
protein and are known to affect mammals. Here, the different mechanical behaviour of two
mammalian, human (HuPrP) and Syrian hamster (ShaPrP), and two non-mammalian, chicken
(ChPrP) and turtle (TuPrP), prions was assessed by steered molecular dynamics simulations
performed on the globular domains of the four proteins. In mammalian prions a greater

resistance to external stretching forces and an earlier occurrence of irreversible events were
observed. The different unfolding profile of mammalian prions, ascribable to the intramolecular
interactions involving helix 1 with helix 3, implicate the existence of metastable non-native states
which may prompt abnormal pathways of protein misfolding and aggregation.

Introduction

Prion diseases are neurodegenerative disorders, which include
Creutzfeldt—Jakob disease in humans, and transmissible spon-
giform encephalopathy (TSE) in cattle. According to the
protein only hypothesis the disease is caused by an abnormal
form of the prion protein PrP,! which accumulates in plaques
in the brain.®> This disease-associated form of PrP (PrP°)
differs from the normal form (PrP€) only in its three-dimen-
sional structure,® characterized by an increased p-sheet con-
tent as indicated by FTIR and CD experiments.* NMR
structures of all prion proteins so far obtained have revealed
that the whole N-terminal segment is unstructured and that
only the C-terminal part possesses a defined three-dimensional
structure. For all species of PrP, the structured part consists of
three a-helices and a small two-stranded B-sheet. If one bears
in mind that TSEs have been documented only for mammalian
species, the differences between mammalian and non-mamma-
lian prions should help to shed light on the molecular mechan-
ism underlying the PrP® — PrP* conversion. In order to map
this “misfolding” reaction we need to characterize all the
intermediate states along the pathway linking the native PrP¢
to the PrP5 state. In this light, molecular dynamics (MD) is an
effective tool, allowing all of the interactions between protein
atoms to be monitored in detail. Because of limitations on
simulation times, and height of energy barriers to conforma-
tional transitions in proteins, a number of methods have been
proposed to accelerate such transitions by the introduction of
an external perturbation. In particular, steered molecular
dynamics (SMD) techniques have enabled the characterization
of protein unfolding using mechanical forces.> This method is
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expected to provide complementary information on the un-
folding-misfolding pathways of a protein to that obtainable
from bulk chemical and biophysical measurements. In parti-
cular, recent works have evidenced that the mechanical prop-
erties of proteins may be correlated with their stability.®
Here, SMD techniques have been employed to investigate
the mechanical stability of the globular C-terminal domain of
two mammalian (human and Syrian hamster) and two non-
mammalian (chicken and turtle) PrP proteins with the aim of
evaluating different behaviours which discriminate the two
families of prions. A comparison of the SMD simulations of
the four proteins (HuPrP, ShaPrP, ChPrP and TuPrP) evi-
denced that the two families of prions, mammalian and non-
mammalian, behave differently, suggesting a possible relation-
ship between the unfolding mechanism and prion pathogenesis.

Computational details

SMD simulations were carried out using the software
NAMD,” and the CHARMM 22 force field. The simulations
for both mammalian and non-mammalian prion proteins
started from the experimentally determined NMR structures
of the C-terminal globular domains: human (PDB code
1HIMH), chicken (PDB code 1U3M+), Syrian hamster (PDB
code 1B10t) and turtle (PDB code 1U5L+).%° The alignments
of sequences from the four prions are reported in Fig. 1.
Despite the fact that the sequences of mammalian and non-
mammalian prions share only 40% homology, all the investi-
gated structures showed the same global fold.® All the struc-
tures were first solvated with water using the TIP3 solvent
model.'® The final water box was large enough to contain all
protein atoms at the end of unfolding. The size of the water
box was 60 x 60 x 150 A, with about 150 000 water molecules.
The solvated molecules were energy-minimized (conjugate
gradient) and gradually heated up to 300 K; then they were
equilibrated with a 300 K thermal bath for 400 ps. All SMD
simulations were carried out by fixing the N atom of the N
terminus “‘fixed atom” and applying an external force to the C
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Fig. 1 Alignment of the sequences relative to the globular domains of
the four analyzed prion proteins: HuPrP125-228, ShaPrP125-228,
ChPrP126-242 and TuPrP119-225. Secondary structure elements such
as PB-sheets and a-helices are identified as blue arrows and orange bars,
respectively.

atom of the C terminus “SMD atom”. The direction of
elongation was chosen as the vector connecting the fixed atom
to the SMD atom. To obtain readable force—elongation
profiles it is necessary to connect the SMD atom to a properly
chosen virtual spring whose external tip is pulled away along
the chosen direction of elongation. The value of the elastic
constant K of this spring is a critical parameter and has to be
chosen to obtain the best results with an acceptable computa-
tional demand. In order to optimize SMD parameters, we
have carried out several preliminary trials, all confirming that
the best sensitivity for the method could be obtained with a
spring constant K = 10 kcal mol™' A~? in agreement with
other previous papers.’ A constant pulling rate of 0.1 A ps!
was chosen to properly balance computational cost and
accuracy of simulation. This pulling rate is believed to produce
reliable results according to the most commonly adopted
simulation protocols.!' Timestep was fixed at 2 ps, and the
“rigid bond” algorithm of NAMD was adopted. Non-bond
interactions were treated by adopting a cut-off value of 12 A.
All SMD simulation were performed ten times in order to
evaluate statistical fluctuation of the simulations. Only those
molecular events that occurred at least 7 times out of 10
simulations were considered meaningful and discussed. In
order to evaluate up to what extent the stretching of the
proteins can be considered reversible, or in other words, the
maximal elongation at with each protein is still capable of
refolding, a series of backward simulations were performed
starting at increasing extensions (5, 10, 15, 20 and 30 A) and
applying a negative force (not shown). The pulling was
considered reversible if consequently to the backward simula-
tion the protein refolded to the native state. All calculations
were performed on a Linux cluster of 32 Intel Pentium IV
processors. In this configuration, 360 h of CPU time were
needed to perform 1 ns of simulation.

Results

All the SMD simulations for the four species, whose force—
elongation curves are reported in Fig. 2, started with an
equilibrated folded structure and were stopped at an extension
of 100 A, after 1000 ps of simulation. The four proteins exhibit
a different unfolding resistance to external forces. This differ-
ent behaviour originates from these early stages of unfolding
and it was not necessary to completely unfold the structures up
to a fully extended conformation. Consequently, the force—
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Fig. 2 Force—elongation diagrams obtained from the SMD simula-
tions of the four prion proteins: ShaPrP (blue), HuPrP (green), ChPrP
(red) and TuPrP (black). Every solid line represents the mean curve
calculated over ten SMD simulations. The bars represent the statistical
fluctuation for the simulations.

elongation curves are not biased by the rupture of the intra-
molecular disulfide bridge connecting helix 2 with helix 3,
which is still unbroken at the end of each simulation. Each
peak of the four force—elongation curves is ascribable to a
particular molecular event involving the loss of native-like
contacts, the rupture of a hydrogen bond network or the
unfolding of helical structures.

Unfolding of ShaPrP

The unfolding process of ShaPrP can be divided into two
regions: in the first, protein stretching is reversible; in the
second region, characterized by an irreversible elongation,
some structured domains collapse and the protein starts to
unfold. This is evidenced in Fig. 3 where some snapshots
representing the structure of ShaPrP at different elongations
are reported. During the reversible phase (up to 10 A of
elongation), ShaPrP maintains its global fold and the unfold-
ing force never exceeds 1500 pN (see Fig. 2 green line).

1] 100 A 1

Fig. 3 Ribbon representations of the native (blue), 15 A-elongated
(red), 36 A—elongated (green) and 100 A—elongated (yellow) globular
domain of ShaPrP. Groups affected by elongation are represented as
opaque material. Unmodified regions are represented as transparent
material.
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Furthermore, the N-terminus, encompassing residues from
Leul25 to Metl129, unravels evidencing some slight changes
in many native-like contacts. After the reversible stretching, an
abrupt change in the slope of the force—elongation curve is
observed, suggesting that an elongation of 10 A produces a
metastable state which is not able to refold. These changes are
better evidenced by looking at the contact maps reported in
Fig. 4. In these contact maps, each single spot represents an
interaction between two residues—reported in the x- and
y-axes—occurring at less than 7 A. As discussed before, we
reported only the interactions that occurred at least 7 times
out of 10 SMD simulations. A comparison of the contact
maps evidences that, at the end of the reversible pulling, the
native-like contacts of the residues encompassing the last pitch
of helix 3 are lost and the interaction existing between Leul30
and Thr216 vanishes. In the meantime, the N-terminal region
moves away from helix 3. After this stage of unfolding, in the
elongation range 20-30 A, the helix 3 begins to unfold; here,
the unfolding resistance under the unfolding force can be
partially attributed to the breaking of a network of hydrogen
bonds (H-bonds) involving residues from Ser222 up to
GIn227. In the region from 30 to 60 A, helix 3 continues to
unfold and to move away from the protein core. Moreover,
the H-bonds connecting the two B-strands involving residues
from Metl29 to Alal33 and from GInl60 to Tyrl63 are
broken and the two B-strands slide over each other. In the
region from 60 to 66 A, the two B-strands continue to slide
over each other. Here, the H-bonding network connecting the
two B-strands is missing, and only weak interactions resist the
external pulling force. After an extension of 66 A, the domain
of helix 3 involving residues from GIn212 to Glu219 begins to
unfold. At the end of the SMD simulation the force is
approximately 6000 pN.

Unfolding of HuPrP

In the region in which the protein exhibits a reversible
stretching (0-10 A), the force rises linearly up to 1500 pN
and a number of phenomena occur simultaneously (see
Fig. 2 blue line). At first, the C-terminal region of helix 3
starts to unfold and, as evidenced in the contact maps
of Fig. 4, several native-like contacts are lost: Met206—
Tyrl57, Met205-Tyrl45, Met205-Tyr149, Val210-Prol58,
Val210-GIn160, Cys214-GInl160, Glu221-Metl65, Ser222-
Met165, 1le215-Asp178, 1le215-Asnl171 and Tyr218-Asnl7.
Differently from the ShaPrP, the N-terminus is almost un-
modified. Beyond an extension of 10 A, the slope of the
force—elongation curve changes noticeably, and the stretched
protein is not able to refold. Then, four events evidenced at
about 33, 50, 64 and 81 A occur, as shown in Fig. 2. The event
located at an extension of 33 A can be ascribed to the
lengthening of helix 3. After an extension of 50 A, the
unfolding of helix 3 begins to appear significant, mainly
involving its N-terminal. In addition, the residue Val210
belonging to helix 3 moves away from its original position
close to Vall80; after this movement the position of helix 3 is
tilted. After an extension of 81 A, the helix 3 unfolds com-
pletely and helix 2 begins to bend. At the maximum extension
of 100 A, the unfolding force is about 4500 pN.
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Fig.4 Residue contact maps of ShaPrP in the native state (Shay) and
after an elongation of 10 A (Sha;o) and HuPrP in the native state (Hug)
and after an elongation of 10 A (Huyp). Two residues were considered
to be in contact when the distance between their C(o) atoms was less
than 7 A. Boxes indicate native-like contacts lost after elongation
(10%).

Unfolding of TuPrP

Differently from the mammalian prions, it is difficult to ascribe
particular molecular events to single peaks of the force—elon-
gation plot relative to the mechanical unfolding of TuPrP (Fig.
2 black line). The unfolding force, even at the maximum
elongation explored (100 A), never exceeds 3500 pN, and the
stretching of the protein is reversible up to 30 A. Contact
maps, reported in Fig. 5, calculated for the native state and
after an elongation of 10 A, evidence that in this range some
local contacts such as Lys207-Vall81, GIn211-Argl7s,
Cys214-Vall77, GIn217-Phel76, Met213-Vall61l, Val201-
Glul46, Val209-Asn140 and Met213-Ser135 are lost. In the
range 10-30 A, the residues that constitute the C-terminal end
of helix 3 unfold and move away from the protein core. In the
range 30-100 A, helix 3 unfolds completely. Moreover, differ-
ently from the mammalian prions, helix 2 remains folded
because of the presence of the loop involving 10 residues
(from Lys189 to Thr199), which is stretched before helical
unfolding.

Unfolding of ChPrP

When stretched by external forces, ChPrP exhibits a behaviour
similar to that observed for TuPrP. In particular, an analysis
of frames relative to the early steps of reversible unfolding
(extension range 0-10 A), evidenced that some local contacts,
Glu229-Tyr173 and Val222-Argl67, are lost, as shown in
Fig. 5. In the range 10-30 A, the residues that constitute the
C-terminal end of helix 3 unfold and move away from helix 2.
All these molecular events are reversible. Moreover, in this
range, many H-bonds are broken. In particular, the rupture of
two of them are evidenced in all simulations: one involves the
backbone oxygen of Asn203 and the backbone hydrogen of
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Fig. 5 Residue contact maps of TuPrP in the native state (Tug) and
after an elongation of 10 A (Tuyo) and of ChPrP in the native state
(Chg) and after an elongation of 10 A (Chyg). Two residues were
considered to be in contact when the distance between their C(a)
atoms was less than 7 A. Boxes indicate native-like contacts lost after

elongation (10%).

Glu206, while the second connects the backbone hydrogen of
Asn203 with the backbone oxygen of Prol98. In the range
30-60 10\, the residues belonging to the second part of helix 3
unfold. In addition, the N-terminal loop involving residues
from Gly226 to Ser142 begins to extend, but this deformation
does not influence the two B-strands involving residues from
Vall68 to Argl71 and from Tyr135 to Gly138, respectively. In
the range 60-100 A, the residues that constitute the final part
of helix 3 unfold completely. The N-terminal loop involving
residues from Gly226 to Ser142 continues to extend without
any deformation of the two B-strands nearby. Similarly to that
found for TuPrP, helix 2 is still folded because of the presence
of the loop involving 23 residues (from Glu219 to 1le196),
which is stretched before helical unfolding.

Discussion

SMD simulations performed on the globular C-domain of two
mammalian and two non-mammalian prion proteins revealed
that a higher mechanical force is necessary to unfold mamma-
lian prions and that irreversible events occur earlier with
respect to the unfolding of non-mammalian proteins. The
irreversible events occurring at the early stages of mammalian
prion stretching were ascribed to the loss of effective native-
like contacts that are not evident in the structures of the non-
mammalian proteins. These contacts mainly involve residues
belonging to helices 1 and 3 whose interactions have been
found to be important for PrP folding and stability.'>!?
Furthermore, the early steps of mammalian prion unfolding
are characterized by the rupture of the H-bonding network
connecting the two B-strands of the unstructured N-terminal
domain with helix 1. Conversely, in non-mammalian prions
the early steps of unfolding are mostly characterized by the

Fig. 6 Superimposed 3D structures of the loops connecting helix 2
with helix 3 in mammalian—HuPrP (light yellow) and ShaPrP (dark
yellow)—and non-mammalian—ChPrP (light blue) and TuPrP (dark
blue)—prions.

smooth loosening of an elastic loop connecting helix 2 with
helix 3 (Fig. 6). Although a quantitative calculation of free
energy unfolding profiles from the non-equilibrium force—
elongation curves reported here is not possible, the existence
of metastable conformers may be deduced from the earlier
occurrence of irreversible events along stretching (ruptures of
native-like structures) in mammalian prions. Consequently, it
may be hypothesized that after the loss of the native-like
contacts mammalian prions can explore a number of confor-
mations away from the native state. On the contrary, the mild
slope of the stretching forces exhibited by non-mammalian
proteins, coupled with the late onset of irreversible events,
would allow them to refold more easily after an external
perturbation (Fig. 7). While a straightforward extrapolation
of these results in a biological context is not simple, the
existence of the early steps of protein unfolding of non-native
states unable to refold, here observed for mammalian prions,
may have important consequences. In fact, the existence of
these metastable states may prevent the achievement of the
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Energy

non mammalian

2

Elongation

Fig.7 Schematic drawing of energy vs. elongation of mammalian and
non-mammalian prions. N and I represent the native and an inter-
mediate state which originate from a reversible (—) and irreversible
(- --) elongation, respectively.
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most stable conformations of proteins and/or lead to the co-
existence of many different long-lived conformers. Many
authors have proposed that this “‘conformational heterogene-
ity” may be closely related to the genesis of “‘conformational
diseases”, because the observed existence of metastable non-
native states is believed to boost abnormal pathways of
protein misfolding and aggregation.'*'® It is noteworthy to
remind ourselves here that multiple pathways of misfolding
have been invoked to explain the difficulties in refolding PrP5°
in vitro, the formation of distinct B-sheet-rich abnormal iso-
forms, the need for a PrP> template, and the existence of
prion ‘strains’, i.e. clinically distinct disease forms within a
single animal species that are not associated with mutations in
the PrP gene."’
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