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Abstract 

Conformational conversion of normal α-rich cellular prion protein PrP
C
 to its 

oligomeric β-rich isoform PrP
Sc

 can lead to fatal prion diseases. Despite numerous 

studies, the underlying mechanism for the β-enrichment during the conversion 

still remains elusive. In this molecular dynamics (MD) study, firstly, we examined 

the influence of pH on the PrP C-terminal domain and suggested that acidic pH 

can facilitate the denaturation of PrP which starts from H2 helix. After further 

conformational changes in the elevated temperature simulation and simulated 

annealing simulation, a new β-strand, named as S3, is formed at the denatured 

region of H2 and aligns antiparallel with native S2 β-strand, leading to a stable 

three-stranded β-sheet structure in the PrP C-terminal domain. With a combination 

of polarizable structure-specific backbone charge (PSBC) model and replica 

exchange molecular dynamics (REMD) simulation, we simulated the folding of 

three N-terminal fragment peptides. Three new β-strands are found. By 

incrementally modeling the newfound β-strand onto the previous three-stranded 

β-sheet structure, we obtained a novel β-rich conformer with six-stranded 

antiparallel β-sheet spanning both the C-terminal domain and the N-terminal 

amyloidogenic region of PrP, which might serve as the β-core of the amyloid 

fibrils and can provide important insights into the mechanism of the 

conformational conversion of PrP
C
 to PrP

Sc
. 
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Chapter 1  Introduction 

 

1.1 A brief introduction of prion diseases 

Prion diseases, also known as transmissible spongiform encephalopathies (TSEs)
1
, 

are a class of lethal neutrodegenerative disorders in human beings and a wide 

range of mammalian animals. Human prion diseases include Creutzfeldt-Jakob 

disease (CJD), Gerstmann-Straussler-Scheinker syndrome (GSS), fatal familial 

insomnia (FFI) and kuru. In animals, there are bovine spongiform encephalopathy 

(BSE, also known as mad cow disease) in cattle, scrapie in sheep, chronic wasting 

disease (CWD) in deer and elk.
2-4

 Prion diseases share some similar 

pathophysiological and morphological characteristics with other progressive 

encephalopathies, such as Alzheimer’s disease (AD), Parkinson’s disease (PD) 

and Huntington’s disease (HD).
5
 They are commonly associated with the 

accumulation of pathogenic misfolded isoform of prion protein, leading to the 

formation of intracellular or extracellular protein amyloid fibrils or aggregates. 

However, prion diseases are considered unique in that there seems no 

informational nucleic acid genome which encodes for the progeny, and the 

infectious isoform of prion protein can propagate itself.
6
 The unique biology, 

along with the public health risks posed by prion diseases has attracted 
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considerable attention on prion protein. Prions have also been adopted as models 

for providing a comprehensive evaluation of other neurodegenerative diseases 

involving accumulation of misfolded host proteins. 

The infectious agent responsible for prion diseases was recognized in the 

1960’s.
7
 The agent was termed as “prion” by Stanley Prusiner in 1982, which 

stands for proteinaceous infectious particle.
8
 In diseased humans and animals, 

prion protein exists in two forms, the physiological, normal cellular form named 

as PrP
C
, and the pathological scrapie isoform indicated as PrP

Sc
. Since then, 

enormous efforts have been devoted to investigating the biophysical and 

biochemical properties of the prion protein and unravelling the mechanism of 

prion pathogenesis. Numerous research studies have provided evidence that the 

misfolding and aggregation of healthy PrP
C
 to pathological PrP

Sc
 is the key event 

for the development of prion diseases.
9
 According to the widely accepted 

protein-only hypothesis, PrP
Sc

 is the major component of the infectious agent and 

it can “replicate” in the absence of nucleic acid by templating the misfolding of 

other healthy PrP
C
 in an autocatalytic manner.

10
 Detailed structural studies on 

both the two isoforms are of great significance in the prion biology since they may 

clarify the molecular mechanisms responsible for the prion pathologies. 

1.2 The cellular prion protein, PrP
C
 

The cellular prion protein (PrP
C
) is highly present in the central nervous system 
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and various tissues of humans as well as animals
11

, and has around 90% similarity 

across mammals.
12,13

 It is a glycosylphosphatidylinositol anchored (GPI-anchored) 

glycoprotein which is located on the outer surface of the neurons cells.
1
 In human 

prion protein, the immature PrP
C
 is a long polypeptide composed of 253 amide 

acids. During the protein maturation and translocation, the N-terminal 

endoplasmic reticulum signal peptide and the C-terminal GPI-anchoring peptide 

are cleaved off. The remained mature functional protein is 209 amid acids (residue 

23-231) in length and is attached to the extracellular cell membrane by a GPI 

anchor.
14-16

  

Structural studies at the atomic level have been hampered by the difficulties in 

obtaining enough quantities of highly purified materials and relatively 

low-expression levels determination method. So far, most structural information 

on PrP
C 

has come from recombinant prion protein (rec PrP
C
) in bacteria or 

chemical synthesis. Nuclear magnetic resonance
17-21

 (NMR) and X-ray 

crystallography
22,23

 studies on more than 20 different species
24

 and mutants
25,26

 

revealed that PrP
C 

shares a highly conserved fold of two distinct structural regions, 

including a largely disordered N-terminal and a well-structured C-terminal 

globular domain (Figure 1.1)
27

. 
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Figure 1.1: Structural illustration of prion protein 

1.2.1 The C-terminal domain of PrP
C
 

Various structures of the globular C-terminal domain of prion protein have been 

solved at atomic level by solution NMR and X-ray crystallographic techniques. 

These structures are from a range of mammalian animals, such as mouse
19

, 

sheep
23

, bovine
17

, elk
21

, horse
26

, humans
27

, and so on. Collectively, these 

structures share a consistent fold of three α-helices (H1, H2 and H3) and a short 

two-stranded antiparallel β-sheets (S1 and S2). H2 and H3 form the hydrophobic 

bulk and are linked by a characteristic disulfide bond. Taking human prion protein 

as an example, the C-terminal domain (residue 125 to 228) consists of three 

α-helices (H1: residue 144-156, H2: residue 174-194, H3: residue 200-228) and a 

short two-stranded antiparallel β-sheets (S1: residue 128-131, S2: residue 
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161-164).
27

 H2 and H3 are linked by a disulfide bond between Cys179 and 

Cys214. Defining the particular role of each secondary structure domain in the 

conversion to a pathological form or partially unfolded intermediates is one of 

major research interests in unraveling the conformational conversion of PrP
C
 to 

PrP
Sc

.  

The first helix H1 is characterized by a highly unusual sequence. Unlike normal 

α-helices and β-sheets consisting of most hydrophobic residues
28

, it is composed 

of hydrophilic residues (DYEDR YYREN MHR, residues 144-156 in human 

prion protein), so it lacks the ability to form stabilizing hydrophobic contacts with 

the protein core
29

. The protonation state of His155 at different pH conditions may 

affect the structure of H1 C-terminus
30

. Even though a number of studies 

implicated that H1 may be the initial site of the protein misfolding
31-33

, NMR and 

CD spectroscopy studies with synthetic peptides of H1 demonstrated that H1 has 

remarkably high intrinsic α-helical propensity
34

, and shows high stability under a 

wide range of environmental conditions
35

. More and more studies indicated that 

H1 may not take part in the early conformational changes, but may refold in the 

late stage as involved in global structure rearrangements.  

The H2 and H3 helix form the hydrophobic bulk of the protein and are linked 

by a characteristic disulfide bond. H2 and H3 are often studied as an integrity 

domain. It is reported that the isolated H2H3 domain can independently undergo 

glycosylations and glycosylphosphatidylinositol anchoring in a way similar to that 
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of full-length prion protein
36

. The H2H3 fragment can form proteinase K-resistant 

aggregates and reproduce the oligomerization pathways of full-length prion 

protein
37

. H2H3 undergoes structural transformation early during the aggregation 

of recombinant PrP, indicating to be the seeding sites of the pathogenic 

conversion
38

. It is hypothesized that H2H3 might be the minimal region involved 

in the conformation of PrP
36

.  

The amino acid sequence at H2 C-terminus( TVTTTT, residues 188−193 in 

human prion protein) is very unusual since it has a high propensity for β-sheet 

formation. The H2 C-terminus also exhibits the most structural perturbation in a 

number of experimental
39-42

 and theoretical
41,43-46

 studies. This region has been 

shown to form β-conformation or amyloid fibrils 
41,42,47

 and to be neurotoxic in 

vitro
48

. Thus, the H2 C-terminus may play an early role in the conformational 

conversion, but this role is still not elucidated. 

Most of the pathogenic mutations
49

 that have been associated with the prion 

diseases cluster in the C-terminal domain, mainly in H2, H3 and the loop between 

them. To date, available solved structures of mutants by NMR
50-52

 and X-ray 

crystallography
53

 show minor structural differences. None of these mutations 

causes dramatic changes in the globular conformation. Some mutations
54

 may 

affect the side chain interaction of the intermolecular salt-bridges or modify the 

structural contacts between H2 and H3, leading to the disturbance of the normal 

folding pathway of prion protein. 
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1.2.2 The N-terminal domain of PrP
C
 

The highly flexible N-terminus of PrP features the glycine-rich octarepeat region 

(OR), which is evolutionarily conserved among different mammalian species.
55

 In 

human prion protein, there are four perfect OR repeats of PHGGGWGQ (residues 

60-91) and one homologous “pseudorepeat” of PQGGGGWGQ (residues 51-59). 

Within the PHGGGWGQ repeats, the His and Trp residues were found to be 

possible binding sites to a number of metal ions, including manganese
56

, zinc
57-59

, 

and copper ions
58,60-62

 (see the copper binding sites in Figure 1.2).  

Its ability to bind copper ions has attracted many research interests.
63

 Numerous 

studies have been done to identify the role of OR regions in protein function and 

the disease pathogenesis, which is complicated and controversial. An X-ray 

study
64

 with the HGGGW peptide fragment showed that this region can be 

wrapped into a β-turn configuration by the coordination to Cu
2+

 ion. Zahn
65

 

reported that the HGGGW residues adopt a loop conformation and the GWGQ 

residues can form a β-turn-like structure in a pH-dependent aggregation. However, 

the PrP isolated from normal and pathological brain cells is not necessarily the 

full-length form, but a truncated form
66,67

. The truncated molecule contains the 

C-terminus and the amyloidogenic potion of N-terminal, but lacks the OR regions, 

indicating that the OR regions is not necessarily essential for the prion infectivity. 

Although the OR region might not be necessarily required for the β-rich core of 

the infectious pathogen PrP
Sc

, it is still hypothesized to play a role in the 



20 
 

pathological process of the prion protein. 

 

 

 

Figure 1.2 Model of human prion protein showing the binding sites of metal ions. 

 

Another region which contains functional subdomains associated with copper 

coordination is a positively charged segment (residues 96-111) in human prion 

protein) at N-terminus of prion protein  (see the copper binding sites in Figure 

1.2).
68

 The low-occupancy binding form with Cu
2+

 bridging to His96 and His111 

is regarded as the most likely route to induce local β-sheet formation. A Circular 

dichroism (CD) spectroscopy study
69

 on the PrP(91–115) synthetic peptide 

observed an increase in β-sheet formation in the low-occupancy coordination of 

Cu
2+

. Younan et al.
70

 postulated that the β-sheet increase could be the result of the 

Cu
2+

 coordination to His96 and His111, which can cause main-chain conformation 

changes, induce the formation of anti-parallel β-hairpin and cause intermolecular 

self-association and aggregation. Pushie et al.
71

 proposed that Cu-induced PrP 

conversion might occur in the lysosome compartments which have a lower pH 

His96 

His111 

His85 

His77 

His69 

His61 
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and favor low-occupancy copper coordination form, as compared to extracellular 

environments.
71

 MD simulation on PrP(96-111) fragment with low-occupancy 

Cu2+ binding form demonstrated that Cu
2+

 bridging to His96 and His111can 

promote localized β-sheet structure formation.
72

 However, on the contrary, a 

combined spectroscopic and MD simulations by Migliorini et al.
73

 observed 

β-sheet structure occurrence in apo peptide of huPrP(91-127) without copper 

binding, while the metal bound complex showed a lower β-sheet content, 

suggesting that copper binding to His111 imposes precise backbone bending and 

weakens β-sheet formation propensity.  

The relationship between copper binding and prion infectivity is complicated 

and controversial. At this point, it hasn’t reached agreement on the role of copper 

in prion pathogenesis. It has been reported that copper inhibited the formation of 

amyloid fibrils in vitro experiment of recombinant PrP.
74

 The presence of cooper 

increased the PrP
C
 accumulation in normal hamster but decrease the PrP

Sc
 

accumulation in the scrapie infected hamster.
75

 In another study, however, it 

showed that copper induced the PrP
C
 to PrP

Sc
 conformational changes in 

recombinant an cellular PrP.
76

 Addition of copper are found to be capable of 

recover the protease resistance and infectivity of PrP in vitro.
77

 Recently, a 

single-molecule fluorescence assay demonstrated that copper could induce 

monomers of PrP to misfold before oligomerization and the misfolded PrP could 

promote subsequent aggregation. Therefore, it is still unclear whether copper 
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inhibits or promotes the prion disease. 

Although copper may not have a causative effect in prion diseases, the ability 

of copper binding suggests PrP might play a role in copper homeostasis
60,78,79

. In 

addition, there are also studies indicate that PrP might be involved in 

neuroprotection
80-83

, signal transduction
84-86

 or peripheral myelin maintenance
87

. 

However, a unifying definition of PrP function has not been uncovered. Therefore, 

PrP is often regarded to exert pleiotropic effects in diverse physiological functions 

of neuronal and glial cells
88

. 

The downstream region to the primary cooper-binding sites at N-terminal is a 

highly hydrophobic sequence containing a high percentage of Ala amino acids 

(residues 106-126 in human prion sequence). This region has also received special 

research interest because the corresponding peptide has shown highly 

amyloidogenic and neurotoxic properties in vivo and in vitro studies.
89-93

 

PrP106-126 peptide of human PrP exhibited a predominantly β-sheet structure and 

showed amyloidogenicity and neurotoxicity in vitro at pH 5.
94

 Synthesized 

peptides corresponding to the hydrophobic sequence in hamster PrP (residues 

109-122) spontaneously formed amyloids composed largely of β-sheet structure.
95

 

The fibrillogenicity and neurotoxicity of PrP106-126 peptide can induce neuronal 

cell death in vitro by an apoptotic mechanism.
96

 A long-time-scale (1.1 μs in total) 

all-atoms explicit-solvent MD simulation showed that the peptide fragment of 

PrP109–122 region can spontaneously form into a β-hairpin.
97

 All these studies 
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confirm that this hydrophobic region is a β-rich region and may play a role in the 

amyloid fibril formation. 

The PrP106-126 sequence contains a highly hydrophobic and amyloidogenic 

palindrome AGAAAAGA (residues 113 to 120 in human prion sequence). This 

hydrophobic core plays an important role in the fibrillation and toxicity of the 

PrP106-126 sequence.
98

 This palindromic AGAAAAGA region is indicated to be 

solvent exposed in PrP
Sc

, the strong hydrophobic interaction of this region may 

play a role in the infectivity of prion.
99,100

 Tryptophan fluorescence spectrum and 

1
H-NMR studies

101
 showed that the palindromic region was associated with the 

oligomer fibrils and was engaged in intra- and/or inter-molecular interactions. 

Some studies
102-104

 has suggested that this region has a strong propensity to form 

steric zipper amyloid fibrils, with different β-sheet organizations and the 

neighboring β-sheet layers packing modes due to various local environments of 

the sequence. Mastrianni et al.
105

 reported that the deletion of AGAAAAGA 

palindrome can prevent the formation of protease-resistant PrP
Sc

-like protein in 

yeast, suggesting that the palindrome segment is essential for the prion conversion. 

Brown
106

 proposed that AGAAAAGA was necessary but insufficient for the 

toxicity of PrP. 
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1.3 The scrapie prion protein, PrP
Sc

 

Although the atomic structure of PrP
C
 has been determined, the detailed structure 

of PrP
Sc

 remains elusive. This is due to the polymeric and heterogeneous nature of 

PrP
Sc

, which makes it difficult to get enough quantities of purified materials for 

conventional structural characterization. Detail information in structural details of 

PrP
Sc

 are of vital importance for understanding the molecular mechanism of the 

transmission and for potential pharmacological and clinical intervention.  

So far, considerable effort has been devoted to define its structure. PrP
Sc

 shares 

a high degree of similarity in the amino acid sequence with PrP
C
, but has huge 

differences in secondary and tertiary structure. Unlike the α-rich PrP
C
, it is 

demonstrated that PrP
Sc

 contains significant β-sheet and few α-helical structure. 

Low-resolution optical measurements reveal that the PrP
Sc

 is β-sheet structure 

enriched.
107,108

 The secondary structural component of PrP
Sc 

remains elusive. 

Studies with Frourier-ransform infrared (FTIR) spectroscopy
109

 shows that PrP
Sc

 

has a less proportion of α-helical structure (30%) and a pronouncedly higher 

β-sheets structure content (43%), in comparison to PrP
c
 which contains three 

α-helices (42%) and a very short two-strand β-sheets (3%). These low-resolution 

optical measurements are of high uncertainty. However, all these studies confirm 

the hypothesis that part of the original α-helices in healthy PrP
C
 would refold into 

β-sheets during the pathogenic conversion to PrP
Sc

.  

Owing to the structural features of PrP
Sc

, it reveals different physicochemical 

http://dict.youdao.com/w/tertiary%20structure/#keyfrom=E2Ctranslation
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properties with PrP
C
. PrP

C
 is monomeric, soluble, and can easily be degradable by 

proteinase K. PrP
Sc 

, on the other hand, is insoluble, highly resistant to protease K, 

and prone to aggregates.
8,109,110

 The insolubility and aggregation tendency of PrP
Sc

 

have hampered many classic methods, such as NMR and X-ray, to identify the 

detailed structure at the atomic level, because it is difficult to obtain sufficient 

amounts of highly purified samples for experiments. In-depth structural analysis 

at the atomic level remains limited. Thus, to unravel the atomic structure and 

biophysical properties of PrP
Sc 

remains one of the most critical challenges in prion 

biology. 

It is well-known that PrP
Sc

 can form aggregates
111

 with characteristics similar 

to amyloid fibrils. Amyloid fibrils are β-rich filamentous peptide or protein 

aggregates, in which β-strands are perpendicular to the long axis of the filaments 

and inter-strand hydrogen bonds are approximately parallel to the long axis.
112

 

The formation of amyloid fibrils appears to initiate from partially structured 

conformations of proteins, which can provide vital intermolecular interaction for 

aggregation. There are four types of amyloid fibril architecture: antiparallel, 

parallel in-register, parallel out-of-register and β-helix.   

Diverse types of fibrils have been found in studies with full-length recombinant 

PrP and various PrP fragments in vitro. In-register parallel β-sheets fibrils have 

been reported by solid state NMR studies with full-length Syrian hamster prion 

protein
113

, as well as PrP fragment containing residues 106-126
114

 and residues 
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127-147
115

. Antiparallel β-sheets have also been found in fibrils formed by 

residues 109-122.
103

 Baskakov et al.
116

 proposed that PrP has an intrinsic 

propensity to form conformational variational self-propagating structures, and 

identified two morphologies of fibrils (R- and S-fibrils) formed by full length PrP 

(residues 23-231).
117

 In vitro kinetic studies on the aggregation pathway of prion 

protein suggested multiple misfolding pathways and that the forms of β-sheet-rich 

amyloid fibrils are dependent on the experimental conditions. 

The pathogenic process can be divided into two steps. The first step is the 

misfolding of normal prion protein to a partially unfolded form which can provide 

the necessary flexibility and potential intermolecular interaction for the 

subsequent aggregation. The second step is that the infectious intermediates 

propagate in an autocatalytic manner to form amyloid fibrils. According to the 

“protein only”, PrP
Sc

 is the major component of the infectious agent and it can 

“replicate” in the absence of nucleic acid by templating the misfolding of other 

healthy PrP
C
 in an autocatalytic manner. Despite numerous studies, little is known 

about the mechanism of conversion of PrP
C
 to PrP

Sc
. So far, multiple mechanisms 

of prion replication have been put forward. The most accepted and general model 

is that conversion between PrP
C
 and PrP

Sc
 is reversible.

118-120
 But the PrP

Sc
 is 

much less stable than PrP
C
, which means that the equilibrium would be strongly 

shifted to PrP
C
. PrP

Sc
 can self-associate into a stable oligomeric nucleus in an 

ordered manner and this step is the rate-limiting in the mechanism. Upon the 
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formation of the stable oligomeric species, additional PrP monomers or oligomers 

are attached. In this manner, new monomeric chains are recruited and the 

aggregates grow rapidly. Recent advances suggest that prions amyloid fibrils are 

not the toxic form
121

, but rather their propagation process involves production of 

toxic species. In this way, it is possible that toxic intermediate oligomers or 

protofibrils accumulate during the process of PrP
C
 to PrP

Sc
 conversion. 

Although it has not been definitively determined that the toxic or infectious 

form of prion protein is its amyloid fibril form or the intermediate oligomers, the 

self-propagating mechanism of the infectious PrP can be readily unconvered with 

reliable hypothetic molecular structure of PrP
Sc 

, which has characteristics similar 

to amyloid fibrils. Several models have been proposed to represent the structure of 

PrP
Sc

. Based on the electron crystallography studies, Govaerts et al.
122

 suggested a 

trimeric model (Figure 1.3 a ) in which residues 89-174 form a parallel 

left-handed β-helical region and the C terminus, residues 176–227, retain its 

original globular α-helical domain linked by a disulfide-bond. DeMarco et al.
32

 

built a 3-fold protofibrils model (Figure 1.3 b) by molecular dynamics simulation 

with a scrapie prion protein. In their model, the 3-strand β-sheets consist of 

residues 116–119, 119–132 and 160–164 and an isolated strand containing 

residues 135–140. The three α-helices of the native protein retain their structure, 

and do not involve in the conversion. The propagation of fibrils appears to occur 

by connecting the isolated fourth strand to the three-stranded sheet, leading to the 
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formation of a continuous four-stranded β-sheet. Cobb et al.
123

 investigated the 

molecular architecture of the recombinant PrP amyloid fibrils using site directed 

spin labeling and EPR spectroscopy. Their studies show that, in contrast to the 

previous models, the PrP
C
 to PrP

Sc
 conversion majorly involve the refolding of the 

α-helices of the C-terminus (residues 160-220) including helix 2, a major part of 

helix 3 and the loop between them. This region form stacking single-molecule 

layers with parallel, in-register alignment of β-strands (Figure 1.3 c), which is 

corresponding to the studies carried by Tycko et al.
113

 on full-length PrP with 

NMR measurements. 

 

Figure 1.3: Structure models of prion aggregates. a) Trimeric model with 

left-handed β-helical formation by Govaerts et al.
122

. b) Three-fold protofibrils 

model by DeMarco et al.
32

. c) Stacking layers with parallel, in-register alignment 

of β-strands by Tycko et al.
113

. 
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1.4 Molecular Dynamics Studies on PrP
C
 to PrP

Sc
 Conversion 

Despite the continuing research, there are still many questions remaining unsolved, 

including the biological function of PrP
C
, the detailed structure of PrP

Sc
, the 

mechanism of PrP
C
 to PrP

Sc
 conversion, the mechanism of propagation and 

infectivity and so on. A wide variety of experimental measurements have been 

employed in the past decades, such as X-ray crystallography, NMR spectroscopy 

and Dual-polarization interferometry. However, many research efforts have been 

hampered due to the fibrillogenicity, amyloidogenicity and neurotoxicity of prion 

protein. Computational simulation serves as an important alternative and 

complementary approach to figure out some of the problems. 

Molecular dynamics (MD) simulation is a well-established technique which has 

been widely used to theoretically simulate the evolvement of biomolecular 

systems. To model efficiently, electrons are generally ignored and the calculation 

is based on the nuclear positions only following the classical mechanics.  The 

physical movement of particles and the interaction between them are described 

using forcefield potential energy function, including the chemical bonding, van 

der Waals interactions and electrostatic interaction. The trajectories derived from 

numerically solving the motion equation for each particle can provide detailed 

information on the time evolution of the simulated molecule, giving an insight 

into the stability, local dynamics, conformational changes and energy barrier. 

To date, molecular dynamics simulation has been widely used in exploring and 
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understanding the prion biology
124,125

, for example, mimicking mutations, ions or 

environmental effect on the conformational conversion, constructing 3D atomic 

models for amyloid fibril or unstructured regions. 

The accuracy of protein folding largely relies on the accuracy of the force 

fields.
126

 Generally speaking, referring to a set of energy function forms and 

semi-empirical derived parameters, force fields describe the contributions of 

various forces acting on the system or atoms. The hydrogen bond energy is 

usually regarded as an electrostatic term in the force fields, which is dependent on 

the atomic charges and distances. Hydrogen bonds are recognized as one of the 

most important structural elements of protein, which have a strong polarization 

effect.
127

 Most of the conventional force fields use fixed charge and lack 

polarization effect. The strength of hydrogen bonds has been demonstrated to be 

underestimated in simulations with standard force fields without polarization 

effect.
128

 Thus, including polarization effect in the force field is critical for protein 

dynamics simulation. 

Many studies have demonstrated that electrostatic polarization plays an 

important role in stabilizing the intra-protein hydrogen bonds and protein 

structure.
129,130

 In previous polarizable charge models, such as polarized 

protein-specific charge (PPC) scheme
131

, adaptive hydrogen bond specific charge 

(AHBC) model
132

, semifluctuating charge (SFC) model
133

,  and the polarizable 

hydrogen bond (PHB) model
130

, the electrostatic polarization effect of hydrogen 
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bonds is included in the MD simulation by periodically updating atomic charges. 

Recently, our group developed a polarizable structure-specific backbone charge 

(PSBC) model based on the existing AMBER force field. The hydrogen bonds 

formed by the backbone atoms have been discovered to be one of the main forces 

driving the formation of secondary protein structures, which are namely the 

α-helix and the β-sheet. Polarized charge distribution between the hydrogen bond 

donor and acceptor will be distorted when the hydrogen bond’s microenvironment 

changes, for instance, the hydrogen bond forms or breaks, or the hydrogen bond 

distance varies. This charge transfer will affect the electrostatic interaction energy, 

which in turn affect the stability of the protein structure. It is important to ensure 

the accuracy of the backbone atomic charges at each updating step so that the 

hydrogen bond energy is properly accounted for during the simulation. 

In the PSBC model, the polarization effect is accounted by periodically 

updating the atomic charges (N, H, C, O) involving in backbone hydrogen bonds 

according to precomputed equations. These equations are derived from 

quantum-mechanical calculations of the charge transfer between the hydrogen 

bond donor and acceptor depending on the bond distance in specific secondary 

structure of α-helix or β-sheet. While most polarizable force field models (e.g. 

induced dipole models
134

, classic Drude oscillators, fluctuating charges) require 

computationally expensive iterative and/or ab initio methods at every time step of 

a MD simulation, the PSBC method offers a simpler solution via polynomial 
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functions to account for atomic polarizability between the backbone atoms. 

In the development of this model, firstly, we constructed a two-alanine system 

to calculate the atomic charges for backbone atoms during the hydrogen bond 

formation. A hydrogen bond was formed by constraining two alanine residues in a 

specific secondary structure (α-helix/β-sheet) with ACE and NME capping at the 

N- and C-terminus of each residue. The hydrogen bond distance between the two 

residues was varied from 2.5 to 6.5 Å in increments of 0.1 Å. Meanwhile, the 

electrostatic potential (ESP) of the two-alanine system was calculated using 

Gaussian03 at the HF/6-31g* level along the hydrogen bond length. The atomic 

charges were fitted based on the calculated ESP. Only the charges of atoms 

involving in the backbone hydrogen bond formation (N, H, C, O) were updated, 

but all the other atoms were fixed at AMBER94 charges. Then a single-alanine 

system was constructed by treating the partnering alanine residue in the 

two-alanine system as ghost atoms. The atomic charges of the single alanine 

residue were calculated using the same way. By subtracting the charges obtained 

from the two-alanine system from that of the single-alanine residue, we obtained 

the charge transfer between the backbone atoms involving in the backbone 

hydrogen bond formation. Finally, equations were fitted based on the calculated 

charge transfer and hydrogen bond distance. These equations are implemented in 

the SANDER algorithm in AMBER simulation program to update the atomic 

charges of the backbone atoms according the hydrogen bond distance. During the 
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simulation, a check is performed periodically to inspect if charge updating is 

needed. If yes, the atomic charge of the atoms involving in the backbone 

hydrogen bond will be updated according to the precalculated equations. The 

equations derived from β-sheet structure are as follows: 

                     ∆q
N

=0.000587r5-0.01576r4+0.1701r3-0.9286r2+2.591r-3.029    (1.1) 

                     ∆q
O

=0.0008088r3-0.0.01742r2+0.1247r-0.3051         (1.2) 

where r is the distance between donor and acceptor in angstroms. The values of 

transferred charges for H and C atoms were the negative of that for N and O 

atoms. 

The PSBC model has been successfully applied to the folding of peptides with 

distinct secondary structural fold, such as β-hairpin tryptophan zipper, Beta3s 

peptide (three-stranded β-sheet), and the mini protein 1FME with mixed α/β 

structure. 

Here, in this prion study, we employed the PSBC scheme in the replica 

exchange molecular dynamics (REMD) simulations to study the folding of 

peptide fragment corresponding to the hydrophobic region at the PrP N-terminus, 

aiming to provide possible atomic-level conformation for this undetermined 

region. The hydrophobic region at PrP N-terminus (residues 90-126) has been 

demonstrated to show PrP
Sc

-like amyloidogenic and neurotoxic features and 

exhibit β-structure in a range of experimental and theoretical studies. 
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1.5 Organization of this thesis 

In this thesis, we use MD simulations to investigate the conformational 

conversion of human prion protein. The outline of this thesis is as follow: 

Chapter 1 is a literature review of prion protein, which mainly introduces the 

prion diseases, the structural information of PrPC and PrPSc, and MD simulations 

in prion studies. 

Chapter 2 investigates the pH effects on the early stages of conformational 

conversion of C-terminal domain of human prion protein. The conformational 

changes of each secondary structural element have been discussed. 

Chapter 3 further explores the conformational conversion of huPrP C-terminus 

by high-temperature simulation and simulated annealing simulation. A new β 

strand, named as S3, forms at the unfolding part of H2 and folds into a 

three-stranded β-sheet with native S1S2. 

Chapter 4 probes the role of huPrP N-terminus in the conformational 

conversion. Finally, a six-stranded β-sheet encompassing the C-terminus and the 

hydrophobic region of N-terminus is achieved. 

Chapter 5 summarizes the thesis and proposes possible future directions. 
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Chapter 2  pH Effect on the Conformational 

Conversion of Human Prion Protein 

 

2.1  Introduction 

The misfolding and aggregation of a normal cellular prion protein (PrP
C
) protein 

to a misfolded, oligomeric form prion protein (PrP
Sc

) can cause a group of fatal 

prion diseases also known as transmissible spongiform encephalopathies 

(TSEs).
135

 Prion diseases are a class of inevitably lethal neurodegenerative 

disorders which can be acquired by sporadic, inherited, or infectious means, and 

for which there is no treatment yet. Prion diseases in humans include 

Gerstmann-Sträussler-Scheinker disease(GSS), Creutzfeldt-Jakob disease (CJD)
2
, 

fatal familial insomnia (FFI) 
3
 and kuru

136
. In animals, relevant prion diseases are 

scrapie in cattle and sheep
137

, bovine spongiform encephalopathy (BSE, or mad 

cow disease), transmissible mink encephalopathy (TME) and chronic wasting 

disease (CWD) in elk and deer.
4
  

Owing to the high free energy barriers of PrP
C
 to PrP

Sc
 conversion, prion 

disease has a very long incubation period, which can exceed several years
138

. 

However, reduced or lacking efficiency of physicochemical conditions can 

strongly accelerate the conformational change of PrP
C107

, such as mutations, 
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chemical modification, or changes in the environmental conditions
139

.  

In neuron cells, PrP
C
 is attached to outer cellular membrane of neuron cells by a 

GPI anchor. Generally, PrP
C
 cycles between the cell surface and endosomal 

compartments and its cellular trafficking is thought to play a critical role in its 

pathogenic conversion.
140

 PrP will experience very different pH environments 

during its trafficking process. As internalized PrP molecules progress through the 

endocytic pathway, they are exposed to an increasingly acidic pH. The 

physiological pH of neuron cell surface is 7.4, early endosomes is around 6, late 

endosomes around 5, and lysosomes lower still.
141,142

 To date, it is still unclear 

where the pathological conversion occurs. Nevertheless, PrP
Sc

 has been found to 

accumulate in endosomal compartments of the infected neuronal cell.
143

 Hence, it 

was reasonable to hypothesize that the increasingly acidic environment may play 

a significant role in the pathogenic conversion.  

Many experimental findings have suggested that acidic pH may have 

significant implications for the presumed formation of PrP
Sc

 during the 

endocytosis. Oligomers formed at acidic pH exerted cytotoxicity in vitro.
144

 

Borchelt et al.
145

 reported that PrP
Sc

 synthesis took place after the PrP
C
 transits 

from the membrane and the acidic pH of the endosomal compartment induce the 

conformational conversion. DeMarco and Daggett
32

 have also conducted studies 

in vitro which indicates a relationship between acidic pH and the misfolding of 

prion protein. Hornemann and Glockshuber
146

 identified a scrapie-like unfolding 
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intermediate of PrP (121–231) which shows spectral characteristics of β-sheet 

structure and is exclusively populated at acidic pH conditions. Swietnicki et al.
147

 

reported that recombinant human prion protein (residues 90-231) can convert into 

β-sheet-rich oligomer in the presence of 1 M GdnHCl and acidic pH conditions 

(pH 3.6-5) without disrupting the disulfide bond. Zou and Cashman
148

 also 

observed the effect of acidic pH on the conformational change of human prion 

protein in vitro studies. All these experimental findings suggest that acidic pH 

condition may facilitate the presumed formation of PrP
Sc

. 

The cellular prion protein PrP
C
 is composed a largely disordered N-terminal 

and a well-structured C-terminal globular domain.
27

 NMR
17-21

 and X-ray
22,23

 

studies have revealed that PrP
C 

is an α-rich structure with three α-helices and two 

small β-strands. Unlike PrP
C
, PrP

Sc
 has a significant β-sheet content and few 

α-helical content. It is insoluble, partially resistant to protease K, and prone to 

aggregates.
8,109,110

 The insolubility and aggregation tendency of PrP
Sc

 have 

hampered classic methods, such as NMR and X-ray, to identify the detailed 

structural information. In-depth structural analysis of PrP
Sc

 at the atomic level is 

of vital importance for understanding the molecular mechanism of the prion 

conversion. 

Due to the structural features, the N- and C-terminal domains of PrP are often 

studied individually in the exploration of the pathogenic conformational 

transition.
149

 The C-terminal is well-structured and resolved by NMR and X-ray 
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crystal techniques. The reduction in α-helical content of PrP
Sc

 does imply that the 

C-terminal helical domain is necessarily involved in the conformational changes. 

In addition, most diseases-associated mutations
 150

 leading to the spontaneous 

transitions are clustered in the C-terminal domain region of PrP
C
, hence 

suggesting the importance of this region. On the other hand, the N-terminal is 

highly flexible and disordered, making it difficult to have a common viewpoint 

across studies. Some fragments of N-terminus are reported show β-propensity in 

specified conditions, e.g. residues 106–126
94,151

. We will discuss the 

β-constitution of PrP N-terminus in Chapter 3. Here, in this chapter we will focus 

on the C-terminus of human prion protein. 

In the human prion protein, the globular C-terminal domain (residue 125 to 228, 

Figure 2.1) consists of three α-helices (H1: residue 144-156, H2: residue 174-194, 

H3: residue 200-228) and a short two-stranded antiparallel β-sheets (S1: residue 

128-131, S2: residue 161-164).
27

 H2 and H3, which are linked by form a disulfide 

bond between Cys179 and Cys214, form the hydrophobic bulk of globular 

domain. 
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Figure 2.1: NMR structure of C-terminal domain of human prion protein (PDB ID 

1QM0, residues 125-228). Three helices H1, H2 and H3 are colored in violet, and 

the two β-strands S1, S2 are colored in yellow. 

 

Defining the particular role of each secondary structure domain in the 

conformational conversion can provide clues about the early misfolding events. 

The stability of isolated peptide fragment encompassing particular secondary 

structure domains have been investigated by NMR, X-ray Crystal, or related 

structural studies. Earlier research emphasizes the role of S1H1S2 region
31-33

 

which is thought to be the initial site of the protein misfolding. It is implicated that 

hydrophilic H1 helix is responsible for the α-helix-to-β-sheet conformational 

change
29,122,152

, whereas H2 and H3 tend to maintain their helical structure in the 

PrP
c 
to

 
PrP

Sc
 transition

152-154
. Norstrom et al.

152
 also suggested that H1 is the site 

associated with PrP
c
-PrP

Sc
 complex with emphasis on the importance of specific 

charge orientations. Conversely, it has also been shown by some NMR and CD 
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studies that H1 has remarkably high intrinsic α-helical propensity
34

, and reveals 

high structural stability under a wide range of environmental conditions
35

. Some 

researchers
155

 hypothesized that H1 was not as believed previously to be the 

seeding region of the conformational change, but may refold in the late stage as 

involved in global structure rearrangements of the protein
156

. 

In addition, more and more studies support the hypothesis that the H2H3 

domain rather than H1 is more associated with the conformational change. NMR 

study with isolated H2H3 fragment reported that H2H3 can form PK-resistant 

amyloid fibers similar to that of full-length protein.
37

 The H2H3 domain 

undergoes structural transformation early during the aggregation of recombinant 

PrP, indicating to be the seeding sites of the pathogenic conversion
38

. Thompson 

et al.
48

 reported that both H2 and H3 have a high propensity to form β-sheet 

structure in pH-dependent solutions, but electron microscopy measurement show 

that only H2 can form amyloid aggregates. Yamaguchi’s
47

 study shows that H2 

exhibited a high propensity to form long, straight and ordered β-sheet which could 

induce full length α-to-β conformational change, while H3 contains only short, 

flexible and random β-sheet. Although many studies confirm that the H2H3 region 

may play a role in the α-helix to β-sheet conversion, detailed information on the 

behavior of H2H3 during the conformational transition is still not elucidated. 

Due to these limited low-resolution experimental studies on PrP
Sc

, molecular 

dynamics (MD) simulation has served as an invaluable and complementary 
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approach to explore the complicated mechanism of prions, which may give the 

microscopic information and provide a better understanding of the conversion 

mechanism.
157

. So far, MD simulations have been widely used to explore the pH 

effect on the PrP
C
 to PrP

Sc
 conversion. A Constant-pH simulation by Campos et 

al.
158

 suggested a strong pH-dependence in the conformational change, indicating 

a pH-dependent trend that the α-helices decreased and the β-sheets enriched 

towards acidic pH. DeMarco and Daggett
159

 reported the destabilization of PrP
C
 

via disruption of critical long-range salt-bridges and the disconnection of H1 helix 

under low pH conditions. Study of Langella et al.
160

 revealed a significant loss 

of α-helix content under mildly acidic conditions, especially in the C-terminal part 

of H2. Massih et al.
161

 reported a new β-strands formation between the S1H1 loop 

(residues 138−141) and C-terminal of H2 (residues 183−192) by restrained MD 

simulations. Gu et al.
162

 reported that at low pH and high temperature, H2 helix is 

the most unstable region in human PrP
C
. This is further supported by a 1μs MD 

simulation at high temperature and acidic pH conditions. 
163

 The folded 

C-terminal showed a drastic conformational conversion by the partial unfolding of 

the H2H3 and persistent β-sheets between H2 and H3. 

In this chapter, MD simulations were performed with C-terminal domain of 

human PrP
C
 (residues 125-228). Simulations under room temperature (300K) and 

different pH levels (neutral: pH ~7, middle: pH~5, low: pH~3) were carried out to 

investigate the pH effect on the early stages of prion conformational conversion. 
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The structural and dynamical behavior of each secondary structure (three 

α-helices: H1, H2, H3; two β-sheets: S1, S2) was discussed separately to define its 

particular role in the early conversion. We found that the C-terminus of H2 was 

the most unstable region under acidic pH conditions and seemed to be the initial 

region for the conformational conversion.  

2.2  Methods 

2.2.1  Structure Preparation for MD simulation 

All the starting structures for our MD simulation were taken from the NMR 

structure of the human prion protein C-terminal globular domain (PDB ID: 1QM0, 

residues 124-228). In order to model the three different pH environment, the 

protonation state of Asp (pKa ~ 4.5), Glu (pKa ~ 4.6) and His (pKa ~ 6.2) residues 

were manually changed. A low pH environment at an approximate value of pH 3, 

which falls within the pH range of both endosomal pH and in vitro conversion 

conditions, was realized by protonating all the Asp, Glu and His residues. A 

middle pH condition of approximately 5 was attained by protonating only His 

residues. In neutral (pH~7) simulations, all the Asp, Glu and His residues were 

left unprotonated. All the simulation systems were neutralized with counterions 

(Na
+
 or Cl

-
). The disulfide bond between Cys179 and Cys214 was kept intact in 

our simulations as there is evidence indicating it is retained during the misfolding 

and aggregation of PrP
164

. 
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2.2.2  Molecular Dynamics Simulation 

MD simulations were carried out with AMBER10 software package and AMBER 

99SB force field. All structures were solvated in octahedral periodic box by using 

TIP3P water molecules and counterions (Na
+
 or Cl

-
) were added to adjust the 

system charge to zero. The minimum distance between the surfaces of the 

waterbox and the protein was set as 10 Å. The systems were minimized in two 

steps. In the first step, only the solvent molecules are optimized by 1000 steps of 

steepest descent minimization, and by a 3000 steeps of conjugate gradient method. 

In the second step, the whole system was optimized without restraint, with a 

10000 steps of steepest descent minimization, followed by 10000 steps of 

conjugate gradient minimization. After minimization, the temperature for the 

system was gradually increased using the canonical ensemble (NVT, constant 

number of particles, volume, and temperature). For the three simulations at room 

temperature simulations under different pH conditions, the system was heated up 

from 0 to 300 K in 100 ps. In all the simulations, Langevin thermostat was used to 

regulate the temperature of the system and SHAKE algorithm was used to fix the 

covalent bonds involving hydrogen atoms. The following equilibration stage, as 

well as MD production run, was performed without any restrains in the 

isothermal-isobaric ensemble (NPT, constant number of particles, pressure, and 

temperature). After equilibration, the MD simulations were carried out for 50 ns 

with a time step of 1 fs. 50 ns MD simulation was performed for each simulation 

http://dict.youdao.com/w/octahedral/
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and the trajectory was saved every 5 ps for further analysis. 

2.2.3  Analysis Methods 

After the production run, the trajectories were analyzed with Amber Tools and the 

Visual Molecular Dynamics (VMD) software. The VMD Salt Bridges plugin was 

used to identify the presence of salt-bridges, with bond lengths not exceeding 3.2 

Å. Dictionary of secondary structure of proteins (DSSP) was used to assign 

secondary structures to the amide acids of proteins. Root mean square fluctuation 

(RMSF) was used to measure the average deviation between the position of an 

atom and the reference position. Ca Root mean square deviation (Cα RMSD) was 

calculated to measure the scalar distance between a conformation and a reference 

structure as a function of time. And the native structure determined by NMR was 

used as the reference structure in our calculations. Radius of gyration is the root 

mean square distance of the protein about its center of mass. It is used to measure 

the compactness of its folding. The α-helical fraction of each helix domain was 

examined by the backbone dihedral angle (φ,ψ) of the residues in the region of 

[(φ,ψ) = (-60±20, -40±20)].
165

 

2.3  Results and Discussions 

Here, MD simulations at room temperature (300K) and different pH levels 

(neutral: pH~7, middle: pH~5, low: pH~3) were performed to study the effect of 

pH on the conformational behavior of early misfolding. The protonation states of 
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His, Glu and Asp residues are altered to mimic different pH conditions in the 

simulation.  

With a reference of the native NMR structure, the Cα RMSD of the PrP 

globular domain (residues 128–228) was calculated to monitor the structure 

stability of conformational changes in all simulations (Figure 2.2). A slight 

increase in RMSD values with some fluctuations is observed for all the three 

simulations, indicating that there are some unfolding events in all the three 

simulations under different pH conditions. 

 

Figure 2.2: RMSD evolutions of human PrP (residues 128-228) in simulations of 

different pH levels 

 

Subsequently, RMSF analysis was carried out to identify residues that possess 

greater atomic fluctuations, since any unfolding process should result in a greater 

flexibility within the secondary structure. As seen in Figure 2.3, it is observed that 
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the loops connecting different secondary structural domains show high RMSF 

values, especially the loop connecting S2 and H2. As for the secondary structural 

elements of β-sheets and α-helices, the C-terminal part of H2 has a much higher 

rise in the fluctuation when lowering the pH levels, suggesting this region is 

unstable at acidic pH conditions. 

 

 

Figure 2.3: RMSF evolutions of human PrP (residues 125-228) in simulations of 

different pH levels. 

 

In the following discussion, the particular behavior with respect to each 

secondary structural element including three α-helices (H1, H2, H3) and two 

β-strands (S1S2) will be discussed separately. 
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2.3.1  Stability of Helix 1 (H1) 

Unlike normal α-helices consisting of most hydrophobic residues, the H1 helix is 

characterized by a highly unusual sequence of hydrophilic residues (DYEDR 

YYREN MHR, residues 144-156). So, it lies away from the hydrophobic core 

formed by H2 and H3
29

. The DSSP criterion is utilized to assign the secondary 

structure of H1 (Figure 2.4). In comparison with the healthy cellular PrP
c
 (NMR 

structure), the major part of H1 (residues 140-153) retains its native α-helix 

structure and only a few residues at the C-terminus (residues 154-156) fluctuate 

between 310 helix structure and turn structure. The fluctuation is caused by the 

protonation state of His155 at different pH conditions 
30

. At acidic pH, the 

protonation of His155 introduced a positive charge, which is unfavorable to the 

neighboring residue Arg156. This can be further supported by the helical content 

calculation (Figure 2.5), which shows slight differences in the extent of 

denaturation under different pH changes.  

These observations of our computations agree with experimental results with 

H1 fragment. NMR and CD studies of H1 fragment peptide reported that H1 has 

strong intrinsic helical propensity
34

, and this significant helicity remains stable 

under a wide range of conditions (pH variation, high salt and organic 

cosolvents)
35

.  
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Figure 2.4: Secondary structure evolution of H1 helix by DSSP analysis of 

simulations at different pH levels and the final structures in each simulation. 
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Figure 2.5: Fractional α-helical content evolutions of H1 helix in simulations at 

different pH levels. 

 

Although no secondary structure change occurred in H1, visual inspection of 

the MD trajectory with VMD program revealed large movements of H1 in all 

simulations. H1 moved away from the globular H2H3 domain toward different 

directions, into solutions. The biggest movement is observed in the simulation at 

low pH. We quantified the movement of H1 by the distance between the disulfide 

bond and the center of mass of H1. The largest outward movement of H1 takes 

place in the simulation at low pH with 1.8 Å away relative to its starting position, 

following by that of middle pH (1.5 Å), and the smallest movement at neutral pH 

(1.4 Å). Since the movements took place in all simulations, this structural 

flexibility of H1 might be an intrinsic property of PrP
C
. 

 

http://dict.youdao.com/w/center/
http://dict.youdao.com/w/of/
http://dict.youdao.com/w/mass/
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Previous MD studies of PrP
C
 in various conditions

159,166,167
 also observed the 

dislocation of H1 with different types of movements. Different types of H1 

movements were observed. H1 slides on the H2H3 plane and moves away from 

the H2H3 core in diverse directions, downward or toward the N-terminus of H3. 

However, the movement of H1 does not mean complete dissociation and solvation 

of H1.
166

 It has been suggested that the disruption of salt-bridges is the key event 

under the disconnection of H1 in acidic conditions. The side chains of Asp and 

Glu residues are protonated under low pH, which prevent the formation of 

salt-bridges. DeMarco and Daggett
159

 ascribe the large movements of H1 under 

acidic conditions to the disruption of two long-range salt-bridges linking S1H1S2 

region to the H2H3 globular core: Arg156-Glu196 and Arg164-Asp178. 

Here, in our study, some highly occupied salt-bridges were identified by a 

detailed analysis of salt-bridges using VMD Salt Bridges plugin. In the neutral pH 

simulation, a total of four persistent salt-bridges have been identified, in which 

three of them are found in connection with the H1 region (Figure 2.6). When pH 

decreases, these salt-bridges got disrupted gradually.  Two of the three 

salt-bridges remained in the middle pH simulation, while all the three disappeared 

due to the protonation of Asp and Glu residues in low pH simulation. The 

disruption of salt-bridges allows more conformational freedom of H1. However, 

the disruption cannot lead to the unfolding of this region. Actually, due to the high 

intrinsic α-propensity of H1, there may be on secondary structural changes in the 
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early misfolding steps. But we cannot preclude the possibilities that H1may refold 

in the late stage as involved in global structural rearrangements. 

 

 

Figure 2.6: Long-range salt-bridges identified connecting H1 and H2H3 

hydrophobic domain in the simulations at different pH levels. 

 

Experimental studies have reported that the disruption of salt-bridges 

connecting H1 cannot lead to the unfolding of this region. Actually, H1 has very 

high intrinsic α-helical propensity
34

, and retain its secondary structure under a 

wide range of environmental conditions
35

, which is in agreement with our 

analysis. 

  

Salt-bridges neutral Middle low 

GLU146 ARG208 √ ╳ ╳ 

ASP202 ARG156 √ √ ╳ 

GLU196 ARG156 √ √ ╳ 
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2.3.2  Stability of Helix 2 (H2)  

H2 is the most unstable region in our simulations. The denaturation began from its 

C-terminus. And it seems that the unfolding of H2 is correlated with the decrease 

in pH. From the DSSP analysis (Figure 2.7), we can see that the denaturation 

occurred much earlier under low pH conditions as opposed to middle and neutral 

pH conditions. Under low pH conditions, there appear to be some evidence of 

unfolding after approximately 17 ns. Under middle and neutral pH conditions, this 

evidence of denaturation occurred later and fewer residues were affected 

approximately 25 ns and 30 ns respectively.  

We calculate the helical content of H2 to show the helical variation over 

simulation time (Figure 2.8). It can be seen that the simulation at low pH resulted 

in a more pronounced reduction of helical content, following by that at middle pH. 

The helical content at neutral pH shows the smallest reduction. The extent of 

denaturation also shows a relationship with pH. Under neutral pH, the decrease in 

helical content was approximately 10%, with this decrease increasing to 20% and 

40% under middle and low pH conditions respectively (Figure 2.8). Thus, it is 

evident that acidic pH conditions can facilitate the unfolding process. The 

instability of H2 under low pH simulations was further confirmed by the radius of 

gyration analysis (Figure 2.9). It can be seen that radius of gyration of H2 under 

low pH shows a gradual increase over time, suggesting that the H2 helix tends 

towards unfolding.  
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Figure 2.7: Secondary structure evolution of H2 helix by DSSP analysis of 

simulations at different pH levels and the final structures in each simulation. 
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Figure 2.8: Fractional α-helical content evolutions of H2 helix in simulations at 

different pH levels. 

 

The instability of H2 observed in our simulation is in consistent with 

experimental results. NMR studies of human PrP at pH 4.5 reveal that the 

C-terminus of H2 (residues 187-194) can exist in a disordered conformation
27

. 

The amino acid sequence at H2 C-terminus (TTTT, residues 190−193) is rare. It is 

usually found in a β-strand or loop conformation
40,168

 and makes H2 C-ter an 

inherently unstable region. The H2 C-terminus is reported to exhibit the most 

structural perturbation in a number of experimental studies.
39-42

 This region has 

been shown to form β-conformation or amyloid-like fibrils 
41,42,47

 and to be 

neurotoxic in vitro
48

. Thus, the H2 C-terminus may play an early role in the 

conformational conversion, but this role is still not elucidated. 
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Figure 2.9: Variations in radius of gyration of H2 helix in simulations at different 

pH levels. 

 

2.3.3  Stability of Helix 3 (H3) 

H3 is the longest and most rigid one among the three helices. The DSSP diagram 

of H3 (Figure 2.10) shows that the major part of H3 helix (residues 200-224) is 

conserved well throughout the three simulation with only a few residues at the 

C-terminal unfolded. Many studies indicated that H3 would retain a large part of 

its native secondary structure in the PrP
C
 to PrP

Sc
 conversion. Gallo et al.

169
 

reported that a “capping box” at the top of H3 may help to keep the helical 

structure of H3 stable. The disulfide bond, connecting H2 and H3 helices, may 

also stabilize these two helices to some extent. The H3 helix starts from 

approximately residue 200 and is almost 30 residues long. However, the 

C-terminal region of H3 shows some flexibility and is poorly defined in several 
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species of prion protein, such as mouse prion protein.
170

 Thus, the fluctuation in 

our simulation was in expectation. 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Secondary structure evolution of H3 helix by DSSP analysis of 

simulations at different pH levels and the final structures in each simulation. 
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Figure 2.11: Fractional α-helical content evolutions of H3 helix in simulations at 

different pH levels 

 

2.3.4  Stability of β-sheets S1S2 

The relationship between pH conditions with the two native β-sheets is not so 

obvious as compared to the above studies of α-helices. From the DSSP analysis in 

Figure 2.12, we note that the elongation of the native antiparallel β-sheet occurred 

sporadically in the middle and low pH conditions. However, under neutral 

conditions, there was an unexpected elongation that occurred fairly stable. This 

may have something to do with the limitations of the Amber 99SB forcefield used 

in our simulations. In previous work
126

 of our group on native β-sheet of PrP
C
, 

stable elongation of β-sheet at acidic conditions is seen in the simulation with a 

charge updated force model (adaptive hydrogen bond-specific charge, AHBC), 
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while weakening of β-sheet can be observed in the simulation with traditional 

Amber03 forcefield, indicating that the polarization effect may affect the 

depicting of secondary structure. Some other studies have also observed the 

elongation of native β-sheet. 

 

 

 

 

 

 

Figure 2.12: Secondary structure evolution of S1 β-strand by DSSP analysis of 

simulations at different pH levels and the final structures in each simulation. 

 

In summary, no significant structural changes were observed at S1, S2 

β-strands and H1, H3 α-helices during the simulations. The C-terminus of H2 

exhibited the most structural perturbation in the acidic simulations, which might 

play an early role in the conformational conversion of prion protein. In the next 

chapter, we raised the simulation temperature to a mildly high temperature (350K) 

in order to speed up the denaturation process. With the elevated temperature 

simulation, we intended to explore whether there would be further changes at each 

secondary structure domain, and to what extent the denaturation would be. 

  

low pH 

middle pH 

neutral pH 

NMR 
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2.4  Conclusion 

In this work, we performed room temperature MD simulations under three 

different pH conditions to study the pH effect on the early misfolding of prion 

protein. While H1 retains its structure identity in the simulations, increasing 

movement due to the disruption of salt-bridges as lowering the pH is noted. The 

H3 remains stable throughout the simulations. No new β-structure is observed. 

The C-terminus of H2 is the most unstable region and may be the initial site of the 

prion protein misfolding. The extent of unfolding of H2 increases with decreasing 

pH conditions, suggesting that acidic pH can facilitate the unfolding of the protein. 

Our conclusions are not only in agreement with both experimental and theoretical 

studies, but also provide insight into the early steps of pH-induced misfolding.  
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Chapter 3  The C-terminal of H2 Helix in the Prion 

Protein Induced α-helix to β-sheet Conformational 

Changes 

 

3.1  Introduction 

According to the protein-only hypothesis, the key event in the pathogenesis is the 

transition of the normal α-rich cellular prion protein (PrP
C
) to the β-rich isoform 

PrP
Sc

. PrP
C
 consists of a flexible disordered N-terminal tail and a well-structured 

C-terminal domain including two small β-strands and three α-helices. Although 

the structural properties of PrP
C
 in different mammalian species have been widely 

investigated, detailed information of PrP
Sc

 structure is still poorly characterized. 

Elucidating the molecular mechanism of how PrP
C
 convert to PrP

Sc
 has been 

the focus of intensive experimental and theoretical studies in the past decades. 

Several factors have been identified to destabilize the native structure of PrP
C
 and 

induce amyloid fibrillogenesis, including denaturant agents, mutations, pressure, 

environmental pH, or elevated temperature. 
139,171

 Years of studies have shade 

some light on the neural pathogenesis of prion disease. 

In our previous studies (Chapter 2), we studied the pH effects on the early 



61 
 

conformational changes of the C-terminal domain of human prion protein. MD 

simulations were performed with C-terminal domain of human PrP
C
 (residues 

125-228) at room temperature and different pH levels (neutral: pH ~7, middle: 

pH~5, low: pH~3). The particular conformational and dynamical behavior with 

respect to each secondary structural region including three α-helices (H1, H2, H3) 

and a two-strand β-sheets (S1, S2) have been discussed separately. We found that 

H1 maintains its native secondary structure throughout the simulation. The 

movement of H2 increases with the decrease of pH. Highly unstable behavior of 

the H2 C-terminal part was found in acidic pH simulations. The extent of 

unfolding seems to be correlated with the decrease in pH. The longest and most 

rigid helix H3 remained stable in all the simulations. No obvious elongation of the 

native β-strands is observed. Our findings are in agreement with a range of both 

experimental
47,48

 and theoretical studies
126,161,162

. We concluded that the 

conformational changes started from the C-terminus of H2 and acidic pH can 

trigger the conversion. 

High temperature may increase the probability of overcoming the activation 

barrier for protein unfolding. It is demonstrated that the unfolding of proteins can 

be speeded up by increasing temperature without changing the unfolding 

pathway
172

, which enables us to unravel the protein unfolding pathway and 

explore diverse intermediate conformation at minimal computational cost. The 

effects of temperature and the combination of temperature and pH on the stability 
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and dynamics of human PrP
C
 have been extensively investigated. Wong et al.

173
 

demonstrated that elevated temperature could stimulate the incubation of the PrP 

conversion in cell-free conditions. Incubation of recombinant PrP at temperatures 

above 40 °C can lead to the unfolding and aggregation of prion protein. 

Bocharova et al.
174

 reported substantial conformational rearrangements of amyloid 

fibrils may occur within an mature amyloid structure generated from recombinant 

prion protein  by brief exposure to 80 °C. MD simulation of human PrP D178N 

mutant at 300K and 500K were conducted by Gilbert et al.
175

 Compared to the 

results of simulation at 300K, they observed a more pronounced increase in β 

content and further breakdown of the structure in the 500K simulation. Liu et 

al.
162

 studied the unfolding of the human PrP under different temperature and pH 

conditions and found that the C-terminal of H2 is the most unstable region at low 

pH and high temperature simulations. Blinov et al.
176

 and Colacino et al.
177

 also 

reported that H2 unfolds first at low pH and high temperatures. A long-time scale 

(1μs) simulation with ovine PrP at mildly high temperature (338K) and low pH 

(pH 3.4) conditions was carried out by Chakroun et al.
163

 They observed the 

unfolding of H2H3 and the formation of small β segments between H2 and H3. 

In this Chapter, firstly, we performed a relatively long time-scale (200ns), 

explicit solvent, all-atom MD simulation of the human prion protein (PDB ID: 

1QM0, residues 125 to 228) at low pH level (pH~3) and moderately high 

temperature (350K), aiming to speed up the unfolding process and gain more 
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insight into the conformational changes. Based on the long-time simulation, a 

principal component analysis of the molecular dynamics was conducted to 

identify the essential dynamics in the misfolding pathway. The loop between H2 

and H3, which was elongated by unfolding of H2 C-terminus and H3 N-terminus, 

revealed a significant dynamic. It showed a tendency to approach the native S1S2 

β-strands. This was of particular interest because this movement trend hinted at 

the possibility of new β-strand formation adding onto the native β-strands. We 

verified this hypothesis by a simulated annealing simulation with a starting 

structure taken from the high temperature simulation. A new β-strand, named as 

S3, formed at the unfolding part of H2. This new β-strand aligned antiparallel 

with native S2. Finally, a three-strand-β-sheet structure was achieved and this 

structure was proved to be stable in a subsequent 100ns regular MD simulation. 

This three-strand-β-sheet structure might be part of the seeding site for subsequent 

aggregation. 
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3.2  METHODS 

3.2.1 Structure Preparation for MD simulation 

The NMR structure of the C-terminal globular domain (residue 125-228) of the 

human prion protein (PDB ID: 1QM0) was used as the starting structure. The Asp 

(pKa ~ 3.7), Glu (pKa ~ 4.2) and His (pKa ~ 6.1) residues were protonated to 

mimic the low pH conditions. The disulfide bond between Cys179 and Cys214 

was kept intact. 

 

3.2.2  Molecular Dynamics Simulation 

The MD simulation under high temperature (350K) and low pH (pH~3) condition 

was carried out with AMBER10 software package and AMBER 99SB force field. 

The starting structures were solvated in octahedral periodic box by using TIP3P 

water molecules. Counterions (Na
+
 or Cl

-
) were added to adjust the system charge 

to zero. The minimum distance between the surfaces of the waterbox and the 

protein was set as 10 Å. After minimization, the temperature for the system was 

gradually increased from 0 to 350 K in 100 ps using the canonical ensemble 

(NVT). Langevin thermostat was used to regulate the temperature of the system 

and SHAKE algorithm was used to fix the covalent bonds involving hydrogen 

atoms. The equilibration and MD production run were performed without any 

http://dict.youdao.com/w/octahedral/
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restrains in the isothermal-isobaric ensemble (NPT). The MD production run was 

carried out for 200 ns with a time step of 1 fs. The trajectory was saved for further 

analysis. 

 

3.2.3  Simulated annealing simulation 

The starting structure for simulated annealing was taken from the cluster analysis 

of high temperature simulation. The simulation system was treated with 

minimization in order to ensure that the system is energetically favourable prior to 

the simulation. Then the simulated annealing protocol was as performed in a 

simple stepwise protocol of heating up from 250K to 450K and cooling down to 

250K (Figure 3.1). The system was heated from 250K to 300K linearly for 20ps 

and was equilibrated at 300K for 20ps. Then the system was continuously heated 

from 300K to 350K for 20ps, and was equilibrated at 350K for 20ps. This 

intermittent heating and equilibration process went on until the temperature 

reached the highest temperature of 450K. Then the mirror symmetric cooling 

down procedure began until the temperature went back to 250K. Simulation time 

of one cycle is 320ps. This cycle was repeated 50 times. 
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Figure 3.1:  Simulated annealing protocol 

 

3.2.4  Analysis Methods 

Amber Tools and the Visual Molecular Dynamics (VMD) software are used to 

conduct analysis of MD trajectories. The hydrogen bond analysis was conducted 

with Ptraj in Amber Tools. The criterions of hydrogen bond and distance cutoff 

were set as 3.5Å and 120°, respectively. Cluster analysis was also carried out with 

Ptraj in Amber Tools, grouping similar structures from the simulation trajectories 

into distinct conformational states. Dictionary of secondary structure of proteins 

(DSSP) was used to assign secondary structures to the amide acids of proteins. 

Principal Component Analysis (PCA) was used to determine the most important 

motions in protein dynamics. 
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3.3  Results and Discussions 

In this work, we use MD simulations to study the misfolding mechanism of 

human prion protein. We focus on the C-terminus of prion protein. A 200ns MD 

simulation under high temperature and acidic pH was carried out to speed up the 

unfolding process, aiming to gain further insights of the denaturation. Simulated 

annealing was used to overcome the energy barrier and achieve the formation of 

new β-strand. 

3.3.1  Speeding up the unfolding by high temperature simulation 

In Chapter 2, we performed room temperature MD simulations under different pH 

conditions to examine the pH effect on the early misfolding of prion protein. We 

found that H2 C-terminus was the initial site of unfolding, while the other regions 

largely retain their native secondary structure. The extent of unfolding of H2 

increases with decreasing pH conditions, suggesting that acidic pH can facilitate 

the unfolding of the protein.  

Here, in this chapter, we raised the simulation temperature to a mildly high 

temperature, aiming to speed up the denaturation process and reveal more 

structural information about the PrP
C
 to PrP

Sc
 conformational conversion. It has 

been demonstrated that increasing temperature in MD simulations can accelerate 

the unfolding of protein without changing its pathway of unfolding
172

. A 200ns 

simulation under elevated temperature (350 K) and low pH (pH~3) conditions was 
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performed, in hope to gain further insights. 

DSSP analysis was carried out to show the secondary structure assignment over 

time (Figure 3.2). The secondary structure changes in the early stage of high 

temperature simulation were in consistent with that of room temperature 

simulation in Chapter 2. The H1, H3, S1 and S2 domains appeared to largely 

maintain their native structures, while partially denaturation occurred first at 

C-terminus of H2 helix. 

As the simulation went on, let us have a look at further conformational change 

at each secondary structural domain. There is a large reduction in helicity of the 

globular domain around 100ns. In the simulation before 100ns, unfolding is only 

seen at C-terminal part (residues 184-193) of the H2 helix. After 100ns, the 

N-terminal of H3 (residues 200-205) become unstable and a further denaturation 

in H2 C-terminal (residues 180-183) is observed. Nevertheless, the H1 helix 

retains its native helical structure throughout the simulation. The dramatic 

denaturation at H3 N-terminal and H2 C-terminal generates a long floppy loop 

between H2 and H3. As for the β-sheet formation, S1S2 extended the β-sheet 

length around 40ns. In addition, two small β segments are also observed. One is a 

small antiparallel β-turn formed at the S1H1 loop region between residue 135 and 

138. The other one is a small parallel β-turn segment formed at the unfolded 

region of H2 between residue 186 and 190.  
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Figure 3.2: (A) Secondary structure evolution of huPrP by DSSP analysis of 

simulation at high temperature and acidic pH conditions. (B) Starting and final 

structures in the simulation. 

 

Principal Components Analysis (PCA) was performed to determine the 

essential dynamics of the misfolding of the prion protein. PCA is a powerful 

method used for the analysis of collective modes of fluctuations in 

biomolecules.
178

 It has been found that the vast majority of protein dynamics can 

be described by a surprisingly low number of collective degrees of freedom. And 

A 

B 
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the major collective motions are assumed to dominate the functional dynamics of 

proteins. PCA is an effective way to identify the essential motions in protein 

dynamics and builds a relationship between dynamics and protein function. 

Here, we use the Ptraj program in Ambertools to perform PCA in Cartesian 

space. The essential motions are visualized with VMD. We found that the 

essential motions located at the loop between H2 and H3 loop in the analysis. In 

the first eigenvector of PCA, the largest motion is the extensive movement of the 

long H2H3 loop. What arouses our interest is the motion of H2H3 loop in the 

second eigenvector (Figure 3.3). We found that the motion seems to have a certain 

pattern — the H2H3 loop move towards the native S1S2 β-sheet. This motion is 

very interesting because it indicates a possibility of additional β-strand formation 

onto the native β-sheet.  

The residues corresponding to the elongated H2H3 loop, especially those 

residues unfolded from original H2 C-terminal ( TVTTTT, residues 188−193) has 

a high intrinsic propensity for extensive β formation. 
179

 The C-terminus of H2 

have been reported to exhibit the most structural perturbation in a number of 

studies.
41,43-46

  The H2 helix has also been shown to form β-conformation or 

amyloid fibrils 
41,42,47

 in vitro. Thus, we hypothesize that new β conformation may 

come about at H2H3 loop and form connection with the the native S1S2 β-strands, 

achieving a more extensive β-sheet conformation. 
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Figure 3.3: Essential dynamics of prion protein identified by the second 

eigenvector of PCA analysis 

 

A cluster analysis of the last 100ns of trajectory was conducted in order to 

identify the structural properties of the conformational substrates of the partially 

denatured prion protein. Through cluster analysis, we managed to obtain 6 distinct 

clusters (Figure 3.4). Compared to the native structure, all the six substrates have 

a dislocated H1, a largely unfolded H2, a partially unfolded H3 and elongated 

S1S2 β-strands. The major structural differences among the six substrates located 

at the long floppy loop resulted from the denaturation of H2H3. The most 

populated cluster is Structure F (Figure 3.4) with H2H3 loop away from the native 

S1S2 strands. In the second largest cluster (Structure E, Figure 3.4), the H2H3 

loop is quite close to native S1S2. Moreover, the alignment of the loop is almost 

parallel to S2, indicating a potential of adding a new β-strand on to the native 

S1S2. In the rest clusters, the H2H3 loop is located at different distances with 
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regard to S1S2. In fact, the results of cluster analysis are in accordance to our 

PCA analysis. The representative structures of cluster analysis correspond to the 

stationary points of the dynamics at different stage. 

 

 

 

Figure 3.4: Representative structures given by the clusters analysis of the last 

100ns of high temperature simulation. 
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3.3.2  Formation of new β-strand S3 

In the simulation at high temperature and acidic pH conditions, the loop between 

H2 and H3 increased from 6 residues to 23 residues in length by the unfolding of 

H2 C-terminal and H3 N-terminal. The movement of this long floppy H2H3 loop 

has been recognized the most significant dynamics of the protein during the 

conformational conversion process. It is interesting to observe that this loop can 

approach the native S1S2 β-sheets. In consideration of its intrinsic high β 

propensity, we hypothesize that a new β-strand would form at this region. 

A simulation annealing simulation was performed to test our hypothesis of new 

β-strand formation. The simulated annealing was performed in a repeated protocol 

of heating up (heat from 250K to 450K, equilibrate every 50K in between) and 

cooling down (cool from 450K to 250K, equilibrate every 50K in between), see 

Figure 2. The heating can overcome energy barriers, and then the cooling is used 

to trap the folded state. The repeated heating and cooling of the molecule allows 

the molecule to search different regions of conformational space. The heating and 

cooling process was repeated 50 times, resulting in a 16ns trajectory. The starting 

structure was taken from the cluster analysis of high temperature simulation, 

Structure E (Figure 3.4). It is the second largest cluster. In this structure, H2H3 

loop lies close and parallel to the native S1S2 strands, indicating high possibility 

for new S3 formation. 

 

http://everything2.com/title/protein+folding
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Figure 3.5: (A) Secondary structure evolution of huPrP by DSSP analysis of the 

simulated annealing simulation. (B) Hydrogen bonds detected between the newly 

formed S3 and native S2 β-strands. 

 

DSSP analysis was conducted to monitor the secondary structure conversion 

during the repeated simulated annealing process (Figure 3.5 A). Formation of new 

β-strand, named as S3, was observed around 9 ns (28
th

 repeat), and remained 

stable for a quite long simulation time till 15 ns (45
th

 repeat). S3 formed at the 

unfolding part of H2 C-terminus encompassing residues 187-189, and aligned 

A 

B 



75 
 

antiparallel with S2 (residues 160-164). Two pairs of hydrogen bonds 

(160O-189N & 187O-162N) (Figure 3.5 B) were identified between S2 and S3 

through the backbone hydrogen bonds analysis. The newly formed S3, together 

with native S1 and S2, leaded to a β-rich conformation with an antiparallel 

three-stranded β-sheet. 

 

 

 

 

Figure 3.6: Secondary structure evolution of three-stranded β-sheet structure by 

DSSP analysis of the conventional simulation. 

 

A subsequent 100-ns explicit solvent MD simulation at room temperature and 

acidic pH conditions was carried out to check the stability of the three-stranded 

β-sheet structure. From the DSSP analysis (Figure 3.6), we can see that the overall 

structure remains fairly stable throughout the simulation. Elongation of S2 and S3 
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β-sheet are observed around 60 ns. 

A detailed hydrogen bond analysis (Figure 3.7) based on the conventional MD 

shows that, in addition to the two backbone hydrogen bonds (160O-189N & 

187O-162N) detected in the simulated annealing simulation, three more hydrogen 

bonds emerge (189O–160N, 189O–159N, and 190O–159N), which further 

stabilize the newly formed S3. 

 

 

 
Figure 3.7: (A) H-bonds detected between S2 and S3 in the conventional MD simulation of 

three-stranded β-sheet structure. (B) Distances of H-bonds over simulation time. 

 

The formation of S3 in our simulation is not a matter of chance. S3 stems from 

the denatured loop between H2H3, which showed high flexibility and β 

B 

A 
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propensity in previous experimental and theoretical studies. The β-structure in our 

simulations is in great agreement with the high β-propensity regions identified by 

a NMR investigation
179

 of urea-denatured state of oxidized human prion protein 

by Schwalbe’s group. In that study, three regions have been shown to have high 

β-propensity, including native S2 (residues 162-164), the loop between S1 and H1 

(residues 135-142), and the C-terminus of H2 (residues 182-189). In our 

simulations, the C-terminus of H2 was the most unstable region and converted 

from the α-helical structure to new β-strand S3. The newly formed β-strand S3 

encompassed residues 187-189 and aligned antiparallel with S2 (residues 

160-164), leading to the formation of a three-stranded β-sheet. This conversion of 

α-helices to β-sheets at the C-terminus of H2 could possibly be the trigger for the 

PrP
C
 to PrP

Sc
 conformational change. A small β-turn was noticed to form at the 

loop between S1 and H1 (residues 135-142). Both Schwalbe’s group’s and our 

studies suggest that the two native β-strands, S1H1 loop and C-terminus of H2 are 

responsible for the intermolecular β-structure augmentation and may be that 

seeding site of the subsequent aggregation. 

3.3.3  Probing the role of disulfide bond in the conformational 

transition 

Prion protein contains a disulfide bond between Cys179 and Cys214, which can 

stabilize the hydrophobic fold of the protein by linking the two long helices H2 
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and H3. In the NMR investigation by Schwalbe’s group
179

 of urea-denatured state 

of human prion protein, they demonstrated that the reduced state (disulfide bond 

reduced) of human prion protein did not form amyloid fibrils and loss of 

restrictions of disulfide bond could increase the dynamics around the two Cys 

residues. Here, we have also performed an 80 ns MD simulation at high 

temperature (350K) and acidic pH (pH~3) conditions with the reduced human 

prion protein, aiming to provide some structural information about the reduced 

state. 

In comparison to our simulation of oxidized human PrP under high temperature 

and low pH (first 80 ns), the conformational changes in S1, S2, H1 and H2 

structural domains were similar (Figure 3.8). Sporadic elongation of S1S2 was 

observed. H1 retained its helical structure and moved away from its original 

position. The unfolding at H2 C-terminus was also noted in both simulations. The 

most obvious difference is located at the H3 helix, especially its C-terminus. In 

the simulation of reduced form, the unfolding started from the N-terminus of H3, 

followed by the C-terminus around 45 ns. A large part of the H3 helix became 

unfolded in the simulation of reduced form, while there was only minor unfolding 

at the N-terminus in the simulation of oxidized form. In addition, the relative 

positions of H2 and H3 were also affected by loss of restrictions of the disulfide 

bond. Once the disulfide bond breaks, it may provide additional flexibility and 

affect the conformational stabilities of H2 and H3 helices. 
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Figure 3.8: Secondary structure evolution of reduced huPrP by DSSP analysis of 

the conventional simulation. 

 

In fact, the role of disulfide bond during the pathogenic conversion process is 

controversial in the past decades. Some experiments suggested that the formation 

of PrP
Sc

 is inhibited in reducing environment and the integrity of the 

intramolecular disulfide bond is required during the conversion.
164

 On the 

contrary, there are also studies reported that the reduction of disulfide bond can 

induce a transition to a β-rich PrP
Sc

-like conversion. Studies also indicate that the 

reduction of disulfide bond may be a temporary event during the conversion 

process and the reformed disulfide bond in PrP
Sc

 can be intermolecular or 

intramolecular.
180

 Our simulations suggest that the breakage of the disulfide bond 
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may not be necessary in the initial stage of prion misfolding, as unfolding were 

observed in the simulations of both oxidized form and reduced form. Based on the 

simulation of reduced form, the disulfide bond may have a stabilizing effect on 

the structure of H3, especially its C-terminus. Additional simulation on the 

reduced form is needed to be carried out in our future work to further explore the 

role of the disulfide bond. 

3.4  Conclusion 

In summary, firstly, we carried out a long time-scale simulation at a high 

temperature and acidic environment to speed up the unfolding process of prion 

protein, aiming to provide more insight with regards to conformational changes. 

During the high temperature simulation, the secondary structure of H1 helix 

remained stable but showed a large locational mobility. The unfolding started 

from H2 C-terminus. Further unfolding of H2 C-terminus and H3 N-terminus 

were observed as simulation went on. Stable elongation of S1S2 was also 

observed. What caught our attention was the movement of the extended loop 

resulted from H2H3 unfolding, which showed a tendency to approach the native 

S1S2 strands. The mobility of this loop, combined with its high β-structure 

propensity, indicated a possibility of new β formation in this region. We 

successfully verified the hypothesis with a simulated annealing simulation. A new 

β-strand, named as S3, formed at the unfolding part of H2 C-terminus and aligned 

antiparallel with native S2, leading to three-stranded β-sheet structure. This 
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three-stranded β-sheet structure was proved to be quite stable by a subsequent 

100-ns explicit solvent MD simulation at room temperature and acidic pH 

conditions. Finally, we obtained a three-stranded β-sheet conformation of 

the prion protein with α helix content decrease and β-sheet content increase. 

In our simulations, the conformational conversion of α-helices to β-sheets 

occurred at the C-terminus of H2. It is consistent with recent experimental and 

computational studies, which suggest that C-terminus of the H2 helix is 

intrinsically unstable and has high β-structure formation propensity. The 

difference between previous computational studies and our studies is that, in our 

studies, the S3 refolded from denatured H2 C-terminus is associated with the 

native S1S2 β-strands, leading to more extensive three-strand β-sheet structure. 

The three-strand β-sheet structure might be the seeding site for β-structure 

expansion and the subsequent aggregation. 
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Chapter 4  Probing the β constitution at the 

N-terminus of prion protein 

 

4.1  Introduction 

PrP
C
 is composed of a largely disordered N-terminal and a well-structured 

C-terminal globular domain.
27

 In our previous work, we mainly focus on 

conformational conversion of the C-terminus of human prion protein. Our results 

revealed α-decrease and β-increase in the secondary structure of PrP C-ter. The 

C-terminus of H2 helix was the most unstable region and underwent α-to-β 

conformational change, leading to the form of a new β-strand named S3. The new 

S3 coexisted with S1S2 and formed a stable three-strand-β-sheet, which might be 

the β-core and the initial site for β enrichment and subsequent aggregation.  

The experimentally observed increase of β content is far more than what has 

been observed in this work with PrP C-ter. FTIR study reveals that PrP
Sc

 has a 

less proportion of α-helical structure (30%) and a pronouncedly higher β-sheets 

structure content (43%) compared to that of the healthy form PrP
c
 which contains 

42% α-content and 3% β-content. In this work, we attempt to probe the β 

ingredient in N-terminus of prion protein. 

The N-terminus of prion protein contains a signal peptide that directs its 

intracellular trafficking to Golgi (residues 1-22 in huPrP)
181

, four octarepeat 
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regions associated with copper binding (residues 60-91 in huPrP), a hydrophobic 

region (residues 106-126 in huPrP), and the non-octarepeat copper binding site 

(His96 and His111 in huPrP)
68,182

. 

The hydrophobic region is highly conserved among different mammalian 

species and contains a high percentage of Ala amino acids.
183

 It is located at the 

N-terminus of prion protein, and is adjacent to the well-structured C-terminal 

domain. This region has received special research interest because the 

corresponding peptide has shown many PrP
Sc

-like features in vivo and vitro.
89-93

 

PrP106-126 peptide of human PrP exhibited a predominantly β-sheet structure and 

showed amyloidogenicity and neurotoxicity in vitro at pH 5.
94

 Synthesized 

peptides corresponding to the hydrophobic sequence in hamster PrP (residues 

109-122) spontaneously formed amyloids composed largely of β-sheet structure.
95

 

The fibrillogenicity and neurotoxicity of PrP106-126 peptide can induce neuronal 

cell death in vitro by an apoptotic mechanism.
96

 A long-time-scale (1.1 μs in total) 

all-atoms explicit-solvent MD simulation showed that the peptide fragment of 

PrP109–122 region can spontaneously form into a β-hairpin.
97

 All these studies 

confirm that this hydrophobic region is a β-rich region and may play a role in the 

amyloid fibril formation. 

Within the PrP106-126, the most highly hydrophobic and amyloidogenic 

sequence is AGAAAAGA (residues 113-120). This hydrophobic core plays an 

important role in the fibrillation and toxicity of the PrP106-126 sequence.
98

 This 
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palindromic AGAAAAGA region is indicated to be solvent exposed in PrP
Sc

, the 

strong hydrophobic interaction of this region may play a role in the infectivity of 

prion.
99,100

 It is reported that the palindromic region was associated with the 

oligomer fibrils and was engaged in intra- and/or inter-molecular interactions.
101

 

Deletion of this palindrome sequence
105

 can prevent the formation of 

protease-resistant PrP
Sc

-like protein in yeast, suggesting that the palindrome 

segment is critical for the prion conversion. Another study further proposed that 

AGAAAAGA was necessary but insufficient for the toxicity of PrP.
106

 

The non-octarepeat copper binding region is adjacent to the hydrophobic 

palindrome region, containing two His residues (His96 and His111 in HuPrP 

sequence).
68

 The His residues were found to be possible binding sites for copper 

ions. Localized β-sheet formation has been observed within this region in both 

experimental
69

 and theoretical
72

 studies, especially in the low-occupancy binding 

form
70

 with Cu
2+

 bridging to His96 and His111 residues under acidic pH 

conditions
71

. However, the relationship between copper binding and prion 

conversion is complicated and controversial. Some studies reported that 

β-structure was more likely to form in this region with high occupancy copper 

binding form
184

 (copper binding to single His residue), or even without copper 

coordination
73

 rather than the low-occupancy binding form. At this point, it hasn’t 

come to agreement on the role of copper in prion pathogenesis, whether copper 

inhibits
74,75

 or promotes
76,77

 the prion disease. 
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In this work, we use an incremental approach to model the unstructured 

N-terminal residues onto the globular domain of prion protein. Many studies have 

suggested that the unstructured residues 90-126 at PrP N-terminus are associated 

with the amyloidal and toxic nature of PrP and can form β-structure. Three 

overlapping N-terminal fragments have been studied, including PrP(116-131), 

PrP(105-122), and PrP(95-112). Each fragment was studied in two steps. In the 

first step, a combination of REMD simulation and PSBC updating scheme was 

employed to predict the secondary structure of the fragment. This combination has 

been successfully used in the folding of peptides with distinct secondary structural 

fold, such as β-hairpin tryptophan zipper, Beta3s peptide (three-stranded β-sheet), 

and the mini protein 1FME with mixed α/β structure. In the next step, referring to 

the results of REMD simulations with PrP fragments, the corresponding 

N-terminal residues were built up onto the globular C-terminal domain of PrP and 

a long time scale conventional MD simulation was carried out to check the 

stability of the constructed model. By the incremental build-up, we successfully 

obtained a β-rich conformer with a six-stranded antiparallel β-sheet encompassing 

both the prion C-terminus and the amyloidogenic region of the N-terminus. 
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4.2  Methods 

4.2.1 Polarizable Structure-Specific Backbone Charge Model 

MD simulation is considered as a powerful tool for elucidating the protein folding 

mechanism. The accuracy of protein folding largely relies on the accuracy of the 

force fields. Most of the conventional force fields use fixed charge, include 

implicit polarization in an average way, and lack polarization effect, which plays 

an important role in the stability of hydrogen bonds and protein structure.
127

 

Recently, our group developed a simple formula-based polarizable 

structure-specific backbone charge (PSBC) model based on the existing AMBER 

force field to include the electrostatic polarization in the simulation.  

In the PSBC model, the polarization effect is accounted by calculating the 

charge transfer between the backbone atoms (N, H, C, O) during backbone 

hydrogen bond formation. By varying the hydrogen bond length from 2.5 to 6.5 Å 

in a two-alanine system of a specific secondary structure (α-helix/β-sheet), the 

atomic charges of the backbone atoms (N, H, C, O) were fitted based on the 

calculated electrostatic potential (ESP) of a the system. While all the other atoms used 

Amber fixed charges. Then, the atomic charges of the single-alanine system were 

calculated in a similar way by treating the partnering alanine residue in the 

two-alanine system as ghost atoms. By subtracting the charges obtained from the 
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two-alanine system from that of the single-alanine residue, the charge transfer 

between the backbone atoms (N, H, C, O) involving in the backbone hydrogen 

bond formation was obtained. Finally, equations were fitted by relating the charge 

transfer and the backbone hydrogen bond length. The equations derived from 

β-sheet structure system are as following: 

                     ∆q
N

=0.000587r5-0.01576r4+0.1701r3-0.9286r2+2.591r-3.029    (4.1) 

                     ∆q
O

=0.0008088r3-0.0.01742r2+0.1247r-0.3051                             (4.2) 

where r is the distance between donor and acceptor in angstroms. The values of 

transferred charges for H and C atoms were the negative of that for N and O 

atoms. These functions are implemented in the SANDER algorithm in AMBER 

simulation program to periodically update the atomic charges of the backbone 

atoms according the hydrogen bond distance. Details about the PSBC model can 

be found in Chaper 1 Section 1.4.  

The PSBC model has been successfully applied to the folding of peptides with 

distinct secondary structural fold, such as β-hairpin tryptophan zipper, Beta3s 

peptide (three-stranded β-sheet), and the mini protein 1FME with mixed α/β 

structure. 

Here, we employed the PSBC scheme in the replica exchange molecular 

dynamics (REMD) simulations to study the folding of peptide fragment 

corresponding to the hydrophobic region at the PrP N-terminus, aiming to provide 

possible atomic-level conformation for this undetermined region. The 
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hydrophobic region at PrP N-terminus (residues 90-126) has been demonstrated to 

show PrP
Sc

-like amyloidogenic and neurotoxic features and exhibit β-structure in 

a range of experimental and theoretical studies. 

4.2.2 Replica Exchange Molecular Dynamics methodology 

The replica exchange molecular dynamics (REMD) method is routinely used to 

study the protein folding.
185,186

 REMD can enhance conformational samplings and 

help overcome energy barriers efficiently. It is a generalized ensemble algorithm, 

in which several simulations (replicas) run in parallel at different temperatures and 

exchanges between adjacent replicas are attempted every time interval based on 

the Metropolis criterion with probability: 

 i j

B i B j

1 1
P(i j) m i n 1,e x p U U

K T K T

   
            

             (4.3) 

where P(i↔j) is the exchange probability, KB is Boltzmann’s constant, Ti and Tj 

are the temperatures for the replicas, Ui and Uj are the instantaneous potential 

energies. This equation is suited for the NVT ensemble, and an additional term 

should be introduced for the NPT ensemble. 

The starting structures were linear structures built with LEaP module of 

Amber10 using the corresponding peptide sequences and terminal caps. 

AMBER99SB force field and generalized Born solvation model were employed. 

The systems were minimized until convergence, and then were heated up to the 

target temperatures in 500 ps. The time step was 1 fs. The SHAKE algorithm was 
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used to constrain all bonds with the hydrogen atoms and the Langevin dynamics 

was used to regulate the temperatures. The exchanges between adjacent replicas 

were attempted every 5 ps. For each REMD simulation, 20000 exchange attempts 

were performed, resulting in a total of 50 ns long simulation.  

In our work, The AMBER 10 software package was used for all the REMD 

simulations and subsequent data analysis. REMD simulations were carried out for 

three PrP fragment peptide corresponding to different sequence at the hydrophobic 

region of PrP N-terminus. For the simulation of PrP(116-131), the REMD 

productions runs were carried out with both standard AMBER99SB force field 

and the PSBC model. The simulations were composed of 8 replicas with 

temperatures setting as 262.00, 280.67, 300.45, 321.48, 343.82, 367.50, 392.63, 

419.30 K. For the rest two fragments, the simulations were carried out with only 

the PSBC model. The temperatures of the 8 replicas for the simulation of 

PrP(105-122) were set as 264.00, 280.63, 298.17, 316.42, 335.91, 356.45, 378.12, 

400.96 K. The temperatures of 10 replicas for the simulation of PrP(95-112), were 

set as 265.00, 279.96, 295.66, 312.11, 329.38, 347.47, 366.45, 386.36, 407.22, 

429.16 K. The exchange acceptance ratio is about 40%. During the simulation 

with the PSBC model, the atomic charges for atoms involving in backbone 

hydrogen bonds (N, H, C, O) were periodically updated (every 2 ps) according to 

the precalculated PSBC equations.  
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4.2.3 Conventional MD simulations 

The structural stability of the constructed model is examined by explicit solvent 

conventional MD simulations. The missing residues at PrP N-terminus were built 

up onto the globular domain of PrP by Maestro program. The constructed 

structure was minimized by Macromodel panel in Maestro. The disulphide bond 

between Cys179 and Cys214 was kept intact in our simulations as there is 

evidence indicating it is retained during the misfolding and aggregation of PrP
164

. 

MD simulations were carried out with AMBER10 software package and 

AMBER 99SB force field. All structures were solvated in octahedral periodic box 

by using TIP3P water molecules. The minimum distance between the surfaces of 

the waterbox and the protein was set as 10 Å. Counterions (Na
+
 or Cl

-
) were 

added to adjust the system charge to zero. The systems were minimized until 

convergence was achieved. After minimization, the temperature for the system 

was gradually increased from 0 to 300 K in 300 ps. In the simulations, Langevin 

thermostat was used to regulate the temperature of the system and SHAKE 

algorithm was used to fix the covalent bonds involving hydrogen atoms. The 

following equilibration and the MD production run were performed in NPT 

ensemble with a time step of 2 fs. 50 ns MD simulation was performed for each 

simulation and the trajectory was saved for further analysis. 

  

http://dict.youdao.com/w/octahedral/
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4.2.4 Analysis Methods 

The analysis of MD trajectories was performed with Amber Tools and the Virtual 

Molecular Dynamics (VMD) software. The hydrogen bond analysis was 

conducted with Ptraj in Amber Tools. The criterions of hydrogen bond and 

distance cutoff were set as 3.5 Å and 120°, respectively. Cluster analysis was also 

carried out with Ptraj in Amber Tools, grouping similar structures from the 

simulation trajectories into distinct conformational states. Dictionary of secondary 

structure of proteins (DSSP) was used to assign secondary structures to the amide 

acids of proteins.  

4.3  Results and Discussions 

In our previous studies of the C-terminal domain of PrP (Chapter 3), we obtained 

a three-stranded β-sheet structure with α-helical content decrease and β-sheet 

content increase. The decrease in α-helical structure was primarily due to the 

unfolding of H2 and H3 helices. The increase in β-sheet structure mainly lies in 

the elongation of native S1S2 β-sheets and the formation of new β-strand at the 

unfolding region of H2, which was named as S3. Recent years, numerous studies 

have shown that residues 90-126 at PrP N-terminus exhibits many PrP
Sc

-like 

biochemical features and forms neurotoxic amyloid-like fibrils in vitro, indicating 

that this region might be a β-rich region. It is important to include this region in 
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the conformational conversion study of prion protein. 

In this work, we intend to study the secondary structure preference of 

N-terminal fragments and construct the missing N-terminal residues onto the 

globular domain of PrP, attempting to provide an atomic structure view of a larger 

PrP fragment spanning both the N- and C-terminal region. Our construction was 

based on the three-stranded β-sheet structure of the globular C-terminal domain in 

previous work (Chapter 3). Our study focuses on two aspects: whether the 

N-terminal residues of PrP can form β-sheet structure; if yes, what is the 

relationship of N-terminal β-sheet and C-terminal β-sheet? Our study would 

provide conformational information of the missing residues at the N-terminus of 

the prion protein. 

4.3.1  Formation of four-stranded β-sheet structure 

The highly hydrophobic region (residues 113-120) falls within the unstructured 

N-terminus (residues 23-124) and is adjacent to the well-defined C-terminal 

globular domain. This region has a palindromic sequence of AGAAAAGA, which 

is highly conserved among various mammalian species. This palindrome region 

has been reported to possess amyloidogenic and neurotoxic properties
98

, 

indicating to be a critical region in prion generation.
105

 Due to the insoluble nature 

and strong aggregation tendency of amyloidogenic region, detailed structural 

information of this region remains limited. To date, various experimental and 
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computational approaches have been utilized to predict the atomic structure of this 

region. Some studies
102-104

 have suggested that this region has a strong propensity 

to form steric zipper amyloid fibrils, with different β-sheet organizations and the 

neighboring β-sheet layers packing modes due to diverse local environments of 

the sequence. Zhang et al.
187

 constructed an optimal atomic-resolution of 

AGAAAGA amyloid fibrils by simulated annealing method. Zanuy et al.
188

 

reported that the antiparallel arrangement for the β-sheet formed by the 

palindrome sequence was the most stable conformation within sheets, while the 

parallel packing was stable between sheets. Recently, a new β-strand S0 was 

solved in a nanobody assisted crystallography study of human prion protein by 

Jan Steyaert et al.
189

 Half of the palindromic sequence (residues 118-122) at 

N-terminus adopts an extended β-configuration, named as S0. The newly found 

S0 aligns antiparallel to native S1 and folds into a three-stranded antiparallel 

β-sheet together with native S2, adopting a S0-S1-H1-S2-H2-H3 structural 

organization. This study provides a first crystal structural view of the palindromic 

region adopting a β-sheet conformation. 

Here, the secondary structure of PrP N-terminal fragment of residues (116-131) 

is studied with REMD simulation with both standard Amber 99SB force field and 

the PSBC model. PrP(116-131) consists of a major part of the palindrome region 

and the native S1 β-strand sequence. Based on the research studies discussed 

above, an antiparallel β-sheet was expected in the simulations. 
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The REMD simulation was comprised of 8 replicas with an acceptance ratio of 

40%. The temperatures were set as 262.00, 280.67, 300.45, 321.48, 343.82, 

367.50, 392.63, 419.30 K. The simulation of each replica starts from an 

extended-linear structure, which was heated up to the target temperature and was 

equilibrated using the Amber Program. The exchanges between adjacent replicas 

were attempted every 5 ps. 25000 exchange attempts were performed, resulting in 

a total of 50 ns long simulation. During the simulation with the PSBC updating 

scheme, the charges of atoms involving the β-sheet backbone hydrogen bond 

donor and acceptor are updated according to the equation in the PSBC model, 

while all the other atoms use standard Amber99SB fixed charge. Periodic check of 

backbone hydrogen bonds and charge update is performed every 2 ps. 

The secondary structure evolutions of PrP(116-131) are determined with DSSP 

analysis (Figure 4.1). In the simulation with standard Amber99SB forcefield, the 

secondary structure distribution is highly scattered at both 262.00K and 300.45K. 

Various types of secondary structure elements are observed while none of them 

are the dominant structure. However, in the simulation with PSBC model, the 

secondary structure is mainly consisted of antiparallel β conformations with a 

transient show-up of α-helix and 310 helix structure. It can be seen that the starting 

extended structure quickly runs into a β-sheet conformation. Especially at 

262.00K, the structure undergoes some changes on the detailed strand alignment 

but remains the β-conformation throughout the simulation. 
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Figure 4.1: Secondary structure evolution of PrP(116-131) by DSSP analysis of 

the trajectories under different conditions. 

 

In the recently reported crystal structure by Jan Steyaert et al
189

, the detailed 

structural features of S0 and S1 are as followings: Gly123 and Gly124 are the 

corner residues for the S0S1 β-strands. The irregular hydrogen bonding between 

Leu125 and Val122 disrupted the regular hydrogen bonding between S0 and S1, 

causing the S1 adopted a β-bulge motif. Five hydrogen bond pairs are found to 

connect S0 and S1, including 118O-130N, 120O-128N, 122O-125N, 125O-122N 

and 128O-120N. The details of the hydrogen bonds in the crystal structure are 

shown in Figure 4.2. 
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Figure 4.2: Backbone hydrogen bonds between S0 and S1 β-strands in the crystal 

structure by Jan Steyaert et al.
189

 

 

The distances between the hydrogen bond donor and acceptor corresponding to 

that in the crystal structure are calculated based on the trajectory at 262.00 K with 

PSBC model to see if these hydrogen bonds can form during our computational 

study. From Figure 4.3, it can be seen that all of the five hydrogen bonds can form 

with a distance around 3.0 Å during the last half of the simulation, suggesting that 

the S0S1 β-sheet may form during our simulation. 

 

H-bond Donor H-bond Acceptor 

Ala118@O  Leu130@N  

Ala120@O  Tyr128@N  

Val122@O  Leu125@N  

Leu125@O  Val122@N  

Tyr128@O  Ala120@N  
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Figure 4.3: Distances variations over simulation time of the five hydrogen bonds 

calculated based on the 262.00 K trajectory of PrP(116-131) using PSBC model. 

 

The representative structure of PrP(116-131) is shown in Figure 4.4, A. It is the 

most populated cluster the 262.00K trajectory which accounts for 26.2% with an 

average backbone rmsd of 1.76 Å. The structure is shaped in a well-folded, long 

β-sheet, which is very similar to the S0S1 β-sheet in the crystal structure. 

Hydrogen bonding analysis is performed based on the representative structure to 

gain more insight into the detailed structure. A total of seven hydrogen bond pairs 

have been detected (Figure 4.4, B&C). Four of them are in accordance with the 

hydrogen bonds in the crystal structure by Jan Steyaert et al
189

, including 

118O-130N, 120O-128N, 122O-125N, and 128O-120N. Another hydrogen bond 

accepter 126N is competing with 125N for the hydrogen bond donor 122O. Two 

new hydrogen bonds are found to form between 126O and 122N, and 130O and 

118N. 
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Figure 4.4: (A): Representative structure of PrP(116-131). (B): Backbone 

hydrogen bonds detected in the representative structure. (C): Illustration of the 

hydrogen bonds in the representative structure. 
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Currently, it is very challenging to perform folding simulations of proteins with 

β structure or mixed α/β structure with existing empirical forcefields. Most of the 

existing forcefields have intrinsic secondary structure bias towards overstabilizing 

α-helix and understabilizing β-extended structure. In this PrP N-terminal fragment 

study, the REMD simulation with standard Amber 99SB forcefield shows a 

chaotic structural distribution with different secondary structural elements. In the 

simulation with PSBC model, by including the electrostatic polarization of 

backbone hydrogen bonds, we successfully obtained a well-folded β-sheet 

conformation of PrP(116-131), which is in comparably good agreement with 

crystal structure data
189

 of S0 and S1. 

It is interesting to observe that new β-strands formed at both the outer sides of 

the native S1S2 β-sheet. It seems that the native S1S2 β-sheet might be a nucleus 

for intermolecular β-enrichment in conformational conversion of PrP. In our 

previous study with PrP C-terminus (Chapter 3), the unfolding part of H2 moved 

close to S2 and refolded into a new β-strand, named as S3, which was in 

antiparallel alignment with S2. This new β-strand S3, together with native S1S2, 

formed a stable three-stand β-sheet. In this REMD study, the palindrome region of 

the PrP N-terminus formed new antiparallel β-sheet with native S1, which was 

very similar to newly resolved S0 in the crystal structure. It is reasonable to raise 

the question whether the four β-strands could coexist and form a more extensive 

β-sheet structure. 
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Figure 4.5: (A) Illustration of the three-stranded β-sheet structure of PrP118-228 

in the crystal structure.
189

 (B) Illustration of the constructed four-stranded β-sheet 

structure of PrP118-228 in our simulation. 

 

 

 

Figure 4.6: Secondary structure evolution of the four-stranded β-sheet structure of 

PrP118-228 by DSSP analysis of the conventional MD simulation. 

A 

B 
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Since it is very time-consuming and computationally expensive to do the direct 

folding with large extended structure, we artificially built up the N-terminal 

residues corresponding to S0 region onto our previous three-stranded β-sheet 

structure with a reference to the hydrogen bonding in the crystal structure
189

, 

achieving a more elaborate S0-S1-H1-S2-H2-S3-H3 structural fold (Figure 4.5, B). 

Then a 50-ns MD simulation with explicit water solvation at room temperature 

was carried out to check the stability of this architecture. 

Secondary structure determination of the architecture was performed with 

DSSP analysis. As illustrated in Figure 4.6, it is pleasing to find that the four 

β-strands (S0, S1, S2, and S3) can coexist well. The four-stranded antiparallel 

β-sheet remain stable throughout the simulation, except that the irregular β-bulge 

at S1 showed some instability. In the end, we obtained a β-rich structure with a 

stable antiparallel four-stranded β-sheet adopting a S0-S1-H1-S2-H2-S3-H3 

structural fold.  

4.3.2  Formation of five-stranded β-sheet structure 

In the above section, by a combination of PSBC model and REMD simulation, 

we successfully conducted folding simulation of the PrP fragment peptide 

corresponding to S0S1 region (residues 116-131), which is in comparably good 

agreement with the crystal structure data
189

. By manually built up S0 onto our 

previous three-stranded β-sheet structure with S3, we successfully obtained a 
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four-stranded antiparallel β-sheet encompassing both PrP C-terminus and the 

palindrome region of N-terminus, which is proved to be quite stable in a 

subsequent 50-ns MD simulation. Then we continued our research with extra 

N-terminal residues, intending to further explore the structural fold of PrP 

N-terminus. 

A fragment of PrP(105-122) was studied. Part of this fragment peptide is 

overlapped with PrP(116-131), corresponding to the residues involved in S0 

formation (residues 118-122) in the above section. The extra sequence (residues 

105-117) is at the downstream of S0, which is also within the amyloidogenic 

region of PrP N-terminus and have high β-structure formation propensity. Thus, 

this fragment was expected to adopt a β-sheet configure. 

Here, we have also run a folding simulation of PrP(105-122) with REMD and 

PSBC updating scheme towards the secondary structure of this region, in a similar 

way to PrP(116-131) in the above section. The REMD simulation was composed 

of 8 replicas, setting as 264.00, 280.63, 298.17, 316.42, 335.91, 356.45, 378.12, 

400.96 K. The starting structure was linear structure. The PSBC updating scheme 

was inserted into the REMD simulation and a total of 50 ns long simulation was 

obtained. 

DSSP analysis was conducted based on the extracted trajectories to display the 

secondary structure evolution of PrP(105-122). As shown in Figure 4.7, the 

secondary structure distribution mainly consists of β conformations with 
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sporadically formation of 𝛼-helix and 310-helix. PrP(105-122) formed a 

two-stranded β-sheet structure. The first β-strand involves residues 115-119, 

which is within the palindrome region and is matched with S0 β-strand in the 

previous section. The second β-strand is formed by the extra residues in PrP 

N-terminus encompassing residues 108-112 and aligned antiparallel with S0. This 

new β-strand named as S-1. Gly114 and Ala115 form the β-corner. 

 

 

 

Figure 4.7: Secondary structure evolution of PrP(105-122) by DSSP analysis of 

the trajectories with PSBC model at 264.00 K and 298.17K. 

 

Cluster analysis is conducted based on the trajectory of 264.00K to identify the 

structural properties of the conformational substrates of this peptide folding. Most 

of the clusters are in β-sheet conformation. The representative structures of the 

three most populated clusters are shown in Figure 4.8. The largest cluster C1 

accounts for 35.6% with an average backbone rmsd of 1.89 Å. The second largest 

cluster C2 has a population of 18.7% with an average backbone rmsd of 1.14 Å. 

The third one is 16.3% populated with an average backbone rmsd of 1.15 Å. All 



104 
 

these three clusters are in very similar conformation of long β-sheet with 

difference in the backbone hydrogen bond zipping. 

 

 

Figure 4.8: Representative structures of three most populated clusters of 

PrP(105-122) by the cluster analysis of 264.00 K trajectory using PSBC model. 

 

Hydrogen bond analysis of the clusters is carried out at 264.00K to gain 

detailed structural data. Six hydrogen bond pairs are found in cluster C1 which 

can be seen in Figure 4.9. However, residues of Ala118, Ala120 and Val 122 in 

S0 β-strand, which are involved in the hydrogen bond connection with new S-1 

β-strand, have already participated in the hydrogen bond formation between S0 

and S1 in previous section. The hydrogen bonds in cluster C2 are also investigated 

and depicted in Figure 4.10. In this structure, residues Ala115, Ala117, and 

Gly119 involving in the hydrogen bond formation between S0 and S-1 are in 

staggered positions with those residues (Ala118, Ala120 and Val 122) in the S0S1 

β-sheet hydrogen bond connecting work.  
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Figure 4.9: Backbone hydrogen bonds detected in the representative structure in 

Cluster C1 of PrP(105-122). 

 

Figure 4.10: Backbone hydrogen bonds detected in the representative structure in 

Cluster C2 of PrP(105-122). 

 

  

H-bond Donor H-bond Acceptor 

Thr107@O  Val122@N  

Met109@O  Ala120@N  

His111@O  Ala118@N  

Ala116@O  Ala113@N  

Ala118@O His111@N 

Ala120@O Met109@N 

H-bond Donor H-bond Acceptor 

Asn108@O  Gly119@N  

Lys110@O  Ala117@N  

Met112@O  Ala115@N  

Ala115@O  Met112@N  

Ala117@O Lys110@N 
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With a reference to the conformation of cluster C2, we manually built up extra 

N-terminal residues (residues 104-117), corresponding to the potential S-1 

β-strand, onto the four-stranded β-sheet structure in the above section, leading to a 

five-stranded β-sheet structure. A 50-ns all-atom MD simulation with explicit 

water solvation at room temperature was carried out to check the stability of this 

five-stranded β architecture. 

From the DSSP analysis (Figure 4.11), we can see that this five-stranded β 

structure remain fairly stable. The final structure is illustrated in Figure 4.12. S-1 

disappeared around 31 ns, but reformed after 36 ns in the simulation. S0 is 

elongated by forming additional hydrogen bonds with new S-1. There is a 

“hunch-up” at the structure of S1. It is possible due to the irregular hydrogen 

bonding with S0 as described in previous section. S2 and S3 are almost 

unchanged. Thus, we obtained a stable five-stranded antiparallel β-sheet structure 

of prion protein with continuously growing β-structure at its N-terminus. 

  



107 
 

 

 

 

 

Figure 4.11: Upper panel: Secondary structure evolution of the five-stranded 

β-sheet structure of PrP104-228 by DSSP analysis of the conventional MD 

simulation. Lower panel: The snapshot of final structure in the simulation. 
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4.3.3  Formation of six-stranded β-sheet structure 

Then we went on to the next N-terminal fragment of PrP encompassing residues 

95-112. This fragment contains an overlapped sequence with previous 

PrP(105-122) fragment, which is involved in the formation of S-1. In fact, this 

region has received special research interest in the past decades, because it 

contains two His residues (His96 and His111), which were considered to be 

possible binding sites for copper ions. Some studies suggested that copper 

coordination to His96 and His111 can cause main-chain conformation changes 

and induce the formation of β-structure in this region.
70

 It is proposed that 

Cu-induced PrP conversion might occur in low-occupancy copper coordination 

form.
71

 An increase in β-sheet formation was observed in a CD spectroscopy 

study of PrP(91–115) peptide with low-occupancy Cu
2+ 

coordination.
69

 MD 

simulation on PrP(96-111) fragment with low-occupancy Cu
2+

 binding form 

demonstrated that Cu
2+

 bridging to His96 and His111can promote localized 

β-sheet structure formation.
72

 Controversially, copper binding to single His 

residue was reported to be more prone to the conformational transition by Giachin 

et al.
184

 Moreover, there is also study indicating that copper binding would impose 

precise backbone bending and weaken β-sheet formation propensity. Structure of 

β-sheet was observe in PrP(91-127) peptide without copper binding.
73

 Since there 

seems no direct link between copper binding and β-sheet formation, our 

simulation does not include the copper ions. 
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Same as previous two PrP fragments, REMD simulation with PSBC updating 

scheme was employed to predict the secondary structure of this PrP(95-112). The 

REMD simulation was made up of 10 replicas, setting as 265.00, 279.96, 295.66, 

312.11, 329.38, 347.47, 366.45, 386.36, 407.22, 429.16 K. The starting structure 

was linear structure. The PSBC updating scheme was inserted into the REMD 

production run and a total of 50 ns long simulation was obtained. 

We also checked the secondary structure distributions of PrP(116-131) with 

DSSP analysis. As seen in Figure 4.12, a short two-stranded antiparallel β-sheet 

was found to shape up between residues 96-97 and residues 110-111. A small 

𝛼-helix turn was formed in the region of residues 105-109. The first β-strand at 

the region of residues 96-97 is corresponding to S-1 β-strand in the previous 

section. The other one encompassing residues 110-111 is newly emerged, named 

as S-2. 

 

 

 

Figure 4.12: Secondary structure evolution of PrP(95-112) by DSSP analysis of 

the trajectories with PSBC model at 265.00 K and 295.66K. 
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Figure 4.13: Representative structures of three most populated clusters of 

PrP(95-112) by the cluster analysis of the trajectory with PSBC model at 265.00 

K. 

 

 

Figure 4.14: Backbone hydrogen bonds detected in the representative structure in 

Cluster C1 of PrP(95-112). 

 

The representative structures of the three most populated clusters at 265.00K 

are shown in Figure 4.13. The most populated cluster is a mixed structure of a 

small α-helical turn and a small β segment, which accounts for 53.6% and has a 

backbone rmsd of 0.83 Å. The hydrogen bonds identified in the β-sheet region are 

shown in Figure 4.14. Hydrogen bond can be formed between the two His 

H-bond Donor H-bond Acceptor 

His96@O  His111@N  

Met109@O  Gln98@N  

His111@O  His96@N  
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residues. The result of our simulation with PrP95-122 is very similar to that of the 

simulation of PrP(96-111) with Cu
2+

 bridging to His96 and His111 by Vogel et 

al
72

, suggesting that this region can form β-sheet with or without copper ions. 

Referring to the dominant structure (cluster C1) of PrP (116-131) in the REMD 

simulation, we manually built up potential S-2 β-strand (residues 94-104) onto the 

five-stranded β-sheet structure in the above section, leading to a six-stranded 

β-sheet structure. A 50-ns all-atom MD simulation with explicit water solvation at 

room temperature was carried out to check the stability of this six-stranded 

β-sheet architecture. 

As indicated in the DSSP analysis (Figure 4.15), the six-stranded β-sheet 

structure remains stable throughout the simulation. The final structure in the 

simulation is also shown in Figure 4.9. It is noted that the irregular β-bulge at S1 

disappears during this simulation. Instead of that, regular hydrogen bonds form 

between S0 and S1 beta-strand, leading to a more flat β-sheet structure. Stable 

elongation of S1, S0, and S-1 is also observed. The cooperative interaction effect 

between the extensive β-strands contributes to this multiple β-strand structure. 

Finally, we obtained a β-rich intermediate of prion protein with a six-stranded 

antiparallel β-sheet conformation adopting S-2-S-1-S0-S1-H1-S2-H2-S3-H3 structural 

organization. 
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Figure 4.15: Upper panel: Secondary structure evolution of the six-stranded 

β-sheet structure of PrP93-228 by DSSP analysis of the conventional MD 

simulation. Lower panel: The snapshot of final structure in the simulation. 
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Overall, our simulations provide a β-rich model with a six-stranded-β-sheet 

encompassing both C-terminus and the hydrophobic region of N-terminus. Our 

data strongly supports the hypothesis that the N-terminus may be involved in the 

β-enrichment in the monomer as one of the early events in the PrP
C
 to PrP

Sc
 

conformational conversion. Moreover, the β-sheet formed at N-terminus is linked 

together with the C-terminus, leading to a more extensive β-sheet. Our study may 

help to provide one of the possible underlying routines for the intermolecular 

β-sheet nucleation. 

   The native S1S2 β-sheets might serve as intramolecular nucleus for 

β-enrichment. It is suggested that the exposed edges of regular β-sheets are prone 

to form hydrogen bonding interaction with other β-strand available, because they 

are already set up in the right backbone conformation.
190

 For the native S1S2 

β-stands in PrP, the exposed edge of S2 formed hydrogen bonds with the 

unfolding part of H2, leading to the formation of new β-stand S3 in our previous 

study with C-terminal domain (Chapter 3). Residues 90–126 of PrP N-terminus 

are unstructured in the native form and have been proposed to possess PrP
Sc

-like 

neurotoxic and amyloidogenic properties. This region is located adjacent to the 

C-terminal domain. The regional proximity hints at the possibility of forming 

extensive β-structure with the C-terminal β-sheets. Here, in this work, the edge of 

S1 formed hydrogen bonding connection with the palindrome sequence, leading 

to the formation of the first β-strand at N-terminus, which was donated as S0. The 



114 
 

formation of new hydrogen bonds with native S1S2 β-strands also brought about 

the elongation of native strands. S1 is extended by two residues at its N-terminal 

direction by the forming β-hairpin with S0, while S2 extended by two residues at 

its C-terminus by the formation of new hydrogen bonds with S3. Two more 

β-strands were built up in the continuous sequence of N-terminus, resulting in a 

six-stranded β-sheet encompassing the prion C-terminus and the hydrophobic 

region of the N-terminus.  

4.4  Conclusion 

Elucidating the molecular mechanism of the PrP
C
 to PrP

Sc
 conformational 

conversion is a key issue in prion biology. To date, the detailed structure at atomic 

level of PrP
C
 has been only partially resolved, with an unresolved N-terminal 

region (residues 23-124) and a well-defined C-terminal globular domain (residues 

125-231). In previous chapters, we studied the C-terminal domain and found that 

the α-to-β conformational changes occurred at H2 helix. Residues 90–126 at PrP 

N-terminus are unstructured in the native form, comprising a hydrophobic core 

(residues 106–126) and the so-called fifth copper binding site
182

 involving His96 

and His111. This region has been proposed as a key region for the amyloidal and 

toxic nature of PrP. Furthermore, the location of this region is just adjacent to S1 

β-strand at the C-terminal domain. The regional proximity and amyloidogenicity 

imply a special role for this region in the β-structure enrichment process. It is 

important to include the N-terminal region in the prion study. 
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Using a combination of REMD simulation and PSBC updating scheme, we 

investigated the secondary structure of isolated N-terminal fragment peptide. 

Spontaneously β-sheet formation was observed in the simulation, confirming that 

the N-terminal region has β-structure formation property. Build upon the 

three-stranded β-sheet conformation in previous PrP C-terminal study, we 

incrementally modeled the unstructured N-terminal residues onto the globular 

C-terminal domain, with a reference to the structure obtained in REMD 

simulations with PrP N-terminal fragments. Finally, we successfully got a stable 

six-stranded antiparallel β-sheet structure of prion protein. This architecture 

contains four consecutive β-strands, among which three (S0, S-1, S-2) are formed 

at the amyloidogenic region of N-terminus (residues 90-126) and the remaining 

one (S1) is at the starting region of the C-terminus. For the two discontinuous 

β-strands, one is the native S2 β-strand, and the other one is derived from the 

unfolding part of H2 helix, which has been demonstrated to be intrinsically 

unstable and have high β-structure formation propensity. The native S1S2 

β-sheets might serve as nucleus for intramolecular β-enrichment. The β-sheet 

grows by addition of new strand along the exposed edge side.  

Our model provides a first possible atomic-level view of a six-stranded 

antiparallel β-sheet conformation spanning both N- and C-terminal regions of 

prion protein. The regions involved in the β-sheet formation in our study have all 

been reported to be capable of forming β-sheet structure or amyloid oligomers in a 
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wide range of experimental and theoretical studies with full-length or truncated 

form of prion protein. Moreover, the N- and C-terminal β-structure are connected 

together to form a β-nucleation in prion monomer. This intermolecular β-sheet 

nucleation can provide important insights towards the mechanism of the 

conformational conversion of PrP
C
 to PrP

Sc
 and may be core for subsequent 

oligomerization and aggregation. 
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Chapter 5  Summary and future directions 

 

Prion diseases are fatal neurodegenerative disorders characterized by the 

misfolding of normal prion protein and the accumulation of amyloid deposits in 

the central nervous system. Understanding the conversion of the α-helix-rich 

cellular prion protein (PrP
C
) into pathogenic β-sheet-rich isoform (PrP

Sc
) is 

fundamental to unravel the early stages of the development of prion diseases. PrP
C
 

consists of an unstructured N-terminus and a well-defined C-terminal globular 

domain. Due to the insolubility and aggregation nature of PrP
Sc

, it is difficult to 

obtain its atomic-level structure by classic detection techniques. MD simulations 

have served as an alternative and invaluable means to study the mechanism of 

prion misfolding and provide microscopic information on the structure and 

dynamics of PrP
Sc

. In this thesis, different strategies of MD simulations have been 

utilized to investigate the conformational conversion of human prion protein. 

Firstly, we examined the pH effect on the conformational changes of prion 

protein since many studies have suggested that acidic pH may have implications 

for the presumed formation of PrP
Sc

. Room temperature simulations of human PrP
 

C-terminal domain (residues 125-228, Figure 5.1 A) at different pH levels (pH ~7, 

pH~5 and pH~3) were performed. Our data showed that, in the initial stage of the 

conversion, no obvious secondary structural changes occurred in H1, H3, S1 and 
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S2. Displacement of H1 was observed. The movement was due to the disruption 

of salt bridges in acidic pH simulations and increased with decreased pH levels. 

H2 exhibited the significant structural perturbation with partially unfolding at its 

C-terminus (Figure 5.1 B). The extent of unfolding increased toward acidic pH. 

Our findings are in agreement with a range of experimental and theoretical studies, 

suggesting that acidic pH can trigger the conformational changes and H2 may 

play an early role in the conversion. 

Next, we raised the simulation temperature to a mildly high temperature, 

aiming to speed up the denaturation process and gain further insights into the 

conformational conversion. A 200 ns simulation at 350 K and pH~3 conditions 

was performed. During this elevated temperature simulation, further unfolding at 

H2 C-terminus and H3 N-terminus were observed (Figure 5.1 C). Elongation of 

the native S1S2 β-sheet was also noted. An essential dynamic regards to the loop 

between partially denatured H2 and H3 has been identified by PCA analysis — it 

showed a movement tendency toward the native S1S2 β-sheet. This movement 

aroused our interest because this region has been reported to have strong 

β-structure formation propensity. It is reasonable to hypothesize that new β-strand 

formed at this region by adding onto the native β-strands (Figure 5.1 D). We 

verified this hypothesis by a simulated annealing simulation. A new β-strand, 

named as S3, formed at the unfolding part of H2 and aligned antiparallel with S2 

(Figure 5.1 E). This newfound S3 was elongated and further stabilized by three 
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additional hydrogen bonds in subsequent 100 ns room temperature MD simulation. 

Thus, we successfully obtained a stable three-strand β-sheet conformation of prion 

protein, adopting a S1-H1-S2-H2-S3-H3 structural organization. 

  In the third study, we attempted to investigate the β-constitution in PrP 

N-terminus with recently developed PSBC model. The unstructured N-terminal 

residues 90-126 have been reported to be associated with the amyloidogenicity 

and neurotoxictiy of PrP
Sc

. By implementing PSBC into REMD simulation, we 

simulated the folding of PrP(116-131). A well-organized two-stranded β-sheet 

was obtained, which was in good agreement with the S0S1 region of a recent 

crystal structure
189

. By manually attaching the newfound S0 onto our previous 

three-stranded β-sheet structure, we obtained a four-stranded structure (Figure 5.1 

F), which was proved to be quite stable in a subsequent 50-ns conventional MD 

simulation. Then we extended our studies to additional N-terminal fragments of 

PrP(105-122) and PrP(95-112) in a similar way. Two more β-strands, named as 

S-1 and S-2, were found. These two β-strands were modeled onto the globular 

domain successively. Finally, we obtained a stable six-stranded antiparallel 

β-sheet structure (Figure 5.1 H) spanning both the C-terminus and the 

amyloidogenic region of PrP N-terminus. This β-rich structure can provide 

important insights towards the mechanism of the conformational conversion of 

PrP
C
 to PrP

Sc
 and may be core for subsequent oligomerization and aggregation. 
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The pathogenic process of prion diseases can be divided into two steps. The 

first step is the conversion of α-helix-rich PrP
C
 into β-sheet-rich isoform PrP

Sc
. 

The second step is that the infectious intermediates propagate in an autocatalytic 

manner to form amyloid fibrils. In this work, we have studied the conformational 

conversion of prion monomer and obtained a β-rich conformer with a six-stranded 

antiparallel β-sheet spanning both the C-terminal domain and the amyloidogenic 

region of N-terminus. The remaining N-terminal region contains a special 

sequence of four perfect OR repeats of PHGGGWGQ (residues 60-91) among 

different mammalian species and additional homologous “pseudorepeat” of 

PQGGGGWGQ (residues 51-59) in human prion protein. This region has 

attracted many research interests in the past decades because of its structural 

features and its ability to binding copper ions. To date, the role of this region in 

the pathological process is still elusive. We are planning to study the structure 

features of this region with MD simulation to thoroughly investigate the β 

composition in PrP
Sc

 and provide a comprehensive understanding towards the 

mechanism of prion misfolding. Dimer, trimer, or even oligomers of prion protein 

could be built up based on the β-rich structure of prion monomer to further 

explore the possible aggregation pathway. 
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Publications 

1. Hong Yang, Dawei Zhang. Formation of four-stranded β-sheet towards the 

elucidation of the conformational conversion of prion protein. (under review) 

2. Hong Yang, Dawei Zhang. Probing the β constitution at the N-terminus of 

prion protein. (under preparation) 

 

  



123 
 

 

Appendix 

The amino sequence of human prion protein (residues 23-231) 

 
23          33          

K K R P K P G G W N T G G S R Y P G Q G 

43          53          

S P G G N R Y P P Q G G G G W G Q P H G 
63          73          

G G W G Q P H G G G W G Q P H G G G W G 
83          93          

Q P H G G G W G Q G G G T H S Q W N K P 
103        113        

S K P K T N M K H M A G A A A A G A V V 
123         133       

G G L G G Y M L G S A M S R P I I H F G 
143       153          

S D Y E D R Y Y R E N M H R Y P N Q V Y 
163        173          

Y R P M D E Y S N Q N N F V H D C V N I 
183        193          

T I K Q H T V T T T T K G E N F T E T D 
203        213          

V K M M E R V V E Q M C I T Q Y E R E S 
223      231            

Q A Y Y Q R G S S            
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