
ABSTRACT 

WANG, YIMING.  Understanding In Vitro Amyloid Formation and Inhibition Using Coarse-

Grained Simulations. (Under the direction of Dr. Carol K. Hall). 

 

The misfolding and aggregation of specific native proteins in mammalian brains, and the 

subsequent formation of amyloid plaques plays a central role in a number of fatal 

neurodegenerative diseases, including the Alzheimerôs, Parkinsonôs, Huntingtonôs and Prion 

Disease. Protein aggregation has thus become an active and multidisciplinary research subject. 

The aim of this dissertation is to apply molecular modeling techniques in combination with 

biochemical and biophysical measurements to advance understanding of in vitro protein 

aggregation. 

Firstly, we investigate the aggregation kinetics and amyloid core structures of three prion 

protein fragments corresponding to residues 120 to 144 of human (Hu), bank vole (BV) and Syrian 

hamster (SHa) prion protein using discontinuous molecular dynamics simulations (DMD) and the 

PRIME20 force field. We find that HuPrP120-144 has a shorter aggregation lag phase than 

BVPrP120-144, followed by SHaPrP120-144, consistent with experimental findings. We also 

investigate the molecular mechanism of seed-templating aggregation of three prion protein 

peptides. We find that the pre-formed protofilament (seed) accelerates the aggregation of the 

monomer peptides by eliminating the lag phase. The monomer aggregation kinetics are mainly 

determined by the structure of the seed. For cross-seeding aggregation, we show that Hu has a 

strong tendency to adopt the conformation of the BV seed and vice versa; the Hu and BV 

monomers have a weak tendency to adopt the conformation of the SHa seed.  

Next, we develop a coarse-grained inhibitor model that is compatible with the PRIME20 

protein model to examine the effect of phenolic molecules on the aggregation of Aɓ(17-36) 

peptides. From simulating the dynamics of the interactions between four inhibitor molecules and 



Aɓ(17-36) monomer, oligomer and protofilament, we find that the rank order of effectiveness in 

inhibiting Aɓ(17-36) aggregation is : EGCG > resveratrol > curcumin > vanillin, consistent with 

experimental findings on their ability to inhibit full length Aɓ fibrillation. We also learn that the 

inhibition effect of EGCG is specific to the peptide sequence while those of resveratrol and 

curcumin are non-specific in that they stem from strong interference with hydrophobic sidechain 

association, regardless of the residuesô location and peptide sequence.  

We probe the aggregation properties of three peptides (P1, P2 and P3 corresponding to 

residues 326-337, 387-405 and 426-442, respectively) derived from the myocilin olfactomedin 

domain which is associated with inherited open angle glaucoma. DMD/PRIME20 simulations 

predict that only P1 and P3 are aggregation-prone; P1 consistently forms fibrillar aggregates with 

parallel in-register ɓ-sheets whereas P3 forms heterogeneous ɓ-sheet-rich aggregates. The natural 

abundance 13C solid-state NMR spectra supports our in silico observation. 

We calculate an equilibrium concentration and temperature phase diagram for the 

amyloidogenic peptide, Aɓ16-22. Our results reveal that the only thermodynamically stable phases 

are the solution phase and the macroscopic fibrillar phase, and that there also exists a hierarchy of 

metastable phases. The boundary line between the solution phase and fibril phase is found by 

calculating the temperature-dependent solubility of a macroscopic Aɓ16-22 fibril consisting of an 

infinite number of ɓ-sheet layers. Crucially, the in silico prediction of Aɓ16-22 solubilities over the 

temperature range of 4-57°C agrees well with our fibrillation experiments. 

We explore the structural mechanism of amyloid assembly by analyzing the co-aggregation 

of Aɓ40 and Aɓ16-22, two widely studied peptide fragments of Aɓ42 implicated in Alzheimerôs 

disease. Using a combination of biochemical and biophysical analyses, we demonstrate that Aɓ16-

22 increases the aggregation rate of Aɓ40 through a surface catalysed secondary nucleation 



mechanism. The same system is also modelled using DMD/PRIME20, which provides molecular 

insights into the co-aggregation mechanism.  
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CHAPTER 1 

Motivation and Overview 

1.1 Motivation 

The misfolding and aggregation of protein into amyloid plaques in the human brain is 

associated with over fifty types of fatal neurodegenerative diseases, including Alzheimerôs, 

Parkinsonôs, Huntingtonôs and the Prion diseases. Researchers hypothesize that amyloid formation 

is the primary cause of these fatal diseases; this is the so-called amyloid cascade hypothesis.1,2 

Although amyloid research has been going on for over thirty years, the in vivo and in vitro 

mechanism underlying amyloid formation and the associated disease pathology still remain 

unclear.3 To date, there are no effective therapeutic treatments for any amyloid diseases, which 

pose a big threat to public health worldwide.4 The failures of clinical trials for many promising 

drug candidates over the last decade, including verubecestat5 and  aducanumab 6, suggest that the 

development of effective treatments is still in its infancy. Fortunately, the good new is that a recent-

developed antibody drug, BAN24017 aimed at binding to the Amyloid-ɓ protofibril, has been 

found to slow down or alleviate patient dementia and other cognitive symptoms. 

Over the past thirty years, researchers have developed a variety of biophysical and 

biochemical experimental approaches to characterize and investigate amyloid formation in vitro 

and in vivo. Atomic force microscopy (AFM) has been applied to examine fibril length and width 

distribution, 8 and to track the dynamics of fibril growth9 by attaching fibrils onto a surface. X-ray 

crystallography has been used to determine fibril structure 10 from diffraction patterns for fibril 

microcrystals formed by short amyloidogenic peptides. Circular dichroism spectroscopy (CD) and 

Fourier-transform infrared spectroscopy (FTIR) have been applied to measure the secondary 

structure profile of proteins during the aggregation process 11,12. Florescent dyes such as Thioflavin 
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T13 and Congo red14 have been widely used to identify amyloid formation and to track fibril growth 

kinetics. Notably, the application of solid-state nuclear magnetic resonance spectroscopy (ssNMR) 

and cryo-electron microscopy (Cryo-EM) are magnificent achievements in elucidating the 

polymorphic molecular structure of amyloid fibrils formed by the amyloid ɓ(1-40)15, amyloid ɓ(1-

42)16, Ŭ-Synuclein protein17, ɓ2 microglobulin18 and tau protein19. In addition, ion mobility 

spectrometry-mass spectrometry (IMS-MS) has been applied to detect the distribution of small 

oligomeric aggregates based on the difference in samplesô collision cross-sectional area and charge 

to mass ratio.20  

Theoretical and computational approaches have also been developed to study protein 

aggregation. Firstly, atomistic molecular dynamics simulations are mainly applied to study the 

structural stability of a pre-formed fibril21 and the early-stage oligomerization22 process for small 

systems (<eight peptides). The computational challenge for atomistic simulations in modeling 

protein aggregation is its inability to sample enough configurational space and reach the global 

energy minimum state of a large peptide system even with very long runs. To fill this gap, a number 

of high-resolution coarse-grained protein models such as MARTINI23, OPEP24 and AWSEM25 

have been developed to study protein folding and protein aggregation. The common issue for 

coarse-grained protein models is that they are not able to model proteins with enough molecular 

detail to reproduce the accurate fibrillar structure and aggregation kinetics. Later, biased sampling 

techniques such as metadynamics26 and umbrella sampling27 have been used in conjunction with 

molecular dynamics simulations to study fibril nucleation and fibril elongation as well as to 

construct aggregation free energy landscapes. 28,29 

Over the last fifteen years, Hall and co-workers have been working on developing coarse-

grained models for simulating protein aggregation. In 2004, Nguyen et al.30 applied discontinuous 



   

3 

 

molecular dynamics simulation (DMD) in combination with an intermediate resolution protein 

model called PRIME to simulate the dynamic aggregation process of 48 polyalanine peptides from 

random coils to fibrillar structures. In 2010, Cheon et al.31 extended the PRIME model to PRIME20 

which could model sequence-specific peptides with twenty different amino acids. The PRIME20 

force field takes into account the directional hydrogen bonding between backbone atoms. The 

sidechain-sidechain polar, electrostatic and hydrophobic interactions between each pair of 

interacting amino acid residues are unique. The energetic parameters were obtained by fitting to 

the structures of 711 native-state globular proteins in the Protein Data Bank (PDB) and 2 million 

decoyed structures. DMD/PRIME20 simulations are quite fast and can access time scales of the 

order of 50 ɛs32; the longest run to date is 572µs33. The ability to access long time scales allows us 

to simulate the spontaneous formation of fibrillar structures starting from a very large system of 

peptides in a random configuration. This is not possible in atomistic simulations except for very 

small systems. DMD/PRIME20 simulations have been extensively validated against experimental 

measurements on a number of systems including Aɓ(16-22), Aɓ(17-42) and tau protein fragment, 

34-37 and found to give a relatively realistic snapshot of the structures that form and the events that 

occur as amyloid disease-related protein fragments aggregate in vitro. 

The goal of the work in this thesis is to apply molecular simulation techniques, with the 

help of modern biophysical techniques (e.g. mass spectrometry, photo cross-linking techniques 

and solid-state NMR spectroscopy), to tackle key fundamental questions underlying in vitro 

amyloid formation. Specifically, we examine the non-seeding, seeding and cross-seeding 

aggregation of prion protein fragments, the inhibitory effect of polyphenols on Aɓ(17-36) 

aggregation, the aggregation propensities and structural polymorphism of glaucoma-associated 
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myocilin protein fragments, the phase behavior of the Aɓ(16-22) peptide and the co-aggregation 

of Aɓ(1-40) with Aɓ(16-22) peptides. 

 

1.2 Overview 

In this section a summary of the rest of the dissertation is provided. All chapters provide 

their own literature review and references. 

 

1.2.1 N-Terminal Prion Protein Peptides (PrP(120-144)) Form Parallel In-Register ɓ-sheets 

via Multiple Nucleation-Dependent Pathways 

The prion diseases are a family of fatal neurodegenerative diseases associated with the 

misfolding and accumulation of normal prion protein (PrPC) into its pathogenic scrapie form 

(PrPSc). Understanding the fundamentals of prion protein aggregation and the molecular 

architecture of PrPSc is key to unravelling the pathology of prion diseases. Our work investigates 

the early-stage aggregation of three prion protein peptides, corresponding to residues 120 to 144 

of human (Hu), bank vole (BV) and Syrian hamster (SHa) prion protein, from disordered 

monomers to ɓ-sheet-rich fibrillar structures. Using discontinuous molecular dynamics simulation 

combined with the PRIME20 force field, we find that the Hu, BV and Sha PrP120-144 aggregate 

via multiple nucleation-dependent pathways to form U-shaped, S-shaped and ɋ-shaped 

protofilaments. The S-shaped HuPrP120-144 protofilament is similar to the amyloid core structure 

of HuPrP112-141 predicted by Zweckstetter. HuPrP120-144 has a shorter aggregation lag phase 

than BVPrP120-144, followed by SHaPrP120-144, consistent with experimental findings. Two 

amino acid substitutions I138M and I139M retard the formation of parallel in-register ɓ-sheet 

dimers during the nucleation stage by increasing sidechain-sidechain association and reducing 
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sidechain interaction specificity. On average, HuPrP120-144 aggregates contain more parallel ɓ-

sheet content than those formed by BV and SHa PrP120-144. Deletion of C-terminal residues 138 

to 144 prevents formation of fibrillar structures in agreement with experiment.  This work sheds 

light on the amyloid core structures underlying prion strains and how I138M, I139M and S143N 

affect prion protein aggregation kinetics. 

 

1.2.2 Seeding and Cross-Seeding of N-Terminal Prion Protein Peptides PrP(120-144) 

Prion diseases are infectious neurodegenerative diseases that are capable of cross-species 

transmission, thus arousing public health concerns. Seed-templating propagation of prion protein 

is believed to underlie prion cross-species transmission pathology. Understanding the molecular 

fundamentals of prion propagation is key to unravelling the pathology of prion diseases. In this 

work, we use coarse-grained molecular dynamics to investigate the seeding and cross-seeding 

aggregation of three prion protein fragments PrP(120-144) originating from human (Hu), bank 

vole (BV) and Syrian hamster (SHa). We find that the seed accelerates the aggregation of the 

monomer peptides by eliminating the lag phase. The monomer aggregation kinetics are mainly 

determined by the structure of the seed. The stronger the hydrophobic residues on the seed 

associate with each other, the higher the probability that the seed recruits monomer peptides to its 

surface/interface. For cross-seeding aggregation, we show that Hu has a strong tendency to adopt 

the conformation of the BV seed and vice versa; the Hu and BV monomers have a weak tendency 

to adopt the conformation of the SHa seed. These two findings are consistent with the experimental 

findings of Apostol et al. on PrP(138-143) and partially consistent with the finding of Jones et al. 

on PrP(23-144). We also identify several conformational mismatches when SHa cross-seeds BV 

and Hu peptides, indicating the existence of a cross-seeding barrier between SHa and the other two 
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sequences. This work sheds light on the molecular mechanism of seed-templating aggregation of 

prion protein fragments underlying the sequence-dependent transmission barrier in prion diseases. 

 

1.2.3 Aggregation of Aɓ(17-36) in the Presence of Naturally Occurring Phenolic Inhibitors 

Using Coarse-Grained Simulations 

Although some naturally-occurring polyphenols have been found to inhibit amyloid ɓ fibril 

formation and reduce neuron cell toxicity in vitro, their exact inhibitory mechanism is unknown. 

In this work, discontinuous molecular dynamics (DMD) combined with the PRIME20 force field 

and a newly-built inhibitor model are performed to examine the effect of vanillin, resveratrol, 

curcumin and epigallocatechin-3-gallate (EGCG) on the aggregation of Aɓ(17-36) peptides. Four 

sets of peptide/inhibitor simulations are performed in which inhibitors: (1) bind to Aɓ(17-36) 

monomer; (2) interfere with Aɓ(17-36) oligomerization; (3) disrupt a pre-formed Aɓ(17-36) 

protofilament; (4) prevent the growth of Aɓ(17-36) protofilament. The single-ring compound, 

vanillin, slightly slows down but cannot inhibit the formation of a U-shaped Aɓ(17-36) 

protofilament. The multiple-ring compounds, EGCG, resveratrol and curcumin, redirect Aɓ(17-

36) from a fibrillar aggregate to an unstructured oligomer. The three aromatic groups of the EGCG 

molecule are in a stereo (nonplanar) configuration, helping it contact the N-terminal, middle and 

C-terminal regions of the peptide. Resveratrol and curcumin bind only to the hydrophobic residues 

near the peptide termini. The rank order of inhibitory effectiveness of Aɓ(17-36) aggregation is : 

EGCG > resveratrol > curcumin > vanillin, consistent with experimental findings on inhibiting full 

length Aɓ fibrillation. Furthermore, we learn that the inhibition effect of EGCG is specific to the 

peptide sequence while those of resveratrol and curcumin are non-specific in that they stem from 

strong interference with hydrophobic sidechain association, regardless of the residuesô location 
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and peptide sequence. Our studies provide molecular-level insights into how polyphenols inhibit 

Aɓ fibril formation, knowledge that could be useful for designing amyloid inhibitors. 

 

1.2.4 Simulations and Experiments Delineate Amyloid Fibrillation by Peptides Derived from 

Glaucoma-Associated Myocilin 

Mutant myocilin aggregation is associated with inherited open angle glaucoma, a prevalent 

optic neuropathy leading to blindness. Comprehension of mutant myocilin aggregation is of 

fundamental importance to glaucoma pathogenesis and ties glaucoma to amyloid diseases such as 

Alzheimerôs. Here we probe the aggregation properties of peptides derived from the myocilin 

olfactomedin domain. Peptides P1 (residues 326-337) and P3 (residues 426-442) were found 

previously to form amyloid.  Coarse-grained discontinuous molecular dynamics simulations using 

the PRIME20 force field (DMD/PRIME20) predict that P1 and P3 are aggregation-prone; P1 

consistently forms fibrillar aggregates with parallel in-register ɓ-sheets whereas P3 forms ɓ-sheet-

containing aggregates without distinct order. Natural abundance 13C solid-state NMR spectra 

validate that aggregated P1 exhibits amyloid signatures and is less heterogeneous than aggregated 

P3. DMD/PRIME20 simulations provide a viable method to predict peptide aggregation 

propensities and the aggregateôs structure/order which cannot be accessed by bioinformatics or 

readily attained experimentally.  

 

1.2.5 Thermodynamic Phase Diagram of Amyloid-ɓ (16-22) Peptide 

The aggregation of monomeric Aɓ peptide into oligomers and amyloid fibrils in the 

mammalian brain is associated with Alzheimerôs disease. Insight into the thermodynamic stability 

of the Aɓ peptide in different polymeric states is fundamental to defining and predicting the 
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aggregation process. Experimental determination of Aɓ thermodynamic behavior is challenging 

due to the transient nature of Aɓ oligomers and the low peptide solubility. Furthermore, 

quantitative calculation of a thermodynamic phase diagram for a specific peptide requires 

extremely long computational times. Here, using a coarse-grained protein model, molecular 

dynamics simulations are performed to determine an equilibrium concentration and temperature 

phase diagram for the amyloidogenic peptide fragment, Aɓ16-22. Our results reveal that the only 

thermodynamically stable phases are the solution phase and the macroscopic fibrillar phase, and 

that there also exists a hierarchy of metastable phases. The boundary line between the solution 

phase and fibril phase is found by calculating the temperature-dependent solubility of a 

macroscopic Aɓ16-22 fibril consisting of an infinite number of ɓ-sheet layers. To our knowledge, 

this is the first in silico determination of an equilibrium (solubility) thermodynamic phase diagram 

for a real amyloid-forming peptide. Furthermore, the in silico prediction of Aɓ16-22 solubilities over 

the temperature range of 4-57°C agrees well with fibrillation experiments and transmission 

electron microscopy measurements of the fibril morphologies formed.  This in silico approach of 

predicting peptide solubility is also potentially useful for optimizing biopharmaceutical production 

and manufacturing nanofiber scaffolds for tissue engineering.    

 

1.2.6 Molecular Insights into the Surface Catalyzed Secondary Nucleation of Aɓ(1-40) by the 

Peptide Fragment Aɓ(16-22) 

The formation of amyloid deposits from usually soluble peptides and proteins is implicated 

in a range of debilitating and prevalent diseases. Understanding, at the molecular level, the 

mechanism by which these complex and heterogeneous systems aggregate is a significant 

challenge facing the scientific community. Amyloid research in vitro often focuses on a single 
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highly pure peptide sequence, however, in vivo there can be a number of different amyloidogenic 

peptides that interact during the aggregation process. In the present work, we explore the 

aggregation of two widely studied peptides from the Aɓ sequence, Aɓ40 and Aɓ16-22, when 

incubated as a mixture. Using a combination of biochemical and biophysical assays, such as ion 

mobility spectrometry mass spectrometry and photo-induced cross-linking, we demonstrate that 

Aɓ16-22 increases the aggregation rate of Aɓ40 through a surface catalysed secondary nucleation 

pathway. The same system is also modelled using a powerful discontinuous molecular dynamics 

simulation and PRIME20 force field, which simulates the spontaneous aggregation of both 

peptides from random-coil monomer state to their final fibril structure. The simulation, consistent 

with experimental findings, provides molecular insights into the surface catalysed 2° nucleation, a 

key driver of Aɓ aggregation. 

 

1.2.7 Future Work 

In Chapter 8, we provide an outline for future work on (1) parallelization of the PRIME20 

code; (2) construction of the free energy landscape of peptide oligomerization.  

 

1.3 Publications 

Chapters 2-5 are based on the following publications: (* means equal contribution)  

Chapter 2: Wang, Y., Shao, Q., Hall, C. K., (2016) N-terminal Prion Protein Peptides PrP(120-

144) Form Parallel In-register ɓ-sheets via Multiple Nucleation-dependent Pathways. J. Biol. 

Chem. 291(42), 22093-22105. 

Chapter 3: Wang, Y., Hall, C. K., (2018) Seeding and Cross-seeding fibrillation of N-terminal 

Prion Protein Peptide PrP(120-144). Protein Sci. 27(7), 1304-1313. 
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Chapter 4: Wang, Y., Latshaw, D. C., Hall, C. K., (2017) Aggregation of Amyloid Beta (17-36) 

in the Presence of Naturally Occurring Phenolic Inhibitors Using Coarse-Grained Simulations. J. 

Mol. Biol. 429 (24), 3893-3908. 

Chapter 5: Wang, Y., Gao, Y., Hill, S. E., Huard, D. J., Tomlin, M. O., Lieberman, R. L., 

Paravastu, A. K., Hall, C. K., (2018) Simulations and Experiments Delineate Amyloid 

Fibrilli zation by Peptides Derived from Glaucoma-Associated Myocilin. J. Phys. Chem. B 

122(12), 5845-5850 

Chapter 6: Wang, Y., Bunce, S., Radford, S. E., Wilson A. J., Auer, S., Hall, C. K., (2018) 

Thermodynamic Phase Diagram of Amyloid ɓ(16-22) Peptide. Submitted to Proc. Natl. Acad. Sci. 

U. S. A. 

Chapter 7: Bunce S.*, Wang, Y.*, Stewart, K. L., Ashcroft, A. E., Radford, S. E., Hall C. K., 

Wilson, A. J., (2018) Molecular Insights into the Surface Catalyzed Secondary Nucleation of 
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CHAPTER 2 

N-Terminal Prion Protein Peptides (PrP(120-144)) Form Parallel In-Register ɓ-sheets via 

Multiple Nucleation-Dependent Pathways 

 

Chapter 2 is essentially a manuscript by Yiming Wang, Qing Shao, and Carol K Hall published on 

Journal of Biological Chemistry. 
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Abstract 

The prion diseases are a family of fatal neurodegenerative diseases associated with the 

misfolding and accumulation of normal prion protein (PrPC) into its pathogenic scrapie form 

(PrPSc). Understanding the fundamentals of prion protein aggregation and the molecular 

architecture of PrPSc is key to unravelling the pathology of prion diseases. Our work investigates 

the early-stage aggregation of three prion protein peptides, corresponding to residues 120 to 144 

of human (Hu), bank vole (BV) and Syrian hamster (SHa) prion protein, from disordered 

monomers to ɓ-sheet-rich fibrillar structures. Using discontinuous molecular dynamics simulation 

combined with the PRIME20 force field, we find that the Hu, BV and Sha PrP120-144 aggregate 

via multiple nucleation-dependent pathways to form U-shaped, S-shaped and ɋ-shaped 

protofilaments. The S-shaped HuPrP120-144 protofilament is similar to the amyloid core structure 

of HuPrP112-141 predicted by Zweckstetter. HuPrP120-144 has a shorter aggregation lag phase 

than BVPrP120-144, followed by SHaPrP120-144, consistent with experimental findings. Two 

amino acid substitutions I138M and I139M retard the formation of parallel in-register ɓ-sheet 

dimers during the nucleation stage by increasing sidechain-sidechain association and reducing 

sidechain interaction specificity. On average, HuPrP120-144 aggregates contain more parallel ɓ-

sheet content than those formed by BV and SHa PrP120-144. Deletion of C-terminal residues 138 
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to 144 prevents formation of fibrillar structures in agreement with experiment.  This work sheds 

light on the amyloid core structures underlying prion strains and how I138M, I139M and S143N 

affect prion protein aggregation kinetics. 
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2.1 Introduction 

Prion Prion diseases are a family of infectious amyloid diseases that affect both humans 

and animals. They include Creutzfeldt-Jakob disease (CJD), Gerstmann-Sträussler-Scheinker 

Syndrome (GSS), kuru and fatal familial insomnia (FFI) in humans, and scrapie, bovine 

spongiform encephalopathy (BSE) and chronic wasting disease (CWD) in other mammals. (1) The 

infectious agent is the scrapie form of the prion protein (PrPSc) which is a ɓ-sheet-rich aggregated 

form of normal prion protein (PrPC) whose full structure is unknown. In contrast to viruses or other 

pathogens, which propagate by replicating themselves inside a host cell based on their nucleic acid 

genome, PrPSc propagates by templating the misfolding and accumulation of PrPC into misfolded 

PrPSc. (2) In addition, within a single population, e.g. human, various strains of CJD are believed 

to be caused by the same prion protein but with diverse PrPSc conformations. (3) The molecular 

mechanism underlying PrPSc-assisted propagation still remains unclear. (4) 

Various models for the full structure of PrPSc have been postulated based on experiment 

and simulation studies. PrPSc structures have been found to contain a 27-30 kDa protease-resistant 

core consisting of residues 90 to 231. (5) Govaerts et al. (6) postulated a trimeric model for PrPSc 

in which the N-terminal, residues 89-175, adopts a left-handed ɓ-helix and residues 176-227 in the 

C-terminal maintain an Ŭ-helical conformation. Using molecular dynamics simulation, DeMarco 

et al. (7) observed the conversion of native two-stranded ɓ-sheets (residues 129-131 and 161-163) 

in the Syrian Hamster prion protein N terminus into three-stranded ɓ-sheets (residues 116-119, 

129-132, 160-164) and isolated ɓ-strands (residues 135-140). Based on this, they proposed a spiral 

ɓ-helix filament model containing PrPSc-like trimers tightly packed along the fibril axis. Smirnovas 

et al. (8) applied hydrogen-deuterium exchange coupled with mass spectrometry to brain-derived 

PrPSc and found that the proteinase K-resistant domain (from residues 90-231) of PrPSc consists 



   

20 

 

mainly of ɓ-strands with relatively short connecting turns and loops and no Ŭ-helices, contradicting 

the notion that PrPSc retains native Ŭ-helices. Based on solid-state NMR data, Groveman et al. (9) 

proposed a parallel in-register architecture for the mouse PrP90-231 fibril. Their MD simulation 

results show that residues 124-227 adopt a more packed structure than residues 90-123. 

The N-terminal prion protein fragments have been the subject of experiments aimed at 

learning the fundamental mechanisms underlying prion protein propagation. Examples of prion 

fragments that have been studied include the prion Y145Stop (PrP23-144) and Q160Stop mutants 

(PrP23-159) which are associated with prion cerebral amyloid angiopathy (PrP-CAA), a GSS-like 

prion disease characterized by the presence of amyloid deposits in the cerebral nervous system. 

(10) Vanik et al. (11) found that recombinant PrP23-144 from human, mouse and hamster form 

fibrils with distinct lag phases. They concluded that species-specific mutations (I138M and I139M) 

are critical in determining the aggregation kinetics as well as the cross-seeding specificity of 

PrP23-144. Jones et al. (12) found that residues 130-140 are an essential region for amyloid 

formation because deletion of the conserved palindrome sequence 113AGAAAAGA 120 results in 

an altered amyloid ɓ-core but doesnôt affect amyloidogenicity or seeding specificity. Later on, 

Chatterjee et al. (13) carried out seed-induced fibrillation experiments on recombinant full-length 

mouse PrP23-230 and found that residues 127-143 participate in the formation of the amyloid core. 

They also found that synthetic MoPrP107-143 and MoPrP127-143 peptides can seed the 

fibrillation of recombinant full-length mouse prion protein while MoPrP107-126 canôt. 

The fibrillation of short N-terminal prion peptides from the amyloid core region of N-

terminal prion protein fragment has also been investigated in experiments. Tagliavini et al. (14) 

performed the fibrillation experiments of synthetic peptides homologous to prion protein residues 

106-147 and found that PrP106-126 formed straight fibrils while PrP127-147 formed twisted 
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fibrils. Skora et al. (15) applied H/D exchange coupled with NMR spectroscopy to fibrils formed 

by recombinant human PrP108-143 and found that residue 129 is deeply buried in the amyloid 

core. They also found that mutations at position 129 greatly impact aggregation kinetics. Li et al. 

(16) used vibrational spectroscopy to show that PrP118-135 starts to adopt a parallel ɓ-sheet 

structure in a lipid bilayer at high peptide concentrations but prefers Ŭ-helical structure at low 

peptide concentrations. Apostol et al. (17) crystalized prion fragments corresponding to human 

(Hu) PrP138-143, mouse (Mo) PrP137-142 and hamster (Ha) PrP138-143 and found that 

HuPrP138-143 and MoPrP137-142 form parallel in-register steric-zippers while Ha138-143 forms 

antiparallel out-of-register steric-zippers. Chuang et al. (18) investigated how various amino acid 

substitutions in synthetic bovine PrP108-144 affect peptide amyloidogenesis and seeding 

efficiency. They found that the mutation L138M promotes amyloid formation and increases 

seeding efficiency, while the mutations I139M and N143S retard amyloid formation and decrease 

PrP108-144 seeding efficiency.  

There are many structural models proposed for short N-terminal prion peptides. Kuwata et 

al. (19) conducted MD simulations and confirmed the structural stability of tightly-packed parallel 

ɓ-sheets in the MoPrP106-126 octameric fibril. Helmus et al. (20) conducted solid state NMR on 

the human PrP23-144 amyloid structure and found that the fibril contains a parallel in-register ɓ-

sheet core comprising residues 112-141 near the peptide C-terminal. The remaining residues in 

human PrP23-144 amyloid ýbrils were found to be flexible and largely disordered. Later on, based 

on solid-state NMR data, Lin et al. (21) presented a parallel in-register ɓ-sheet model for the human 

PrP127-147 fibril where each peptide has two straight ɓ-strands connected by a kink at 137Pro. 

Skora et al. (22) applied the chemical shift ROSETTA method and predicted the conformation of 

human PrP112-141 within the amyloid core formed by the Y145stop prion mutant. Later on, 
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Zweckstetter (23) used a combination of NMR spectroscopy, hydroxyl radical probing combined 

with mass-spectrometry, electron microscopy and computational methods to propose dimeric and 

trimeric left-handed ɓ-helix models for the PrP112-141 amyloid core.  

In this work, we apply a combination of discontinuous molecular dynamics and the 

PRIME20 force field to investigate the spontaneous aggregation of prion protein peptides PrP120-

144, an essential region for PrP23-144 amyloid formation. Although the fibrillation of prion 

protein and its N-terminal fragments has been widely studied in experiments, this is, to our 

knowledge, the first simulation work to investigate the aggregation mechanism for this particular 

peptide. We investigate three different PrP120-144s which originate from human (Hu), bank vole 

(BV) and Syrian hamster (SHa). The spontaneous aggregation of a system of 8 PrP120-144 

peptides is monitored, starting from a random configuration and eventually forming a mixture of 

oligomers and protofilaments. The structures of oligomers and protofilaments formed by Hu, BV 

and SHa PrP120-144 at the end of 37 independent simulations are analyzed. The aggregation 

kinetics of the three PrP120-144 peptides are compared. We also investigate how the amino acid 

substitutions I138M, I139M and S143N affect PrP120-144 aggregation. This work provides 

molecular level insight into the amyloid core structure and the aggregation mechanism for PrP120-

144 peptides. 

Highlights of our simulation results are the following. PrP120-144 forms S-shaped, U-

shaped and ɋ-shaped protofilament structures via multiple nucleation-dependent pathways. The 

PrP120-144 protofilaments mainly contain parallel in-register ɓ-sheets which are consistent with 

previous experimental work. (20,23) The key event during the aggregation is the formation a 

nucleus consisting of a parallel in-register ɓ-sheet dimer. In most cases, the nucleus first grows 

into a metastable oligomer, then undergoes backbone rearrangement and eventually grows into a 
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protofilament. In rare cases, the nucleus grows directly into a protofilament without intermediate 

steps. Hu, BV and SHaPrP120-144 all aggregate in a nucleation-dependent manner. In terms of 

aggregation kinetics, HuPrP120-144 has a shorter lag phase than BVPrP120-144, followed by 

SHaPrP120-144, consistent with experimental findings. (11) The HuPrP120-144 aggregates also 

have more parallel in-register ɓ-sheet content than BV and SHa PrP120-144. This is because the 

two species-specific amino acid substitutions I138M and I139M enhance sidechain-sidechain 

association and reduce sidechain-sidechain interaction specificity, thus decreasing the probability 

of forming parallel in-register ɓ-sheets. S143N doesnôt have any effect on PrP120-144 aggregation 

kinetics because it does not engender significant change in the sidechain-sidechain interactions. 

 

2.2 RESULTS 

2.2.1 Hu, BV and SHaPrP120-144 aggregate into protofilament structures 

We investigate the spontaneous fibrillation of prion protein fragments (PrP120-144) by 

performing DMD/PRIME20 simulations on a system containing 8 peptides. Eleven to fifteen 

independent simulations were conducted on each of the Hu, BV and SHaPrP120-144 peptides for 

a total of 37 simulations at T*=0.195 and peptide concentration of 20 mM. Fig. 1 show the total 

interaction energy versus reduced time from 15 runs of HuP120-144. Starting from a high energetic 

state, the system goes through various pathways and reaches its relatively low energy state by the 

end of each simulation. The protofilament structures formed for HuPrP120-144 in the 3rd, 5th,7th 

,11th and 12th runs have the lowest interaction energies and hence the highest thermodynamic 

stabilities among all the final structures. The system total energy profiles for BV and SHa PrP120-

144 are shown in Fig. S1 and S2. 
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Fig. 2 shows the final structures for three different protofilaments formed by HuPrP120-

144 in our simulations. Fig. 2A shows an S-shaped parallel in-register protofilament formed by 

HuPrP120-144 from the 5th run; Fig. 2B shows a schematic side view and the sidechain placement 

for this structure. Such S-shaped protofilaments are also formed in the 2nd, 3rd and 7th runs. From 

Fig. 2B, we see that there are 4 turning points located at 124Gly, 126Gly, 137Pro and 142Gly 

along the backbone chain of each peptide in the protofilament. Two ɓ-strands (residues 127-136 

and 138-141) flank residues 136Arg and 137Pro, which is similar to the amyloid core structure 

suggested by Skora (22) and Zweckstetter (23) for HuPrP112-141. Having a proline at position 

137 may explain why HuPrP120-144 adopts a ñboomerangò structure, since proline facilitates 

turns and breaks in Ŭ-helices and ɓ-sheets. (24) In contrast, in Zweckstetterôs PrP112-141 model 

(23), the two ɓ-strands lie on a nearly straight line. Jones et al. (12) probed the fibril structure of 

both wild type PrP23-144 and PrP23-144 without the nonessential palindromic sequence (residues 

113-120) by solid-state NMR spectroscopy and found that deletion of residues 113-120 changes 

the secondary structure distribution of the fibril core region. Since our PrP120-144 simulation does 

not include residues 113-120, the structural differences between our PrP120-144 protofilament and 

the Zweckstetterôs PrP112-141 amyloid core structure (23) are not surprising.  

Fig. 2C shows the ɋ-shaped protofilament formed in the 12th run and Fig. 2D shows a side 

view. It is apparent from Fig. 2D that the ɋ-shaped protofilament has 5 turning points at 124Gly, 

126Gly, 131Gly, 137Pro and 142Gly. Note that the C-terminal of the yellow chain is not the part 

of the protofilament. The ɋ-shaped protofilament has two triangular-shaped hydrophobic cores 

formed by the association of the hydrophobic sidechain beads in white. The first hydrophobic core 

contains 121Val, 125Leu and 130Leu. The second hydrophobic core contains 129Met, 134Met 

and 138Ile, which is similar to the triangular hydrophobic core of Het-s (218-289) fibrils. (25) 
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Fig. 2E shows the U-shaped protofilament formed by HuPrP120-144 in the 11th run and 

Fig. 2F shows its side view. Compared to the ɋ-shaped protofilament, the N-terminal residues of 

the U-shaped protofilament curve inwards to form a large hydrophobic sidechain core which is 

essentially a combination of the two separate hydrophobic cores formed in the S-shaped 

protofilament. Cheon et al. (26) found that Aɓ17-42 form a similar U-shaped protofilament. 

BVPrP120-144 can form both S-shaped and ɋ-shaped protofilaments, as shown in Fig. 3. 

Regardless of the amino acid difference between BV and Hu PrP120-144, the peptides in the 

BVPrP120-144 S-shaped protofilament in Fig. 3A adopt nearly the same conformation as those in 

HuPrP120-144 S-shaped protofilament in Fig. 2A. From Fig. 3C, the ɋ-shaped protofilament 

formed by BVPrP120-144 has 121Val, 125Leu and 130Leu in the first hydrophobic core and 

129Met, 132Ser, 134Met and 138Met in the second hydrophobic core.   

SHaPrP120-144 can also form S-shaped and ɋ-shaped protofilaments, as shown in Fig. 4. 

The S-shaped protofilament formed by SHaPrP120-144 has a similar conformation to the 

HuPrP120-144 S-shaped protofilament shown in Fig. 2A. The ɋ-shaped protofilament formed by 

ShaPrP120-144 has 121Val, 125Leu, 129Met in the first hydrophobic core and 130Leu, 132Ser, 

135Ser and 138Met in the second hydrophobic core. 

Our simulations reveal that the Hu, BV and SHa PrP120-144 peptides aggregate to form 

relatively heterogeneous aggregate structures. We believe that the main reason that PrP120-144 

forms the S, ɋ and U-shaped protofilaments is its conformational flexibility. Each of three 

different PrP120-144s contain six glycines and one proline which facilitate turn structures in a 

protein. For HuPrP120-144, the S, ɋ and U-shaped protofilaments are formed in 4, 1 and 1 out of 

15 runs. For BVPrP120-144, the S and ɋ-shaped protofilaments are formed in 2 and 1 out of 11 

runs. For SHaPrP120-144, the S and ɋ-shaped protofilaments are formed in 2 and 1 out of 11 runs. 
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These S-shaped, ɋ-shaped and U-shaped protofilaments are stable enough so that they maintain 

their conformation throughout the simulation. Aside from forming parallel ɓ-sheets, in 9 of the 15 

runs, 8 out of the 11 runs and 8 out of the 11 runs, Hu, BV, SHa PrP120-144 form metastable 

oligomers which are characterized by a mixture of parallel and anti-parallel ɓ-strands, as shown in 

Figs. S3-5, respectively. 

Notably, all of the peptides considered, regardless of their amino acid differences, can form 

both S-shaped and ɋ-shaped protofilaments. Comparing the structure of the three S-shaped 

protofilaments formed by three PrP120-144s in Figs. 2B, 3B and 4B, we find that peptides all have 

the same backbone alignment and the same sidechain placement. However, the peptides in the ɋ-

shaped protofilament adopt distinct sidechain placements as shown in Figs. 2D, 3D and 4D. The 

major structural difference between the three ɋ-shaped protofilaments is that the two pairs of 

adjacent residues, 129Met and 130Leu and 134Met and 135Ser switch their position between the 

two hydrophobic pockets. 

 

2.2.2 Structural analysis of Hu, BV, SHaPrP120-144 protofilament  

The distribution of secondary structure in the HuPrP120-144 S-shaped protofilament was 

calculated using the STRIDE program (27) in the visual molecular dynamics (VMD) and is shown 

in Fig. 5. (28) The hydrophobic and polar residues, including 121Val to 135Ser and 138Ile to 

141Phe, have at least 70% ɓ-sheet structure except for residues near the two termini. The glycine 

and proline are most likely to be in random coil or turn structures. The secondary structure 

distributions for the non-S-shaped protofilaments formed by Hu, BV and SHa PrP120-144 are 

similar to those shown in Fig. 5 and are thus not displayed here. 
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Table 1 shows the equilibrium values for the energies of the different-shaped Hu, BV and SHa 

PrP120-144 protofilaments in Figs. 2-4. The backbone hydrogen bonding energy, EHB, sidechain-

sidechain interaction energy, ESidechain and their sum, total interaction energy, ETotal are listed. All 

of the energies are calculated by averaging over the last 100 billion collisions.  

A good way to understand the conformational difference between S-shaped, ɋ-shaped and 

U-shaped protofilaments is to compare the equilibrium values for Esidechain within each species. 

From Table 1, we find that for the protofilaments formed by HuPrP120-144, Esidechain(U-shaped) Ò 

Esidechain(ɋ-shaped) < Esidechain(S-shaped), indicating that the U-shaped protofilament has a stronger 

sidechain-sidechain association than the ɋ-shaped protofilament, followed by the S-shaped 

protofilament. The U-shaped protofilament contains a large hydrophobic core having 7 sidechain 

spheres per peptide contacting each other (Fig. 2F) while the ɋ-shaped protofilament contains two 

separate small hydrophobic core (Fig. 2D) and the S-shaped protofilament contains only one small 

hydrophobic core near the N-terminal and an open sidechain pocket near the C-terminal, (Fig. 2B). 

In addition, the three different protofilaments formed by HuPrP120-144 have similar EHB because 

they all consist of parallel in-register ɓ-sheet. Similar correlations between the side-chain energies 

and protofilament structure can be applied to those formed by BV and SHa PrP120-144.  

 

2.2.3 Nucleation dependent aggregation of Hu, BV and SHaPrP120-144 

Next we investigate the protein aggregation pathway and hence the aggregation mechanism 

for the three prion protein fragments. Due to the large number of degrees of freedom that a system 

of aggregating proteins can have, the free energy landscape is very rugged, making it difficult for 

researchers to elucidate information for the aggregation pathway. In this work, we trace out the 

important intermediate steps along the PrP120-144 aggregation pathway by applying hierarchical 
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clustering analysis. The data are analyzed by using the JMP® Pro 12.0.1 software (SAS Institute 

Inc.). The three collective variables (CVs) are chosen to be the number of hydrogen bonds (NHB), 

the sidechain-sidechain interaction energy (Esidechain), and the end-to-end distance (Eendtoend). The 

clustering analysis is based on the Wardôs method (29) which proceeds in the following way.  Each 

data point along the trajectory (which consists of 3 CVs) starts out as a single cluster. There are 

initially N clusters. The next step is to combine two of the clusters into one so that the total number 

of clusters is reduced to N-1. The two nearest clusters are selected from N(N-1)/2 possible pairs 

of clusters.  The distance of two clusters, ╓═║
▪═▪║

▪═ ▪║
В ●▓

═ ●▓
║▪▓

▓ , where nA, nB are total 

number of elements in cluster A and B, nk = 3 is the total number of CVs in this case, and ●▓
═, ●▓

║ 

is the average value for the kth CV over all elements in cluster A and B. By iteratively merging 

two nearest clusters, the N clusters are eventually grouped into 3-4 major clusters that are termed 

the lag phase, nucleus growth, oligomer rearrangement and fibril formation. If the trajectory is 

grouped into 3 major clusters, we regard it as ñone-stepò fibrillation. If the trajectory is grouped 

into 4 major clusters, we regard it as ñtwo-stepò fibrillation. The results of the analysis for the 3rd 

(ñone-stepò fibrillation) and 5th (ñtwo-stepò fibrillation) runs on HuPrP120-144 are discussed 

below.  

We find from our simulation that the rate limiting step during the aggregation of Hu, BV 

and SHaPrP120-144 peptides is nucleus formation. We define nucleus formation to be the first 

time that a small oligomer containing a parallel in-register ɓ-sheet dimer forms; this is the initial 

step in the development of a new aggregated phase. Figs. 6A-6E show simulation snapshots of 

HuPrP120-144 aggregation from the 3rd run. Fig. 6F shows the total interaction energy versus 

simulation time for this run. Peptides are initially placed in a random configuration. After the 

temperature is cooled to T*=0.195, the peptides start to contact each other and aggregate. The 
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aggregation process for the 3rd run can be divided into three major stages: the nucleation stage, the 

nucleus growth stage and the equilibration stage as shown in Fig. 6F. During the nucleation stage, 

peptides keep attaching and detaching from each other through sidechain contacts or hydrogen 

bonding interaction. In Fig. 6B, peptides form a transient oligomer with peptides partially 

associated with each other to form hydrogen bonds. In Fig. 6C, peptides dissociate from and 

reversibly return to the disordered state due to the formation of transient antiparallel steric zippers. 

The key event during HuPrP120-144 aggregation is the formation of a nucleus which contains a 

parallel in-register ɓ-sheet dimer, as shown in Fig. 6D. We identify the time window where the 

first dimer is formed by keeping track of the number of parallel in-register ɓ-sheet segments 

(defined in Fig. 10) between any of two peptides in the system to see when the ñ18 parallel sheets 

segmentsò criteria is satisfied. The nucleus rapidly grows into an S-shaped protofilament (Fig. 6E) 

by recruiting other peptides to its two ends. Fig. 6F shows that the system total interaction energy 

decreases sharply after the nucleus forms; the system here is stabilized by a large number of 

hydrogen bonds and maximal sidechain contacts. Baftizadeh et al. (30) had a similar observation 

in their biased-exchange meta-dynamics simulation where the rate limiting step during the 

aggregation of 18 Aɓ35-40 peptides was associated with the formation of a specific type of steric 

zipper.  

We find in our simulations that PrP120-144 goes through multiple aggregation pathways. 

Figs. 7A-E show simulation snapshots of the 5th run for HuPrP120-144 and Fig. 7F shows the total 

interaction energy as a function of time. In this run, the eight HuPrP120-144s aggregate to form 

an S-shaped protofilament via a ñtwo-stepò fibrillation pathway (Fig. 7F). Compared with the 

ñone-stepò fibrillation pathway described previously (Fig. 6F), the unstable nucleus on the ñtwo-

stepò pathway requires a long time to overcome energy barriers, rearrange into a stable 
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conformation, and finally grow into a protofilament. This is reminiscent of the Lumry-Eyring 

nucleated polymerization (LENP) model for protein aggregation proposed by Andrews et al. (31) 

In the LENP model, peptides first reversibly associate to form a pre-nucleus which eventually goes 

through a conformational rearrangement step to form an irreversible nucleus. In Fig. 7A, peptides 

are initially disordered. In Fig. 7B, a nucleus containing a ɓ-sheet dimer (colored cyan and green) 

is formed. It quickly grows into a metastable oligomer (Fig. 7C) consisting of 5 peptides, the N 

terminal of which has a tilted ɓ-roll conformation. Disordered peptides repeatedly attach and 

detach from the transient oligomer. The peptides within the oligomer rearrange into a stable 

parallel in-register ɓ-sheet conformation (Fig. 7D) which eventually elongates and grows into an 

S-shaped protofilament (Fig. 7E) by recruiting and templating the remaining disordered peptides 

at its two ends.  

Although the ñtwo-stepò fibrillation pathway of HuPrP120-144 is similar to the LENP 

model, there are some differences. In the LENP model, the protein reversibly switches its 

conformation between its native state, an intermediate state and an unfolded state prior to nucleus 

formation. However, in our simulation, there are no native, intermediate or unfolded states because 

PrP120-144 is too short to form any native domain, much less a domain that is characteristic of 

the whole prion protein. Also, residues 120-144 within the normal prion protein are intrinsically 

disordered, except that residues 128-131 form a short antiparallel ɓ-sheet with residue 161-164 

which is not included in our studies. 

The PrP120-144 peptides in all 37 independent simulations aggregate in a nucleation-

dependent manner, as evidenced by the fact that they all go through a lag phase before aggregating 

into ɓ-sheet-rich structures. The ñone-stepò and ñtwo-stepò fibrillation pathways are applicable 

only for those simulation runs that result in the formation of parallel in-register ɓ-sheet 
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protofilaments as shown in Figs. 2-4. For HuPrP120-144, aside from the 3rd run, the 2nd and 7th 

runs also follow the ñone stepò fibrillation pathway to form an S-shaped protofilament since the 

nucleus grows directly into a final fibrillar state without passing through an obvious metastable 

state.  That is, there is no intermediate plateau between the lag phase and fibrillar phase along the 

total energy profile, as shown in Fig. 1. The formation of the U-shaped and ɋ-shaped 

protofilaments in 11th and 12th runs also follows a ñone-stepò fibrillation pathway for the same 

reason. For BVPrP120-144, the 4th run follows a ñone-stepò and the 3rd, 5th runs follow a ñtwo-

stepò fibrillation pathway. For SHaPrP120-144, the 10th run follows a ñone-stepò and the 1st and 

7th follows a ñtwo-stepò fibrillation pathway. However, neither the one- or two-step fibrillation 

pathways are applicable for the trajectories where a metastable oligomer, e.g. ɓ-barrel oligomer, 

is formed such as those in Figs. S3-5. In those cases we canôt predict whether the oligomers are 

off-pathway products or on-pathway toward forming protofilaments without using much more 

computing resources as well as applying biased-sampling techniques. 

 

2.2.4 I138M and I139M retard nucleus formation  

We then investigate how amino acid substitutions (I138M, I139M and S143N) between 

Hu, BV and SHa PrP120-144 affect their aggregation kinetics with particular focus on the lag 

phase time. The lag phase time in our simulations is defined to be the time from the start of the 

simulation to the first time that two peptides form a stable parallel in-register ɓ-sheet dimer. Our 

criterion for stability here is that the dimer should have at least 18 parallel ɓ-sheet segments, as 

defined in Fig. 10. The rationale for using this definition is that the formation of a stable parallel 

ɓ-sheet dimer leads to an obvious increase in ɓ-sheet content of the system and so is easy to detect. 

If two peptides share less than 18 parallel ɓ-sheet segments, they are metastable and may dissociate 
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into monomer state. The lag phase time for each species is averaged over 11 and 15 independent 

runs (15 runs for HuPrP120-144, 11 runs for both BV and SHa PrP120-144). Table 2 shows a 

comparison of the aggregation lag phase time for the three PrP120-144s. HuPrP120-144 has a 

shorter average lag phase time than BVPrP120-144, followed by SHaPrP120-144. The relatively 

large error in the lag phase time is a consequence of having a random initial configuration which 

may go down numerous nucleation pathways. From a kinetics point of view, the relative values of 

the lag time for the three peptides can be interpreted as evidence that HuPrP120-144 has a smoother 

free energy landscape for fibrillation than BVPrP120-144, followed by SHaPrP120-144.  

Our findings that I138M and I139M increase the aggregation lag phase (HuPrP120-144 < 

BVPrP120-144 < SHaPrP120-144) are consistent with Vanik et al. (11)ôs fibrillation experiments 

on a longer prion protein fragment HuPrP23-144 and its I138M, I138M&I139M mutants that the 

I138M and I138M&I139M mutants have much longer fibrillation lag phase than that of the native 

HuPrP23-144. In addition, Chuang et al. (18) found in experiments that the I139M mutant of 

bovine PrP108-144 I139M has lag phase that are 4-fold times longer than those of bovine PrP108-

144.ò 

We find that the two amino acid substitutions I138M and I139M are responsible for 

retarding BV and SHa PrP120-144 dimer formation compared to HuPrP120-144 and thus retarding 

the aggregation kinetics. Fig. 8 describes the average sidechain interaction energy and average 

number of sidechain contacts experienced by residues 138, 139 and 143 in the Hu, BV and Sha 

PrP120-144 peptides during the nucleation stage. From Fig. 8A and B, we see that the 138Mets on 

BV and SHa PrP120-144 have the same number of side-chain contacts as the 138Ile on HuPrP120-

144, and the 139Met on SHaPrP120-144 has the same number of sidechain contacts as the 139Ile 

on HuPrP120-144, but the 138Mets on BV and SHa PrP120-144 have stronger sidechain 
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interaction energies than the 138Ile on HuPrP120-144, and also the 139Met on SHaPrP120-144 

has a stronger sidechain energy than the 139Ile on HuPrP120-144. Thus the Mets on BV and SHa 

PrP120-144 have a stronger sidechain association with the surrounding residues than the Iles on 

HuPrP120-144 during the simulation. The stronger the attractive interaction that the C-terminal 

residues (138 and 139) experience with the surrounding residues, the more difficult it is for two 

peptides to form a perfect in-register ɓ-sheet dimer. As shown in Table S1, which lists the energy 

parameter matrix between 19 amino acid sidechains in the PRIME20 force field, Ile has a square 

well attraction only with hydrophobic residues, e.g. Ala, Leu, Ile, Phe, while Met has a strong 

square well attraction not only with those hydrophobic residues but also with polar and charged 

residues, e.g. His, Arg, Ser and Asn. In other words, Table S1 indicates that Met has a broader set 

of attractive interaction partners than Ile. One reason is that the divalent sulfur atom on the Met 

sidechain can form hydrogen bonds with residues that have hydrogen donors in their sidechains. 

(32) A calculation by Berka et al. (33) using the RI-DFT-D method with the COSMO model also 

showed that Met has a stronger sidechain interaction energy with Tyr, Arg, Ser and Asn than Ile 

does in a water-like environment. Our finding that I138M and I139M retard PrP120-144 

aggregation is also consistent with predictions of the amyloid aggregation propensity of individual 

amino acids by Pawar et al. (34), showing that Met has a lower ɓ-sheet-forming propensity than 

Ile.  

In contrast to the I138M or I139M, the amino acid substitution S143N does not retard the 

aggregation kinetics. From Fig. 8A, 143Ser (for HuPrP120-144) and 143Asn (for BV and SHa 

PrP120-144) have nearly the same average sidechain interaction energy which means that they 

have similar degrees of sidechain association. In fact, Table S1 shows that Asn and Ser have the 

same sidechain energetic parameters in the PRIME20 force field. They have also been shown to 
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have similar ɓ-sheet forming propensity. (34,35) From the above analysis of simulation data, we 

conclude that S143N doesnôt affect the aggregation kinetics of PrP120-144. Chuang et al. (18), 

however, had a different finding on how Asn-Ser mutation affects PrP108-144 aggregation 

kinetics; they found that the single amino acid substitution N143S can retard bovine PrP108-144 

aggregation. 

 

2.2.5 I138M and I139M retard parallel ɓ-sheet formation 

During the aggregation process, not only do I138M and I139M retard nucleus formation 

but they also retard the attachment of disordered peptides to the seed, thus decreasing the parallel 

ɓ-sheet content of the final aggregation configuration. Table 3 shows the average percentage of 

parallel ɓ-sheet and anti-parallel ɓ-sheet content in the oligomers and protofilaments obtained at 

the end of all simulations for Hu, BV and SHa PrP120-144. From Table 3, HuPrP120-144 on 

average has more parallel ɓ-sheet content than BV and SHa PrP120-144, indicating HuPrP120-

144 has stronger propensity to form parallel ɓ-sheets than BV and Sha PrP120-144. In addition, 

experiments by Apostol et al. (17) show that HuPrP138-143 and MoPrP138-143 (MoPrP has the 

same sequence as BVPrP for residues 138-143) both form parallel steric zippers while SHaPrP138-

143 preferentially forms anti-parallel out-of-register steric zippers. This effect is not obvious from 

our simulation. 

 

2.3.6 Residues 138-144 are critical for PrP120-144 fibril formation  

The C-terminal residues 138-144 are found to be necessary for PrP120-144 to form fibrils 

in our simulations. Deleting the C-terminal resides 138IIHFGSD144 results in a non-amyloidogenic 

peptide PrP120-137. The data is shown in Fig. 9 which describes the number of hydrogen bonds 
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formed during HuPrP120-144 (the 3rd run) and PrP120-137 aggregation simulations as a function 

of time. From Fig. 9, PrP120-144 forms ɓ-sheet-rich aggregates while PrP120-137 fails to form a 

nucleus and thus maintains the disordered state throughout the simulations, indicating PrP120-144 

is much more amyloidogenic than PrP120-137. One possible reason is that without the C-terminal 

residues 138 to 144, the ɓ-sheet dimer of PrP120-137 becomes thermodynamically unstable, thus 

making it unable to form ordered aggregates.    Our results are consistent with Kundu et al. (36) ôs 

experiments which show that HuPrP23-144 forms fibril but without the C-terminal residues 138-

144, HuPrP23-137 canôt form fibrils. 

 

2.3 DISCUSSION 

Using DMD simulation combined with PRIME20 force field, we investigated the early 

stage aggregation mechanism of amyloidogenic prion protein fragments PrP120-144. In this work, 

by simulating the aggregation of prion protein fragments PrP120-144 from three species (human, 

bank vole and Syrian hamster), we provide molecular-level insight into how the sidechain 

substitutions, I138M and I139M, affect the aggregation kinetics of PrP120-144 peptide. The 

parallel in-register protofilament formed by stacking of PrP120-144 peptides shed lights on the 

structure of the amyloid core of the PrP23-144 fibril which is associated with familial PrP-CAA. 

(20,37).  

Our simulation results on PrP120-144 are consistent with a number of experimental studies 

on PrP23-144 and it core region (residues 112 to 144). (No experiments have been conducted on 

PrP120-144 so we cannot compare our results to experiments directly.)  Firstly, we find that two 

species-specific amino acid substitutions (I138M and I139M) retard nucleus formation and the 

aggregation kinetics of N-terminal prion protein fragments. This is consistent with Vanik et al.ôs 
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experimental findings that I138M and I139M greatly affect the aggregation kinetics of PrP23-144 

and lead to cross-seeding barriers between PrP23-144 from different species. (11) In fact, the steric 

zipper structures formed by short PrP138-143 fragments have been shown to correlate with the 

cross-species transmission barrier of prion diseases by the Eisenberg group. (17,38) Secondly, we 

show that PrP120-144 is unable to form fibrillar structures without the C-terminal residues 138-

144. This is also consistent with Kundu et al.ôs experiments that HuPrP23-144 form fibrils but 

HuPrP23-137 cannot. (36) Our finding that residues 137-144 play a  crucial role in the fibrillation 

of prion peptides is also consistent with the fact that the prion fragment PrP136-140 in experiment 

binds to PrPSc and may be responsible for conversion from PrPC to PrPSc. (39) Thirdly, we show 

that HuPrP120-144 aggregates to form ɓ-sheet-rich protofilaments with a parallel in-register 

peptide alignment. This is also consistent with both Helmus et alô s (20) and Zweckstetterôs (23) 

structural studies on the prion amyloid core PrP112-141 region based on NMR and other 

experimental data. 

One of the main focus of this work is on learning the aggregation mechanisms that drive 

disordered peptides PrP120-144 to form fibrillar structures. We found that PrP120-144 aggregates 

in a nucleation-dependent manner but along multiple pathways. Several studies have found 

multiple aggregation pathways for amyloidogenic proteins. Natalello et al. (40) used a combination 

of Fourier transform infrared spectroscopy and atomic force microscopy to find that human PrP82-

146 undergoes multiple aggregation pathways to form fibrils with various types of secondary 

structure. Also, Cheon et al. (26) found in DMD/PRIME20 simulations that Aɓ17-42 assembles 

from an oligomer state to a U-shaped protofilament via two distinct pathways. Unlike the nucleated 

polymerization that short amyloidogenic peptides like Aɓ16-22 undergo, PrP120-144 seems to go 
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through heterogeneous oligomeric states before forming the nucleus because of numerous local 

energy minima resulting from the folding effects of peptide backbones. 

The 8-peptide-system that we have simulated is large enough to allow investigation of the 

nucleation stage of prion protein fragments since generally only a few monomers are involved in 

the early stage of protein aggregation. (31) For example, Cho et al. (41) found in experiment that 

the first step along the aggregation of recombinant full-length prion protein is the coming together 

of 3 to 4 monomers to form a seed. Note that our definition of nucleation is different from the 

description in classical nucleation theory (42), where nucleus formation is characterized by 

overcoming a free energy barrier to form a new thermodynamic phase. Since our system size is 

much smaller than real systems, we are unable to quantitatively compare the aggregation kinetics 

in our simulation with those in experiments since the macroscopic fibrillation rate is an ensemble 

average value over all possible kinetic pathways. Instead, the kinetics-related quantities that we 

can calculate, e.g. the average lag phase time, are simple measurements that only allow for 

qualitative comparison with experiments.  

The conditions chosen for our simulation, e.g. temperature and peptide concentration, have 

a significant effect on the protein aggregation kinetics. Our choice of high simulation temperature 

and high peptide concentration allows us to explore the aggregation mechanism of PrP120-144 

within a reasonable timescale. The major advantage of simulating at a high temperature, just below 

the critical fibrillation temperature, is that the high entropic fluctuations in this state smooth the 

peptide aggregation free energy landscape and decrease the probability that the system will be 

trapped in metastable states. In addition, we use a relative high peptide concentration (20mM) 

compared to experimental conditions because the barrier to aggregation kinetics is greatly lowered 
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at supersaturated peptide concentration such as this, and is believed to be the driving force for 

protein aggregation. (43)  

The 25-residue-length peptide simulated in this work is the longest prion protein fragment 

that we have simulated so far due to limitations in computational resources. The longer the peptide 

sequence is, the more rugged the aggregation free energy landscape is, thus requiring more 

computation resources and advanced sampling techniques to sample the whole ensemble of 

system. In future work we hope to simulate the aggregation of a longer prion peptide, PrP112-144, 

since it is thought to comprise the whole prion amyloid core. (44) 

 

2.4 METHODS 

2.4.1 Discontinuous molecular dynamics (DMD) 

The main simulation method employed in this work is discontinuous molecular dynamics, 

a fast alternative to traditional molecular dynamics. (45) In DMD simulation, the potential energy 

between two particles is modeled as a discontinuous potential, such as the hard sphere, square well 

and square well shoulder potentials. In DMD, the velocities and positions of two beads (particles 

or sites on molecules) at each time step are recalculated only when a discontinuity in their 

interaction potential is encountered. The types of events considered include core collision, bond 

extension, well capture, dissociation and bounce. This is different from traditional molecular 

dynamics where the position and velocity of every particle in the system need to be recalculated 

at very small regularly-spaced time steps by solving Newtonôs equation of motion.  

 



   

39 

 

2.4.2 PRIME20 model 

PRIME20 is a coarse-grained model developed in the Hall group that was specifically 

designed for use in DMD simulations of protein aggregation. (46) Each amino acid is represented 

by three backbone spheres (N-H, CŬ-H, C=O) and one sidechain sphere (R). PRIME, the 

predecessor of PRIME20, was used to simulate the spontaneous formation of fibrils containing 

polyalanine and polyglutamine. (47,48) PRIME was extended in 2010 to become PRIME20, a 

model that describes 20 different amino acids uniquely and considers sidechain-sidechain polar, 

charge-charge and hydrophobic interactions. (49) The geometric and energetic parameters for the 

20 different sidechain beads were obtained by applying a perceptron learning algorithm and a 

modified stochastic learning algorithm to optimize the energy discrepancy between 711 native 

states protein and 2 million decoy conformations produced by gapless threading techniques. In 

PRIME20, the known backbone phi-psi angles, CŬ-CŬ distances and L-isomerization constraints 

on each amino acid are modeled by imposing pseudo-bonds between the relevant beads. A non-

biased distance-based criterion is used to judge when directional hydrogen bonds are formed and 

broken. (50) Glycine doesnôt have a sidechain bead and proline cannot form backbone hydrogen 

bonds with other residues. The total interaction energy consists of the sidechain-sidechain 

interaction energy, Esidechain, and the backbone-backbone hydrogen bonding energy, EHB. All the 

other non-bonded interactions (including backbone-backbone and backbone-sidechain 

interactions) are modeled as hard sphere interactions which represent excluded volume effects but 

do not contribute to the system energy. The interactions between two bonded (adjacent) beads 

include hard sphere repulsion when the distance between two beads reaches the minimum bond 

length and an infinite square well attraction when the distance reaches the maximum bond length. 

As a result, the bond length fluctuates within 2% of its assigned value. 
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PRIME20 has been used in the Hall group to simulate the spontaneous formation of twisted 

Aɓ16-22 fibrils (51), tau fragment fibrils (50) and U-shaped Aɓ17-42 protofilaments (26). 

PRIME20ôs ability to discriminate the fibrillation propensity of short peptides was tested on the 

STVIIE designed sequence by López de la Paz and Serrano. (52,53) It has also been used to study 

the effect of macromolecular crowding on Aɓ16-22 aggregation. (54,55) In this work, we use the 

same PRIME20 force field parameters as were used by Cheon et al. (51) in their simulations of the 

aggregation of Aɓ16-22 peptides. 

 

2.4.3 Definit ion of parallel and anti-parallel ɓ-sheet segments 

Two 3-residue peptide strands (labelled i, i+1, i+2 and j, j+1, j+2) form a parallel ɓ-strand 

segment if  both NHi+1-COj and NHj+2-COi+1 form hydrogen bonds, as shown in Fig. 10A. They 

form an anti-parallel ɓ-sheet segment if 1) both NHi+1-COj+1 and NHj+1-COi+1 forms hydrogen 

bonds as shown in Fig. 10B; 2) NHj-COi+2, NHi+2-COj, NHi-COj+2 and NHj+2-COi all form 

hydrogen bonds, as shown in Fig. 10C. As an example, two 4-residue peptide strands (labelled A 

and B) could form two consecutive parallel ɓ-sheet segments, with residues 1-3 of peptide A 

forming the first segment with the same residues on peptide B and residues 2-4 of peptide A 

forming the second segment with the same residues on peptide B. In our simulation two 25-residue 

PrP120-144 peptides form a parallel ɓ-sheet dimer if they have at least 18 parallel ɓ-sheet 

segments. 

 

2.4.4 Relating the PRIME 20 reduced temperature and time to real temperature and time 

We relate our simulation reduced temperature T* to real temperature T by matching the 

DMD/PRIME20 simulation predictions of the Ŭ-helical content versus temperature profiles of 
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alanine-rich polypeptides to those measured in experiments by Munoz and Serrano. (56) 

DMD/PRIME20 simulations of the folding of the polypeptides, Ac-AAQAAAAQAAAAQAAY -

NH2, Ac-AAAAKAAAAKAAAAKA -NH2, Ac-AEAAAKEAAAKEAAAKA -NH2, Ac-

WDAAAKDAAAKDAAAKA -NH2, Ac-EAEKAAKEAEKA AKEAEK-NH2 at reduced 

temperatures ranging from 0.12 to 0.25 show that peptides adopt mostly Ŭ-helical structure at low 

temperature T*=0.12 undergo a folding transition at about T*=0.175 and become random coils at 

high temperatures T*=0.25 as shown in Fig. S6A. At each temperature point, we simulate a single 

peptide in an 87.25×87.25×87.25 Å3 box for at least 20 billion collisions. By comparing the 

simulation data for the percentage of Ŭ-helical hydrogen bonds with the experimental data (Fig. 

S6B) from Munoz and Serrano (56), as shown in Fig. S6D we obtain a linear correlation between 

T and T* for each of 5 peptides. Then after averaging over the slope (A) and interception (B) value 

of 5 T versus T* linear correlations functions, we obtain T/K = <A>T* + <B> = 2288.46T*-115.79. 

Thus the simulations presented in this paper are conducted at real temperature of 330K. 

Justification for conducting our simulations at a temperature that is higher than body temperature 

are given in the discussion section. 

In our DMD/PRIME20 simulation, the system energy is scaled based on the hydrogen 

bonding energy unit ŮHB. In order to relate system energy value with realistic unit, we set ŮHB equal 

to 12.47 kJ/mol used by Ricchiuto et al. (57) in their DMD simulation of peptide aggregation, 

which is also close to the optimal backbone hydrogen bonding energy 11.72 kJ/mol used in the 

STRIDE algorithm. (27) The ŮHB value is a simple estimation for the PRIME20 model since in 

nature the hydrogen bonding strength is considered to have temperature dependence. (58) Note 

that the the reduced temperature in simulation is defined to be T*=kBTô/ŮHB, this would suggest 

that the real temperature from our simulations that corresponds to T* = 0.195 is 273K which is of 
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course unrealistically low. It is for this reason that we chose to use the method described above to 

relate the reduced temperature in our simulations to realistic temperature.   

To convert reduced time to real time, we compare the self-diffusion coefficients (D) of the 

Aɓ16-22 peptide from DMD/PRIME20 simulations and atomistic simulation. Recall that the 

diffusion coefficient can be obtained in terms of the mean squared displacement (MSD) using the 

Einstein diffusion equation(59), 6ȹtD = <|r(t+ȹt)-r(t)|2>, where the angle brackets indicate that 

the center of mass MSD of the peptide is averaged over all peptides in the system during the 

simulation time period ȹt. In DMD, we simulate 6 Aɓ16-22 peptides in a 100×100×100 nm box 

for 1 billion collisions at the reduced temperature T*=0.19 and find that DDMD=0.072 nm2/ȹtreduced, 

where ȹtreduced is the reduced time unit. We then perform a 1ns NPT followed by a 50 ns NVT 

explicit solvent atomistic simulation of a single Aɓ16-22 peptide in a 6×6×6 nm3 water box at 

T=298K using GROMACS 5.0.4 package (60)and Amber ffSB99 force field. (61) The N terminal 

of the peptide is capped with acetyl group and the C terminal is capped with an N-methyl group. 

We find that DMD=1.0 nm2/ns. By equating DDMD to DMD (1nm2/1ns = 0.072nm2/ȹtreduced), we find 

that the reduced time unit ȹtreduced is equivalent to 0.072 ns. 

 

2.4.5 Description of DMD Simulation Techniques 

We simulate three 25-residue-length prion peptides which correspond to residues 120 to 

144 from three different species: human (Hu), bank vole (BV) and Syrian hamster (SHa). Note 

that bank vole PrP has the same sequence as mouse PrP between residues 120 and 144. The amino 

acid sequences of these three prion protein fragments are shown in Table 4. The primary sequence 

differences between three peptides are at positions 138, 139 and 143. HuPrP120-144 has Ile at 
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positions 138, 139, and Ser at position 143. Compared to HuPrP120-144, BVPrP120-144 has two 

mutations, I138M, S143N, and SHaPrP120-144 has three mutations, I138M, I139M, S143N.  

The simulations are performed in the canonical ensemble (fixed number of particles, 

constant volume and temperature). The Andersen thermostat is implemented to maintain the 

system at a constant temperature. (62) The initial velocity for every bead in the system is generated 

based on a Maxwell-Boltzmann distribution centered at the desired temperature. The system is 

initialized by randomly placing eight peptides in a cubic box with box length equal to 87.25 Å 

corresponding to a relatively high peptide concentration of 20 mM. The peptide concentration is 

set to a high value to reduce the time required for monomer peptides separated far apart to move 

close together. The reduced temperature is set to be T*=0.195, which is right below the critical 

fibrillation temperature TC of the PrP120-144 peptide (no fibril forms when the temperature is 

above TC). Each independent simulation starts with a random configuration and a high reduced 

temperature (T*=0.50) to relax each peptide chain into a random coil conformation. The system is 

then gradually cooled to T*=0.195 and then proceeds for at least 1 trillion collisions (12 ɛs) which 

takes 1 thousand CPU hours (forty days) on a fast workstation.  
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Figure 2.1. Total interaction energy (kJ/mol) of HuPrP120-144 aggregation versus simulation time 

at reduced temperature T*=0.195 and peptide concentration of 20mM. 
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Figure 2.2. S-shaped (A), ɋ-shaped (C) and U-shaped (E) protofilament formed by HuPrP120-

144 from the 5th, 12th and 11th runs. B, D, F. Schematic representations of peptide conformations 

in the S-, ɋ- and U-shaped protofilaments. The sizes of the sidechain beads donôt reflect the actual 

radii. Hydrophobic residues (white), positively charged residues (red), negatively charged residues 

(blue), and polar residues (green). 
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Figure 2.3. The S-shaped (A) and ɋ-shaped (C) protofilaments formed by BVPrP120-144 from 

the 5th and 4th runs. B, D. Schematic representations of peptide conformation in S-and ɋ-shaped 

protofilaments.  The color scheme is same as that used in Figure 2.  
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Figure 2.4. The S-shaped (A) and ɋ-shaped (C) protofilaments formed by SHaPrP120-144 from 

the 7th and 1st runs. B, D. Schematic representations of peptide conformation in S- and ɋ-shaped 

protofilaments. 
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Figure 2.5. Secondary structure distribution of the S-shaped protofilament formed by HuPrP120-

144. The secondary structure content is calculated and averaged over the last 100 billion collisions 

using the STRIDE program. (27) ɓ-sheet, random coil and turn structure are three major types. 

Other types of secondary structures are not shown here. 
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Figure 2.6. Simulation snapshots for the 3rd run of HuPrP120-144. Snapshots are taken at t = (A) 

1, (B) 2900, (C) 4187, (D) 4559, (E) 6835 (ns). F shows the time evolution of system total 

interaction energy (kJ/mol). 
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Figure 2.7. Simulation snapshots for the 5th run of HuPrP120-144. Snapshots are taken at t = (A) 

1, (B) 1191, (C) 3065, (D) 6348, (E) 11393 (ns). F shows the time evolution of system total 

interaction energy (kJ/mol). 
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Figure 2.8. Average sidechain interaction energy (kJ/mol) (A) and average number of sidechain 

contacts (B) experienced by residue 138, 139 and 143 during the nucleation stage. 
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Figure 2.9. Number of hydrogen bonds formed as a function of time during HuPrP120-144 and 

PrP120-137 aggregation.  
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Figure 2.10. Schematic representation of a parallel ɓ-sheet segment (A) and two types of anti-

parallel ɓ-sheet segments (B, C) formed between two short peptide strands. Three residues are 

involved in each strand. The dash line means the N-H and C=O groups form a hydrogen bond.  
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Table 2.1. A comparison of total interaction energy (ETotal), hydrogen bonding energy (EHB), 

sidechain-sidechain interaction energy (ESidechain) of protofilaments formed by Hu, BV and Sha 

PrP120-144. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Protofilament EHB (kJ/mol) ESidechain 

(kJ/mol) 

ETotal (kJ/mol) 

S-shaped HuPrP120-144 -1902.05±53.62 -396.42±15.46 -2298.47±50.63 

U-shaped HuPrP120-144 -1884.22±64.35 -551.30±21.20 -2435.52±54.44 

ɋ-shaped HuPrP120-144 -1773.23±52.37 -494.19±20.45 -2275.40±61.98 

S-shaped BVPrP120-144 -1907.66±58.36 -396.42±15.34 -2304.08±63.35 

ɋ-shaped BVPrP120-144 -1888.58±53.12 -525.74±17.83 -2414.32±55.49 

S-shaped SHaPrP120-144 -1788.95±67.34 -380.58±22.45 -2169.53±72.82 

ɋ-shaped SHaPrP120-144 -1893.07±63.22 -441.81±15.34 -2334.88±67.94 
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Table 2.2. Lag phase time of Hu, BV, SHa PrP120-144 aggregation. 

 

Species 
Lag phase time 

(ns) 

HuPrP120-144 5179±1161 

BVPrP120-144 7298±1325 

SHaPrP120-144 9037±1862 
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Table 2.3. Average percentage of parallel and anti-parallel ɓ-sheet segments in Hu, BV and 

SHaPrP120-144 oligomers and protofilaments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species Parallel ɓ-sheet 

segments 

Anti-parallel ɓ-sheet 

segments 

Total ɓ-sheet 

segments 

HuPrP120-144 76.05±0.60 28.64±0.64 104.69±1.24 

BVPrP120-144 67.70±0.71 31.05±0.98 98.75±1.69 

SHaPrP120-

144 

69.26±0.44 25.96±0.99 95.22±1.43 
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Table 2.4. Amino acid sequence of three PrP120-144 peptides. 
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2.7 SUPPORTING INFORMATION  

 
 

Figure S2.1. Total interaction energy (kJ/mol) of BVPrP120-144 aggregation versus simulation 

time at reduced temperature T*=0.195 and peptide concentration of 20mM. 
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Figure S2.2. Total interaction energy (kJ/mol) of SHaPrP120-144 aggregation versus simulation 

time at reduced temperature T*=0.195 and peptide concentration of 20mM. 
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1 2 3 4 5  

6 7 8 9 10  

11 12 13 14 15  

 

Figure S2.3. Final structures for 8 HuPrP120-144 peptides from 15 independent runs at T*=0.195. 

Structures are taken after at least 800 billion collisions (t å 9ɛs). 
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1 2 3 4 5  

6 7 8 9 10  

11  

 

Figure S2.4. Final structures for 8 BVPrP120-144 peptides from 11 independent runs at T*=0.195. 

Structures are taken after at least 800 billion collisions (t å 9ɛs). 
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1 2 3 4 5  

6 7 8 9 10  

11  

Figure S2.5. Final structures for 8 SHaPrP120-144 peptides from 11 independent runs at 

T*=0.195. Structures are taken after at least 800 billion collisions (t å 9ɛs). 
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Table S2.1. Square well interaction parameters between 19 side-chain centroids in reduced energy 

unit ŮHB which is set to be 12.47 kJ/mol. 
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Figure S2.6. Helical content of an alanine-rich polypeptide (Ac-AAAAKAAAAKAAAAKA -NH2) 

changes as a function of time. (A. DMD Simulation data and B. experimental data in literature. 1 

C. Linear fitting correlation of simulation and real temperature where peptide adopt the same 

helical content percentage. R2 value stands for how close the data points are close to the fitted 

regression line.) D. Plot of 5 linear correlation functions for 5 peptides. (1: Ac-

AAQAAAAQAAAAQAAY -NH2; 2: Ac-AAAAKAAAAKAAAAKA -NH2; 3: Ac-

AEAAAKEAAA KEAAAKA -NH2; 4: Ac-WDAAAKDAAAKDAAAKA -NH2; 5: Ac-

EAEKAAKEAEKAAKEAEK -NH2.) 
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2.8 ERRATUM  

In the Materials and Methods section, the conversion of the reduced time unit to a real time unit 

(ȹt*  = 0.072ns) was incorrect. The correct value should be ȹt*  = 0.96ns. Thus, the longest time 

accessed in the single DMD simulation should have been 672ɛs which corresponds to 2000 billion 

collisions. The simulation times (x axes) in Figs. 1, 6, 7, 9 and S1-5 and Table 2 as well as in other 

places in the context of the article should all be multiplied by a factor of 29. The correct calculation 

procedures are described below: 

The way that we relate the reduced time unit to the real time unit is to compare the self-diffusion 

coefficient of Aɓ(16-22) peptide obtained from DMD simulation (Ὀ ) and atomistic molecular 

dynamics (MD) simulation (Ὀ ) at T=298K. The reduced temperature of the self-diffusion 

coefficient measurement in DMD simulation is chosen to be T*=0.181, which corresponds to room 

temperature (T=298K) according to temperature scaling 1, T*= (T+115.79)/2288.46 = 

(298+115.79)/2288.46 = 0.181.  

The self-diffusion coefficients in both DMD and MD simulation are calculated using the 

Einstein equation. We plotted the mean square displacement (MSD) of N Aɓ(16-22) peptides 

versus time for both atomistic MD simulation  (N=1) and DMD simulation (N=6), as shown in 

Figs. 1A and B, by using the following equation. 

ὓὛὈὸ ῳὸ ὓὛὈὸ Ὠ ὓὛὈὸ
В ὶ Ў ὶ

ὔ
 

where ῳὸ is the time unit; N is the total number of peptides; dↄ2 is the averaged square displacement 

of N peptides; and ὶ Ўand ὶ are the coordinates of the Ὥ  peptide at ὸ Ўὸ and ὸ. For DMD 

simulation, ὸᶻ is used in DMD instead of t to represent reduced time. 

    Using the MSD data in Figs. 1A and B, we obtain the self -diffusion coefficients Ὀ  and Ὀ , 
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Ὀ
Ȣ Ȣ

ᶻ Ȣ Ȣ
πȢτψὲά ὲίϳ   

Ὀ
ᶻ ᶻ

ᶻ ᶻ

Ȣ Ȣ

ᶻ Ȣ Ȣ
πȢτφὲά Ўὸᶻϳ   

    By equating the self-diffusion coefficients calculated from both atomistic MD simulation and 

DMD simulation, we obtain the reduced time unit in DMD simulation in terms of the real time 

unit to be 1 (ЎÔᶻ) = 0.96 ns.  

 

Figure E2.1. Plots of the MSD versus time calculated from atomistic simulation (A) and DMD 

simulation (B). The two points are chosen from each of two plots to calculate the slope of MSD 

line versus time. 
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CHAPTER 3 

Seeding and Cross-Seeding Fibrillation of N-terminal Prion Protein Peptides PrP(120-144) 

 

Chapter 3 is essentially a manuscript by Yiming Wang and Carol K. Hall published on Protein 

Science. 
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Peptides PrP(120-144) 

 

 
Yiming Wang and Carol K. Hall*  
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North Carolina 27695-7905, United States 

 

 

Abstract 

Prion diseases are infectious neurodegenerative diseases that are capable of cross-species 

transmission, thus arousing public health concerns. Seed-templating propagation of prion protein 

is believed to underlie prion cross-species transmission pathology. Understanding the molecular 

fundamentals of prion propagation is key to unravelling the pathology of prion diseases. In this 

work, we use coarse-grained molecular dynamics to investigate the seeding and cross-seeding 

aggregation of three prion protein fragments PrP(120-144) originating from human (Hu), bank 

vole (BV) and Syrian hamster (SHa). We find that the seed accelerates the aggregation of the 

monomer peptides by eliminating the lag phase. The monomer aggregation kinetics are mainly 

determined by the structure of the seed. The stronger the hydrophobic residues on the seed 

associate with each other, the higher the probability that the seed recruits monomer peptides to its 

surface/interface. For cross-seeding aggregation, we show that Hu has a strong tendency to adopt 

the conformation of the BV seed and vice versa; the Hu and BV monomers have a weak tendency 

to adopt the conformation of the SHa seed. These two findings are consistent with Apostol et al. 

ôs experimental findings on PrP(138-143) and partially consistent with Jones et al ôs finding on 

PrP(23-144). We also identify several conformational mismatches when SHa cross-seeds BV and 

Hu peptides, indicating the existence of a cross-seeding barrier between SHa and the other two 
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sequences. This work sheds light on the molecular mechanism of seed-templating aggregation of 

prion protein fragments underlying the sequence-dependent transmission barrier in prion diseases. 
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3.1 Introduction 

Prion diseases are a family of infectious neurodegenerative diseases that include kuru and 

Creutzfeldt-Jakob disease (CJD) in humans, scrapie in goats, bovine spongiform encephalopathy 

(BSE) in cattle and chronic wasting disease (CWD) in deer. 1-3 The infectious agent in prion disease 

is the prion protein scrapie (PrPSc) which has diverse ɓ-sheet-rich conformations.4 PrPSc replicates 

without the help of nucleic acids by templating the misfolding and accumulation of normal prion 

protein into misfolded PrPSc, the mechanism of which is similar to the seeded polymerization of 

amyloids. 5-8  

The significant threat of prion disease to human health is its potential cross-species 

transmission. For example, BSE (also known as Mad Cow Disease) is thought to originate from 

transmission of a scrapie prion from sheep to cattle. 9 Humans can acquire a CJD variant by 

consuming bovine products contaminated by BSE. 9, 10 Experimental mice can acquire variant CJD 

by intracerebral inoculation of brain homogenates from cattle affected by BSE. 11 Cross-species 

transmission of prion disease may be related to the direct interaction between the misfolded and 

cellular forms of prion proteins from different species, leading to cross-seeding of prion protein 

aggregation. 12, 13 Understanding the molecular mechanism underlying the cross-seeding 

aggregation of prion protein could pave the way to elucidating the pathology of cross-species 

transmission.  

The cross-seeding efficiency and specificity of full -length prion protein and its N-terminal 

fragments have been investigated in vitro. Vanik et al. 14 found that Syrian hamster PrP(23-144) 

can seed the fibrillat ion of mouse PrP(23-144) while mouse PrP(23-144) cannot seed the 

fibrillation of Syrian hamster PrP(23-144), indicating that mouse and Syrian hamster PrP have an 

asymmetric cross-seeding barrier14. They further found14 that two species-specific mutations 
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(I138M and I139M) are critical in determining the cross-seeding specificity of PrP(23-144). 

Experiments by Lee et al. 15 showed that residues 109, 112 and 139 determine the seeding and 

cross-seeding efficiency of mouse and hamster PrP(108-144). Chuang et al. 16 found that the 

mutation L138M promotes the amyloidogenesis of bovine PrP(108-144) peptide and increases its 

seeding efficiency while the mutations I139M and N143S do the opposite. Apostol et al. 17 found 

that human and mouse PrP(138-143) fibrils both form parallel steric zippers while hamster 

PrP(138-143) fibril forms anti-parallel steric zippers. When cross-seeded with hamster PrP(138-

143) fibril, human and mouse PrP(138-143) fibrils never form anti-parallel steric zippers. 

Molecular simulations have also been applied to investigate the seeding and cross-seeding 

mechanism underlying protein aggregation. A number of amyloid ɓ fragments, e.g. Aɓ(16-22) 18, 

Aɓ(35-40) 19 and Aɓ(17-42)20, have been shown in silico to follow a two-step ñdock-lockò 

mechanism when monomer peptides of the same sequence attach to the pre-formed fibril ends. 

The cross-seeding interaction between two different peptides to form hetero-assemblies have also 

been investigated. Qi et al. found using molecular dynamics (MD) simulation that monomeric tau 

protein is stabilized by stretching its conformation and exposing its amyloidogenic motifs in the 

presence of the Aɓ(1-42) protoýlament. 21 Zhang et al. showed using MD simulation that the rat 

islet amyloid polypeptide (rIAPP) docks to the end of the human islet amyloid polypeptide 

(hIAPP) protofilament to form stable rIAPP-hIAPP assemblies.22 Hu et al. also showed that the 

U-shaped Aɓ and hIAPP protofilaments can stack on top of each other to form double-layer 

assemblies. 23 

PRIME20 is a knowledge-based four-bead-per-residue coarse-grained protein model 

developed in the Hall group that was specifically designed for discontinuous molecular dynamics 

(DMD) simulation of protein aggregation. DMD/PRIME20 is able to simulate the dynamic process 
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of large-scale peptide aggregation from an initial random-coil configuration to disordered 

oligomers and then fibrillar structures. 24-26 In recent years, DMD/PRIME20 have been applied to 

investigate aggregation of prion protein fragments27, tau protein fragments28, Aɓ(16-22)25, and 

Aɓ(17-42)29 peptides. In addition, it has been extended to investigate the effect of macromolecular 

crowding26, 30, and polyphenol inhibition 31 on peptide aggregation. In recent work, we performed 

coarse-grained simulations of the spontaneous aggregation of the three prion protein fragments, 

Hu, BV and SHaPrP(120-144) and found that they form similar polymorphic ɓ-sheet-rich fibrillar 

structures due to the similarity in their amino acid sequences. 32 HuPrP(120-144) aggregates to 

form the S-, ɋ- and U-shaped protofilaments, while BV and SHaPrP(120-144) form the S- and ɋ-

shaped protofilaments, as shown in Figs. 1 and S1. In this work, we investigate the seeding and 

cross-seeding aggregation of these three peptides in the presence of the pre-formed S-, ɋ- and U-

shaped protofilaments.  

Highlights of our results are as follows. In comparing seeding versus non-seeding 

aggregation, we find that the seed accelerates the aggregation kinetics by eliminating the lag phase 

for forming a stable nucleus. Analysis of the homogeneous seeding aggregation of HuPrP(120-

144) shows that the structure of the seed has a dominant effect on peptide aggregation kinetics. 

The U-shaped Hu seed has a higher seeding efficiency than the S- and ɋ-shaped Hu seeds because 

the peptides in the U-shaped seed have stronger sidechain-sidechain hydrophobic interactions, 

which help stabilize and template the incoming monomer peptides. From the cross-seeding 

simulation of Hu, BV and SHaPrP(120-144), we find that HuPrP(120-144) has a strong tendency 

to adopt the conformation of the BV seed and vice versa, indicating that Hu and BVPrP(120-144) 

may have a low cross-seeding barrier. Also, the BV seed has high efficiency in templating the Hu 

and SHa monomer while the SHa seed has low efficiency in templating the Hu, BV monomer. 



   

84 

 

This suggests that SHaPrP(120-144)  may have high cross-seeding barrier with Hu and 

BVPrP(120-144). The cross-seeding efficiency of the Hu, BV and SHa seeds in simulation is 

consistent with experimental findings on the species-dependent seeding specificity of PrP(138-

143) 17.  

 

3.2 Results 

3.2.1 Seeding vs non-seeding aggregation of HuPrP(120-144) peptides 

Here we apply DMD simulation to investigate the effect of seeding on prion protein peptide 

aggregation. We first simulate the aggregation of eight initially disordered HuPrP(120-144) 

peptides in the presence of a pre-formed S-shaped HuPrP(120-144) protofilament. The pre-formed 

protofilament is regarded as the seed in our simulation. Fig. 1 describes the percentage of ɓ-sheet 

versus time in seeding and non-seeding simulation of HuPrP(120-144) peptides. From Fig. 2A, in 

the absence of the seed, the aggregation of initially disordered HuPrP(120-144) peptides (Fig. 2B) 

has a lag phase before forming a parallel in-register S-shaped protofilament (Fig. 2C).32 In the 

presence of the seed, the aggregation lag phase is eliminated and the aggregation of HuPrP(120-

144) is significantly accelerated since monomer peptides can directly attach to the preformed seed 

without overcoming the nucleation barrier. From Figs. 2D and E, during the seeding aggregation, 

the pre-formed seed elongates by recruiting seven out of eight monomeric peptides and templating 

them into parallel in-register ɓ-sheets, essentially adopting the same S-shaped conformation as the 

seed. Similarly, the aggregation of BV- and SHaPrP(120-144) peptides are also accelerated in the 

presence of the BV- and SHaPrP(120-144) seeds. 
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3.2.2 Homogeneous Seeding Aggregation of PrP(120-144) 

We investigate the effect of polymorphic Hu seeds (U-, S- and ɋ-shaped) on HuPrP(120-

144) aggregation kinetics and structures. The average potential energy versus time of HuPrP(120-

144) aggregation in the presence of the S, ɋ and U-shaped seeds from five independent runs are 

shown in Fig. 3A. From Fig. 3A, the potential energy of the system using the U-shaped seed 

decreases faster than those of the S- and ɋ-shaped seed, indicating that the U-shaped seed has the 

highest seeding efficiency among the three Hu seeds. In Table 1, we list the average number of 

HuPrP(120-144) peptides that adopt the seed conformation, partially adopt the seed conformation 

or adopt other conformations by the end of the aggregation. The large error bars in the average 

number of peptides adopting the conformation of the seed indicates large deviations in the number 

of peptides adopting the conformation of the seed among the five independent runs for each type 

of seeding simulation. We find that the average numbers of HuPrP(120-144) peptides that adopt 

the conformation of the ɋ- and U-shaped seeds are slightly higher than the number of peptides to 

adopt that conformation of the S-shaped seed. As shown from Fig. 3B, peptides in the original U 

and ɋ-shaped seeds have stronger sidechain-sidechain hydrophobic interactions than in the S-

shaped seed. The explanation is that the U-shaped seed has the most stable hydrophobic core 

among the three seeds, leading to high efficiency in stabilizing and templating the monomer 

peptide when attaching to it. 

In addition, we compare the aggregation rate of Hu, BV and SHaPrP(120-144) in the 

presence of the S-shaped Hu, ɋ-shaped BV and ɋ-shaped SHaPrP(120-144) seeds, respectively. 

As shown in Fig. 3C, the potential energy of the BV monomer with the BV seed decreases fastest 

among the three systems. From Table 2, we find that the number of BVPrP(120-144) peptides 

adopting the conformation of the ɋ-shaped BV seed is higher than those of Hu and ShaPrP(120-
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144) adopting the conformation of their corresponding seeds. This indicates that the ɋ-shaped 

BVPrP(120-144) seed has higher homogeneous seeding efficiency than the S-shaped Hu and ɋ-

shaped SHa seeds. The reason is that, from Fig. 3D, BVPrP(120-144) peptide in the original ɋ-

shaped BV seed has stronger sidechain interaction energy than those of the S-shaped Hu and ɋ-

shaped SHa seeds. 

 

3.2.3 Cross-seeding aggregation of Hu, BV and SHaPrP(120-144) Peptides 

We also performed simulations of six types of cross-seeding aggregation for the Hu, BV 

and SHaPrP(120-144) peptides. Similar to the homogeneous seeding simulation results, our cross-

seeding simulation results also showed that the structure of the seed has a major effect on the 

monomer aggregation kinetics which is dominant over the monomer-seed sequence difference. 

Fig. 4 plots the potential energy profiles of three homogeneous seeding and six cross-seeding 

aggregation simulations. From Fig. 4A, in the presence of the S-shaped Hu seed, Hu, BV and 

SHaPrP(120-144) peptides all have similar aggregation kinetics regardless of the fact that 

HuPrP(120-144) has higher aggregation propensity than BV and SHaPrP(120-144) 32, indicating 

that the sequence differences of the monomer play a minor role on the cross-seeding efficiency. 

Note that mouse prion has the same PrP(120-144) sequence as bank vole. Lee et al. 15 had a similar 

experimental finding that using SHaPrP(108-144) to seed the fibrillation of its M139I mutant is as 

efficient as homologous seeding. In addition, Figs. 4B-D and S2 show that the aggregation rates 

of the Hu, BV and SHaPrP(120-144) peptides in the presence of the ɋ-shaped BV seed are always 

higher than those in the presence of the S- and ɋ-shaped Hu seeds and the ɋ-shaped SHa seed. 

This indicates that the ɋ-shaped BV seed has the highest cross-seeding efficiency among the three 

seeds. We also notice from Fig. 3D that the peptides in the original ɋ-shaped BV seed have the 
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strongest sidechain-sidechain interaction energy among the three seeds, indicating that the ɋ-

shaped BV seed has a strong hydrophobic core. Thus, the stronger the hydrophobic residues 

associate with each other within the seed, the higher the probability that the seed recruits monomer 

peptides on its surface/interface and, hence the faster it elongates. 

For the cross-seeding aggregation, we compare the tendencies of the monomers to adopt 

the seed conformation. In Table 2, we list the average number of Hu, BV and SHaPrP(120-144) 

peptides that adopt the seed conformation from five independent runs. We found is that Hu and 

BVPrP(120-144) have a relatively low cross-seeding barrier. From Table 2, when the HuPrP(120-

144) is cross-seeded with the ɋ-shaped BV seed, most of the HuPrP(120-144) peptides adopt the 

peptide conformation of the BV seed; when the BVPrP(120-144) is cross-seeded with the S-shaped 

Hu seed, most of the BVPrP(120-144) peptides adopt the peptide conformation of the Hu seed. In 

addition, we notice that BVPrP(120-144) peptides adopt the conformation (7.0±0.7 out of 8) of Hu 

S-shaped seed slightly more than they adopt the conformation of the ɋ-shaped BV seed (6.2±1.3 

out of 8). Since these two numbers are within standard deviation of each other, we think that the 

tendency of BVPrP(120-144) peptide to adopt the conformation of the S-shaped Hu is similar to 

its tendency to adopt the conformation of the ɋ-shaped BV seeds. This is consistent with 

experimental finding by Apostol et al.17 that the crystal structure of fibrils formed by Hu and 

MoPrP(138-143) are similar, but are different from those formed by SHaPrP(138-143). Both the 

HuPrP(138-143)  monomer with the pre-formed MoPrP(138-143) fibril crystals and vice versa 

show seeding. This is also consistent with the experimental finding by Jones et al. 33 that the human 

and mouse PrP(23-144) fibrils both have twisted morphologies and that one can be used to seed 

the amyloid formation of the other. The major reason for the weak tendency of Hu and BV to adopt 

the conformation of the ɋ-shaped SHa seed is that conformation of the ɋ-shaped SHa seed is hard 
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for a monomer to adopt. From Table 2, not only Hu and BV but SHa have weak tendencies to 

adopt the conformation of the ɋ-shaped SHa seed. Also, most of the SHa monomers adopt the BV 

seed conformation but most of the BV monomers do not adopt the SHa seed, which is inconsistent 

with the finding on PrP(23-144) by Vanik et al.14  

To evaluate the impact of seeding on the three mutated residues of Hu, BV and 

SHaPrP(120-144) peptides, we calculated the interaction energies experienced by each of the three 

mutated residues on the monomer peptides with all other residues in the system averaged over the 

entire trajectory in Fig. 5. Firstly, compared with the non-seeding simulations (Fig. 8A from ref 

32), the interaction energies experienced by residue 138 on monomer Hu, BV and SHa in the 

seeding simulations are all increased, while those of residues 139 and 143 decreased. Secondly, 

residue 138 has the strongest interaction energy with the seeds regardless of whether it is on the 

Hu, BV or SHa peptides. It also seems to be the most affected by the type of seed and has its 

strongest interaction energy in the presence of the BV seed, regardless of whether it is on Hu, BV 

and SHa peptides. Residue 139 is modestly affected by the seed and residue 143 seems hardly 

affected by the seeds.  

We also noticed from Table 2 that only a small portion of the Hu and BV monomers adopt 

the conformation of the SHa seed, indicating a strong cross-seeding barrier between SHaPrP(120-

144) and the other two sequences. This is also consistent with experimental findings by Apostol et 

al.17 that when seeded with SHaPrP(138-143) fibril , Hu and MoPrP(138-143) cannot reproduce 

the morphology of the SHaPrP(138-143) fibril .  
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3.2.4 Structural Mismatch in Homogeneous and Heterogeneous PrP(120-144) fibril  

We observed a number of different mismatches between the conformations of the 

monomers after they attach to the seed and the original seed conformation in the seeded and cross-

seeded protofilaments. Fig. 6A shows that for Hu aggregating in the presence of the SHa seed, 

four Hu peptides and one SHa peptide form a parallel in-register ɓ-sheet but with their C-terminal 

(residues 137Pro to 144Asp) detached from the ɋ-shaped SHa seed. This molecular-level 

structural mismatch is similar to the hybridized fibril model proposed by Makarava et al. 34 who 

found that when mouse full length prion protein is seeded with 30% hamster fibrils, a hybrid Mo-

SHa fibril is formed having two distinct Mo and SHa domains connected by a shared common 

local structural motif. We also found some other types of structural mismatch during the seeding 

and cross-seeding aggregation simulations. From Fig. 6B, in the case of BV aggregation with the 

SHa seed, residues 120Ala to 131Gly of BV adopt a ñtriangleò conformation which is a mirror 

image of the conformation adopted by residues 120Ala to 131Gly of peptides in the seed. From 

Fig. 6C, in the case of BV aggregating with the SHa seed, one BV monomer adopts a configuration 

that is antiparallel to the seed conformation. This conformation mismatch causes the other three 

BV peptides to adopt the S-shaped conformation. From Fig. 6D, in the case of SHa aggregation 

with the BV seed, one SHa monomer adopts the seed conformation but only near the N-terminal 

region (residues 120Ala to 131Gly), leaving its tail (132Ser to 144Asp) to float in a disordered 

conformation. From Fig. 6E, in the case of SHa aggregation with the SHa seed, two SHa monomers 

adopt ɋ-shaped conformations that are slightly different from the original ɋ-shaped SHa seed. 

Our finding from simulation indicates that during seeding and cross-seeding aggregation, the seed 

may not only template monomer peptides to form the same conformation as the seed but may also 
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induce monomer peptides to form new conformations which may eventually elongate into fibrils 

with new morphology, or new ñstrainsò. 

 

3.3 Discussion and Conclusion 

Coarse-grained molecular dynamics simulations were used to investigate the early-stage 

aggregation of three prion protein fragments Hu, BV and SHaPrP(120-144). In a previous paper, 

we had investigated the spontaneous aggregation (nucleation) of PrP(120-144) peptides, similar to 

the work by Cheon et al. 29 for Aɓ(17-42) peptides. In that paper, we showed that with the sequence 

differences in residues 138, 139 and 143 in Hu, BV and SHaPrP(120-144) causes these peptides 

to have different aggregation propensities (Hu > BV > SHa). It also causes these peptides to form 

various fibrillar structures including the S-, ɋ- and U-shaped protofilaments. In this paper, we 

investigated the early-stage seeding aggregation of these three peptides. We show that the seeding 

aggregation kinetics depends primarily on the structure of the seed, or the hydrophobicity of the 

seed core. The hydrophobic sidechain-sidechain attraction, along with the backbone hydrogen 

bonding interaction, are the driving forces for seeding and cross-seeding aggregation. The stronger 

the hydrophobic residues associate with each other within the seed, the higher the probability that 

the seed recruits monomer peptides on its surface/interface, and hence the faster it elongates. We 

also surmise that in experiments, initially PrP(120-144) forms polymorphic fibrillar oligomers. 

The ones with the lower energies are likely to have faster elongation rates. 

In addition, conformational mismatches between the monomer and the seed are commonly 

observed during the fibril elongation, explaining the polymorphism in the final morphology of the 

macroscopic fibril . An implication of these conformational mismatches is that even when the 

monomer and the seed consist of the same prion protein, the seeded aggregation may still generate 
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new fibril structures, which could give rise to new variants of prion diseases. Within a single 

population, e.g. human, various strains of CJD are believed to be caused by the same prion protein 

but with diverse PrPSc conformations. 35 

In the cross-seeding simulation of PrP(120-144), mutations on residues 138, 139 and 143 

between species give rise to differences in the seeding efficiency, specificity and fibril 

morphology, suggesting that there is a species-dependent seeding barrier for prion proteins. On 

one hand, HuPrP(120-144) has a strong tendency to adopt the conformation of the BV seed and 

vice versa. On the other hand, the Hu and BV monomers have relatively weak tendencies to adopt 

the conformation of the SHa seed. The mismatch between the sequences of the SHa seed and the 

Hu and BV monomer causes structural mismatches and decreases thermodynamic stability of the 

cross-seeded fibril, which leads to a decrease in the cross-seeding aggregation rate. These 

simulation results are consistent with the experimental findings for PrP(23-144) 14, 33 and PrP(138-

143) 17. In addition, bank vole is a unique species that has been shown in vivo to be a universal 

acceptor of various prion diseases. 36 This indicates that BVPrP has no inter-species transmission 

barrier and can likely subject to various infectious PrPSc from other species. 

The small system size in the current simulations (eight peptides plus a pre-formed 

octameric seed) allow us to investigate the elongation of the PrP(120-144) protofilament. As 

revealed from our and other investigatorsô simulations of fibrillation of short amyloidogenic 

peptides like Aɓ(16-22) 25, 26, the complete aggregation pathway includes oligomerization, 

nucleation and fibril elongation stages. To investigate the complete aggregation pathway of Hu, 

BV and SHaPrP(120-144) peptides, we may need to perform larger scale simulations of hundreds 

of peptides and fit the simulation data to the self-consistent solution of a master equation of the 
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fibril growth by Cohen et al. 37 to predict the primary nucleation rate, the secondary nucleation 

rate and the fibril elongation rate. 

 

3.4 Methods 

3.4.1 DMD and PRIME20 force field 

Discontinuous molecular dynamics (DMD), a fast alternative to traditional molecular 

dynamics, is employed as our main simulation method. 38 PRIME20 is a four-bead-per-residue 

coarse-grained protein model developed in the Hall group that was specifically designed for DMD 

simulation of protein aggregation. 39 The PRIME20 force field models the 20 different amino acids 

(each contains NH, CŬ, CO and sidechain sphere R) with 20 different sets of geometric parameters. 

Specifically, each sidechain bead of the 20 amino acids has a distinct hard sphere diameter 

(effective van der Waals radius) and has distinct sidechain-to-backbone distances (R-CŬ, R-NH, 

R-CO). The potential function between two amino acid sidechain beads is modeled as a square 

well potential which contains two parameters, square well width and square well depth. We reduce 

the total number of the 210 independent square well depths between 20 different amino acids to 

19 parameters while maintaining 210 independent square well widths to ensure physically 

meaningful pair interaction energies and reasonably accurate results in discriminating decoys from 

native structures in the PDB database. The backbone hydrogen bonding interactions are also 

modeled as a directional square well potential. All the other non-bonded interactions are modeled 

as hard sphere interactions.  A detailed description of the derivation of the geometric and energetic 

parameters of the PRIME20 model is given in our earlier work. 24; 39, 40 The main difference 

between our force field and most of the atomistic (Amber, OPLS, CHARMM, etc.) or coarse-

grained protein force fields (MARTINI41, OPEP42 and AWSEM43) is that PRIME20 models the 
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non-bonded interactions (backbone hydrogen bonding and sidechain-sidechain interactions) as 

discontinuous potentials while other models use continuous potentials, like the Lennard-Jones or 

Columbic potentials. The square well potential for modeling sidechain-sidechain interaction in 

PRIME20 is a sum of the van der Waals, charge-charge and hydrophobic interactions, and each of 

these contributions cannot be split separately. In addition, PRIME20 does not take into account 

the effect of water/counter-ions as it is an implicit solvent model. Instead the PRIME20 forced 

field is focused on predicting the structural changes of peptides in their oligomeric and fibrillar 

state. 

 

3.4.2 Simulation Procedure  

We simulate the seeding and cross-seeding aggregation of the Hu, BV and SHaPrP(120-

144) peptides in the presence of a pre-formed ɓ-sheet-rich protofilament. The S-, ɋ- and U-shaped 

protofilaments formed by spontaneous aggregation of eight Hu, BV and SHaPrP(120-144) 

peptides in the previous work 32 are used as seeds. The simulations are performed in the canonical 

ensemble (fixed number of particles, constant volume and temperature). The Andersen thermostat 

is implemented to maintain the system at a constant temperature. 44 The initial velocity for every 

bead in the system is generated based on a Maxwell-Boltzmann distribution centered at the desired 

reduced temperature. The system is initialized by randomly placing a pre-formed ɓ-sheet-rich 

octamer surrounded by eight monomeric peptides in a cubic box with box length equal to 110.0 Å 

corresponding to a total peptide concentration of 20 mM. The reduced temperature is defined to 

be T*= kBT/ŮHB, where the hydrogen bonding energy, ŮHB=12.47kJ/mol. The reduced temperature 

T* is chosen to be 0.195, which corresponds to 330K in real temperature 32. We have five 
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independent runs for each of the fourteen seeding and cross-seeding simulation. Each simulation 

lasts for at least 75ɛs.  
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Figure 3.1. S-shaped (A), ɋ-shaped (C), and U-shaped (E) protofilaments formed by HuPrP(120-

144) from the 5th, 12th, and 11th runs are shown. B, D, and F, schematic representations of peptide 

conformations in the S-, ɋ- and U-shaped protofilaments. The sizes of the side chain beads do not 

reflect the actual radii. Hydrophobic residues (white), positively charged residues (red), negatively 

charged residues (blue), and polar residues (green) are shown. (This figure is reproduced from ref 

32) 
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Figure 3.2. (A) Plot of ɓ-sheet percentage in HuPrP(120-144) aggregation simulations in the 

presence and absence of a pre-formed HuPrP(120-144) seed as a function of time. The percentage 

of ɓ-sheet content is calculated by the STRIDE algorithm in the visual molecular dynamics (VMD) 

software. (B) and (C) are simulation snapshots of the non-seeding aggregation taken at t = 1ɛs and 

198ɛs, respectively. (D) and (E) are simulation snapshots of the seeding aggregation taken at t = 

1ɛs and 58ɛs, respectively. 
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Figure 3.3. (A) Potential energy versus time of HuPrP(120-144) peptides aggregating in the 

presence of U-, S-, ɋ-shaped Hu seeds. (B) Average sidechain interaction energy per peptide of 

U-, S-, ɋ-shaped HuPrP(120-144) protofilaments (seeds). (C) Potential energy versus time of Hu, 

BV and ShaPrP(120-144) peptides aggregating in the presence of S-shaped Hu, ɋ-shaped BV and 

ɋ-shaped Sha seeds. (D) Average sidechain interaction energy per peptide of S-shaped Hu, ɋ-

shaped BV and ɋ-shaped Sha seeds.  
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Figure 3.4. A Plot of potential energy vs simulation time of HuPrP(120-144) peptides aggregation 

in the presence of S-shaped Hu, ɋ-shaped BV and ɋ-shaped SHa seed. B-D. Plots of potential 

energy vs simulation time of Hu, BV, SHaPrP(120-144) peptides aggregation in the presence of 

S-shaped Hu, ɋ-shaped BV and ɋ-shaped SHa seed.  
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Figure 3.5. Plots of the average side chain interaction energy (kJ/mol) experienced by residues 

138, 139, and 143 of monomer Hu, BV and SHaPrP(120-144) peptides in the presence of (A)  S-

shaped Hu, (B) ɋ-shaped BV and (C) ɋ-shaped SHa seeds, respectively. 
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Figure 3.6. Five types of structural mismatches found in homogeneous and heterogeneous 

protofilaments formed by Hu, BV and SHaPrP(120-144) peptides.  Simulation snapshot of (A) Hu 

with the ɋ-shaped SHa protofilament from the 2nd run; (B) BV with the ɋ-shaped SHa 

protofilament from the 3rd run; (C) BV with the ɋ-shaped SHa protofilament from the 4th run; (D) 

SHa with the ɋ-shaped BV protofilament from the 2nd run; (E) SHa with the ɋ-shaped SHa 

protofilament from the 1st run. Hu, BV and SHaPrP(120-144) peptides in A-E are colored in red, 

blue and green respectively, except that the SHa(120-144)  monomer peptides in E are colored in 

purple. 
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Table 3.1. Number of HuPrP(120-144) peptides that adopt the peptide conformation in the seed 

or other conformations during the aggregation in the presence of the S-, ɋ- and U-shaped Hu seeds. 

 

Seed # Hu monomers that 

adopt seed 

conformation 

# Hu monomers that 

partially adopt seed 

conformation 

# Hu monomers that 

adopt other 

conformations 

Hu S-shaped 4.0±2.7 1.2±1.6 2.8±1.9 

Hu ɋ-shaped 5.6±1.8 1.4±1.1 1.2±1.8 

Hu U-shaped 6.0±2.1 0.0±0.0 2.0±2.1 
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Table 3.2. Number of Hu, BV and SHaPrP(120-144) peptides that adopt the peptide conformation 

in the seed during the seeding and cross-seeding aggregation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Seed/Monomer peptide # Hu monomers that 

adopt seed 

conformation 

# BV monomers that 

adopt seed 

conformation 

# SHa monomers 

that adopt seed 

conformation 

Hu S-shaped seed 4.0±2.7  7.0±0.7 4.8±2.4 

BV ɋ-shaped seed 6.0±0.8 6.2±1.3 6.4±1.3 

SHa ɋ-shaped seed 2.8±1.9 3.2±2.6 3.0±2.5 
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Table 3.3. Amino acid sequence of three prion protein fragments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 120  130   140     144 

Human A V V G G L G G Y M L G S A M S R P I I H F G S D 

Bank Vole A V V G G L G G Y M L G S A M S R P M I H F G N D 

Syrian Hamster A V V G G L G G Y M L G S A M S R P M M H F G N D 
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3.7 Supporting Information 

 

Figure S3.1. (A) The simulation snapshot and (B) the schematic peptide representations of the ɋ-

shaped BVPrP(120-144) protofilaments are shown. (C) The simulation snapshot and (D) the 

schematic peptide representation of the ɋ-shaped SHaPrP(120-144) protofilaments  are shown. 

The sizes of the side chain beads do not reflect the actual radii. Hydrophobic residues (white), 

positively charged residues (red), negatively charged residues (blue), and polar residues (green) 

are shown. (this figure is reproduced from ref 1) 
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Figure S3.2. Plots of potential energy vs simulation time of BV (blue) and SHaPrP(120-144) (red) 

peptides aggregating in the presence of ɋ-shaped HuPrP(120-144) seed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 10000 20000 30000 40000
-5500

-5000

-4500

-4000

-3500

-3000

-2500
P

o
te

n
ti
a
l 
e
n
e
rg

y
 (

K
J
/m

o
l)

Simulation time (ns)



   

111 

 

References 

1. Wang Y, Shao Q, Hall CK (2016) N-terminal Prion Protein Peptides (PrP(120ï144)) Form 

Parallel In-register ɓ-Sheets via Multiple Nucleation-dependent Pathways. J Biol Chem 

291:22093-22105. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

112 

 

CHAPTER 4 

Aggregation of Aɓ(17-36) in the Presence of Naturally Occurring Phenolic Inhibitors Using 

Coarse-Grained Simulations 

 

Chapter 4 is essentially a manuscript by Yiming Wang, David C. Latshaw and Carol K. Hall 

published on Journal of Molecular Biology. 
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Abstract 

Although some naturally-occurring polyphenols have been found to inhibit amyloid ɓ fibril 

formation and reduce neuron cell toxicity in vitro, their exact inhibitory mechanism is unknown. 

In this work, discontinuous molecular dynamics (DMD) combined with the PRIME20 force field 

and a newly-built inhibitor model are performed to examine the effect of vanillin, resveratrol, 

curcumin and epigallocatechin-3-gallate (EGCG) on the aggregation of Aɓ(17-36) peptides. Four 

sets of peptide/inhibitor simulations are performed in which inhibitors: (1) bind to Aɓ(17-36) 

monomer; (2) interfere with Aɓ(17-36) oligomerization; (3) disrupt a pre-formed Aɓ(17-36) 

protofilament; (4) prevent the growth of Aɓ(17-36) protofilament. The single-ring compound, 

vanillin, slightly slows down but cannot inhibit the formation of a U-shaped Aɓ(17-36) 

protofilament. The multiple-ring compounds, EGCG, resveratrol and curcumin, redirect Aɓ(17-

36) from a fibrillar aggregate to an unstructured oligomer. The three aromatic groups of the EGCG 

molecule are in a stereo (nonplanar) configuration, helping it contact the N-terminal, middle and 

C-terminal regions of the peptide. Resveratrol and curcumin bind only to the hydrophobic residues 

near peptide termini. The rank order of inhibitory effectiveness of Aɓ(17-36) aggregation is : 

EGCG > resveratrol > curcumin > vanillin, consistent with experimental findings on inhibiting full 

length Aɓ fibrillation. Furthermore, we learn that the inhibition effect of EGCG is specific to the 
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peptide sequence while those of resveratrol and curcumin are non-specific in that they stem from 

strong interference with hydrophobic sidechain association, regardless of the residuesô location 

and peptide sequence. Our studies provide molecular-level insights into how polyphenols inhibit 

Aɓ fibril formation, knowledge that could be useful for designing amyloid inhibitors. 
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4.1 Introduction 

Alzheimerôs Disease (AD) is a neurodegenerative disease that causes dementia, nervous 

system degradation, and death. Currently there are no therapeutic agents available for the treatment 

of AD despite great efforts from the medical research community. [1-3] The possible reasons for 

such inefficient drug development have been discussed by Doig et al. [4] The pathological 

hallmark of AD is the aggregation of the amyloid ɓ (Aɓ) peptide. Aɓ monomers, which result from 

the enzyme-based cleavage of the amyloid precursor protein, APP, assemble extracellularly into 

progressively larger aggregate structures, monomers-to-oligomers-to-fibrils, and are eventually 

deposited in plaques in the brain. One possible avenue for AD treatment is to prevent or reverse 

aggregation of the Aɓ peptide through interaction with small molecule aggregation inhibitors. 

Many small molecules have been identified [5] or designed [6] for this purpose. Recent progress 

in experimental and computational investigations of Aɓ/drug interaction are summarized by 

Nguyen et al. [7] and Doig et al.[8]. A subset of these molecules, phenolic compounds, have been 

shown to be effective at preventing the formation of Aɓ amyloidogenic structures in vitro. [9-11] 

Many researchers have investigated the effectiveness of vanillin [5, 12], resveratrol [13-

20], curcumin [5, 12, 18, 19, 21-25, 26 , 27], and EGCG [18, 28-39] as AD therapeutics. Vanillin 

is the principal component found in vanilla bean extract. It is much smaller than the other phenolic 

compounds considered in this paper and it shares aromatic substitution patterns with curcumin. 

The effectiveness of vanillin as an Aɓ aggregation inhibitor is less clear than that of the other 

compounds considered in this paper, but since it only has one aromatic group, it is included to 

determine the impact of the number of aromatic inhibitor groups on inhibiting Aɓ aggregation. 

Necula et al. [5] identified vanillin as being capable of disrupting both Aɓ(1-42) oligomer and 
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fibril formation, while Ladiwala et al. [38] and Reinke and Gestwicki [12] both indicate that 

vanillin has little-to-no effect on Aɓ(1-42) aggregation. 

Resveratrol is a naturally-occurring compound found in the skin of red grapes and is often 

consumed in the form of red wine. Although its concentration in red wine is about ten times lower 

than the amount shown to inhibit Aɓ aggregation in vitro [17], Wang et al. showed that moderate 

consumption of Cabernet Sauvignon could promote the clearance of Aɓ in transgenic mice. [20] 

Ladiwala et al. found that resveratrol could remodel Aɓ(1-42) monomers, soluble oligomers, non-

toxic oligomers, fibrillar intermediates, and amyloid fibrils in vitro to form off-pathway, 

disordered, non-toxic, high molecular weight structures. [38] They suggested that resveratrol 

disassembles fibrillar structures by interacting with their ɓ-sheets and stacked aromatic side chains. 

Feng et al. tested the effects of resveratrol on Aɓ(1-42) aggregation in vitro and found that it could 

inhibit Aɓ fibril formation, disaggregate pre-formed fibrils, and inhibit oligomer cytotoxicity, but 

that it could not inhibit the formation of the oligomers themselves, which were instead stabilized. 

[19]  

Curcumin is one of the principal components of the spice turmeric, known for its potent 

antioxidant and anti-inflammatory properties. It has been shown to disrupt Aɓ aggregation by 

direct interaction. Ono et al. found that curcumin inhibits Aɓ(1-40) and Aɓ(1-42) fibril formation 

and destabilizes pre-formed fibrils. [24] They were unsure of the inhibition mechanism but 

proposed that curcumin might bind to the ends of fibrils, destabilizing the structure and preventing 

further aggregation. Yang et al. studied curcuminôs effects on Aɓ and determined that it could 

inhibit formation of Aɓ(1-40) oligomers and fibrils, and prevent Aɓ(1-42) oligomer formation. 

[25] Reinke and Gestwicki examined the effect of the number of aromatic groups, aromatic group 

substitution patterns, and the length and flexibility of the chain linking each aromatic group on 
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Aɓ(1-42) aggregation. [12] They found that at least two aromatic groups, each of which contains 

functional groups capable of hydrogen bonding, were required to inhibit Aɓ aggregation. They 

also found that the linker between two aromatic groups should have a length of 6Å-19Å, and 

should contain one or two sp3 hybridized carbons. These results put curcumin squarely into their 

ñidealò Aɓ aggregation inhibitor range. Simulations have also been performed to examine 

curcumin binding to Aɓ monomers and aggregate structures. Ngo and Li found from docking 

simulations that curcumin preferentially binds to the N-terminal amino acid D1 of Aɓ(1-40). [26] 

In an atomistic MD simulation of curcumin interacting with the Aɓ(9-40) fibril (hexamer) with 

two different structures, they found that curcumin bound to S26 and K28 on an Aɓ(9-40) fibril 

having two loop structures while curcumin bound to F20 on an Aɓ(9-40) fibril having three loop 

structures. Zhao et al. used atomistic molecular dynamics simulations to examine the effects of 

curcumin on the stability of an Aɓ(1-42) dimer. [27] They found that curcumin decreased the ɓ-

sheet content of Aɓ oligomers but did not alter the inter-peptide contacts or break the dimer apart. 

Epigallocatechin-3-gallate (EGCG) is an abundant molecule in green and white tea, with 

smaller amounts occurring in black tea. Like curcumin and resveratrol, EGCG is known for its 

potent antioxidant properties. EGCG is structurally different from the other phenolic compounds 

considered here in that it contains three aromatic groups and does not have a flexible carbon chain 

linker, making it more rigid. Bieschke et al. studied EGCG interactions with Aɓ(1-42) and found 

that it can bind monomers and force them off pathway into large, disordered, non-toxic aggregates. 

[29] Their experiments showed that EGCG has the capability to completely dissolve fibrils, and to 

remodel them without completely disassembling them. Similar results were obtained by 

Ehrnhoefer et al. [32] and Bastianetto et al. [33] Wang et al. used isothermal titration calorimetry 

to understand how EGCG binds to Aɓ(1-42). [35] Their major result was that at low EGCG/Aɓ(1-
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42) ratios, the inter-species interactions are primarily due to both hydrogen bonding and 

hydrophobic interactions but as the amount of EGCG increases the interactions shift toward 

hydrophobic interactions. Young et al. used ESI-IMS-MS to find that EGCG binds specifically to 

Aɓ(1-40) monomer leading to the formation of amorphous aggregates. [37] Atomistic simulations 

have also been used to probe the molecular level details of EGCG interaction with Aɓ. Liu et al. 

found that non-polar interactions accounted for almost three quarters of the EGCG-Aɓ(1-42) 

binding energy and that the remaining energy was due to hydrogen bonding. [34] The residues 

with the strongest EGCG interaction were F4, R5, F19, F20, E22, K28, G29, L34, G37, and I41. 

Atomistic simulations of Aɓ(1-42) dimer interacting with EGCG by Zhang et al. showed that 

EGCG decreases ɓ-sheet content and increases coil and Ŭ-helix secondary structure in the Aɓ(1-

42) dimer. [36] 

Studies have been conducted that directly compare the effectiveness of these small 

molecules. Chebaro et al. used docking simulations to show that resveratrol, curcumin and EGCG, 

among other inhibitors, have good binding affinity to Aɓ(17-42) trimers, most specifically residues 

17-21. [18] Resveratrol and curcumin both preferred to bind to the lowest energy Aɓ oligomer 

tested, while EGCG preferred to bind with high-energy structures. This may mean that the 

aggregation inhibition from EGCG stems from binding early intermediate structures rather than 

later stable ones. Experiments by Reinke and Gestwicki showed that vanillin was significantly less 

effective than resveratrol and curcumin at inhibiting Aɓ aggregation. [12] Feng et al. found 

curcumin to be effective, but not as effective as resveratrol at inhibiting fibril formation. [19] 

Finally, Rajasekhar et al. [40] reported that EGCG has a much lower half maximal inhibition 

concentration (IC50Ū2.4ɛm) than curcumin (IC50Ū13.3ɛm) and resveratrol (IC50Ū15.1ɛm) on 

Aɓ aggregation.  



   

119 

 

Researchers also found that different phenolic molecules may have distinct inhibition 

mechanisms. Necula et al. [5] found that inhibitors, e.g. curcumin, can inhibit Aɓ oligomerization 

but donôt inhibit fibrillation while others can inhibit both Aɓ oligomerization and fibrillation, or 

only fibrillation. Young et al. [37] used ion mobility spectrometry-mass spectrometry to classify 

small molecule inhibitors for Aɓ(1-40) and hIAPP into: 1. specific inhibition (binding to peptide 

monomer/dimer with a fixed stoichiometry); 2. non-specific inhibition (binding to peptide 

monomer/dimer with a wide range of stoichiometries); 3. colloidal inhibition (inhibitor self-

associates to form colloid). 

In the present study, we take Aɓ(17-36), a central fragment of Aɓ(1-42), as our peptide 

model. This is different from the non-toxic Aɓ fragments studied previously by our group and by 

others in investigating Aɓ-inhibitor interactions, e.g. Aɓ(12-28) [41], Aɓ(25-35) [42, 43] and 

Aɓ(17-42) [18]. We choose this peptide because it is short enough to enable our simulation of 

spontaneous fibril formation but long enough to mimic full length Aɓ(1-42) in many aspects. [44] 

An even shorter fragment, Aɓ(18-35),  forms fibrils in vitro with a characteristic U-shape which 

is similar to those formed by Aɓ(1-40) as shown by Chandrakesan et al. [45] using solid-state 

NMR. Additionally, residues 17-36 consist of the central region of Aɓ(1-42)  peptide where small 

molecules frequently bind. Zhu et al. used a fragment-based mapping calculation from replica-

exchange molecular dynamics (REMD) and found that curcumin and Congo red favorably bind to 

the central residues of the Aɓ(1-42) monomer (e.g. Phe4, Tyr10, Leu17, Phe19, Ile31 and Met35). 

[46] 

In this work, we apply discontinuous molecular dynamics (DMD) simulations combined 

with a coarse-grained model for peptide and inhibitor to investigate the effect of the four naturally-

occurring phenolic molecules (EGCG, resveratrol, curcumin and vanillin) on Aɓ(17-36) 
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aggregation. We constructed an intermediate-resolution coarse-grained inhibitor model that is 

compatible with PRIME20, a coarse-grained peptide model developed by the Hall group. Five 

types of simulations were performed to give a full picture of how small molecules affect Aɓ(17-

36) fibrillation, including: (1). 8 Aɓ(17-36) peptides aggregating in the absence of small 

molecules; (2). a single Aɓ(17-36) peptide interacting with 10 small molecules; (3). 8 Aɓ(17-36) 

peptides aggregating in the presence of 30 small molecules; (4). a pre-formed Aɓ(17-36) 

protofilament (octamer) interacting with 30 small molecules; (5). a pre-formed Aɓ(17-36) 

protofilament elongating in the presence of 8 Aɓ(17-36) peptides and 30 small molecules. 

Highlights of our results are the following: In the peptide-only simulations, 8 initially 

disordered Aɓ(17-36) peptides form a U-shaped fibrillar octamer via a templated-growth 

mechanism. In the simulation of small molecules binding to a single-peptide, resveratrol has the 

strongest binding energy with aromatic amino acids, e.g. F19 on Aɓ(17-36), while EGCG has the 

highest number of contacts with the whole peptide. The four inhibitor molecules most frequently 

contact the hydrophobic residues F19, F20, L34, M35 on the N- and C- terminals of Aɓ(17-36). 

In the simulation of 8 peptides aggregating with 30 inhibitor molecules, EGCG, resveratrol and 

curcumin prevent Aɓ(17-36) fibril formation and form disordered peptide-inhibitor oligomers 

while vanillin doesnôt inhibit the formation a U-shaped Aɓ(17-36) protofilament. In the simulation 

of one protofilament interacting with 30 inhibitors, EGCG and resveratrol redirect the pre-formed 

protofilament into disordered oligomer while curcumin and vanillin bind but do not dissolve the 

protofilament structure. In the simulation of one protofilament elongating with 8 peptides and 30 

inhibitors, vanillin and curcumin slow the elongation rate of the Aɓ(17-36) protofilament; 

resveratrol stops its growth while EGCG dissolves the pre-formed protofilament. In summary, 

EGCG is the most effective inhibitor for Aɓ(17-36) fibril formation and the rank order of 
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effectiveness of the four candidates is:  EGCG > resveratrol > curcumin > vanillin, which is 

consistent with experimental findings on full length Aɓ fibrillation. [12, 40] 

 

4.2 Results 

4.2.1 Aɓ(17-36) form a parallel in-register U-shaped protofilament 

First, we performed 6 independent simulations of spontaneous aggregation of 8 Aɓ(17-36) 

peptides at T* = 0.2 and peptide concentration of 5mM. The U-shaped Aɓ(17-36) protofilament is 

formed in 5 out of 6 runs. Fig. 1 shows simulation snapshots from the 1st run, starting from a 

random configuration in Fig. 1A. The secondary structure content of the peptides at all time points 

are determined by using the STRIDE algorithm [47] within the VMD software [48]. In Fig. 1B, 

three peptides form a ɓ-sheet-rich hairpin-shaped trimer. In Figs. 1B-E, the trimer grows into a U-

shaped octamer by acting as a template and recruiting other random coil monomers to the two 

ends. The G25 in the middle of the peptide backbone serves as the hinge of the turn. [49] The inter- 

and intra-peptide hydrophobic sidechain associations between 19Phe and 32Ile and 34Leu lead to 

the formation of a tightly-packed hydrophobic core between the N- and C- terminals of the 

peptides, as shown in Fig. 1F. The salt bridge interaction between D23 and K28 helps stabilize the 

U-shaped protofilament. Fig. 1G shows the decrease of potential energy over the course of the 

simulation. Formation of a parallel in-register U-shaped protofilament by Aɓ(17-36) in our 

simulation is consistent with the experimental finding that Aɓ(18-35) peptides form fibrils with a 

hairpin characteristic. [45]  
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4.2.2 Inhibitors bind to a single Aɓ(17-36) peptide 

We examined the binding affinity of the four inhibitor molecules to Aɓ(17-36) peptide by 

simulating an Aɓ(17-36) monomer interacting with 10 inhibitor molecules. The binding affinity 

of phenolic molecules to target peptide is a good indication of their potential inhibitory effect. The 

average number of inhibitor molecules in contact with Aɓ(17-36) monomer over the last 25 billion 

collisions was calculated. The inhibitor molecule is defined as contacting the peptide if there is at 

least one hydrogen bond or one hydrophobic contact between the inhibitor and the peptide. The 

results are: NEGCG-Aɓ17-36  = 4.29±0.83, Nresveratrol-Aɓ17-36 = 3.70±0.72, Ncurcumin-Aɓ17-36 = 3.22±0.93, 

Nvanillin-Aɓ17-36 = 0.91±0.86, indicating that the order of binding affinity of the four inhibitor 

molecules to Aɓ(17-36) is: EGCG > resveratrol > curcumin > vanillin. In addition, we calculated 

the RMSD of the four inhibitor molecules in both atomistic and coarse-grained simulation as 

shown in Figs. 2A and B, respectively. We found that curcumin has the largest structural 

fluctuation among the four molecules in both the atomistic and coarse-grained simulations while 

the other three molecules are relatively rigid. This is because curcumin has two aromatic groups 

separated by a long and flexible carbon linker, resulting in large conformation fluctuations. 

To find the specific binding sites on Aɓ(17-36) for the four inhibitors, we calculated the 

number of contacts (hydrophobic contact or hydrogen bond) formed between the Aɓ(17-36) 

backbone spheres and the inhibitors. Fig. 2C shows that EGCG has the highest number of contacts 

with Aɓ(17-36) and that resveratrol and curcumin specifically contact the hydrophobic residues 

near the N- and C- terminals, including 17L, 19F, 20F, 21A, 31I, 32I, 34L and 35M. Vanillin has 

the least number of contacts with the peptide. Our results for the average number of contacts 

between small molecules and each residue of Aɓ(17-36) (Fig. 2C) are comparable with those from 

a similar atomistic MD simulation study of Aɓ(17-42)/inhibitor interactions.[18] 
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The ˊ-ˊ stacking interaction between polyphenols and aromatic sidechains on  

amyloidogenic peptides is considered to be key in inhibiting amyloid formation.[11] We thus 

calculated the radial distribution function, g(r), between the sidechain centroid of  the F19 residue 

on Aɓ(17-36) and the centers of mass of the four inhibitors as shown in Fig. 2D. Each g(r) has a 

peak at a peptide-inhibitor distance equal to around 6Å. The breadth of the peak in each curve 

indicates that the four inhibitors contact the F19 sidechain of Aɓ(17-36) in many different modes. 

For example, hydrogen bonds could form between the inhibitor CG groups (O-H, C=O, and O) 

and the peptide CG groups (C=O, N-H) or there could be hydrophobic interactions between the  

inhibitor CG sites (C, C-H, C-H2) and the sidechains of Aɓ(17-36) peptide. From Fig. 2D, we also 

find that resveratrol binds to F19 with a higher probability than EGCG, although EGCG on average 

has higher total number of contacts with residues along the whole peptide than resveratrol. 

 

4.2.3 Inhibitors interfere  with Aɓ(17-36) aggregation 

We next perform DMD simulations of 8 Aɓ(17-36) peptides aggregating in the presence 

of 30 inhibitors to evaluate the ability of the four molecules to inhibit peptide aggregation. In the 

monomer peptide binding simulations, EGCG has the highest Aɓ(17-36)/inhibitor binding ratio 

(1:4) among the four molecules. Thus the Aɓ(17-36)/inhibitor molar ratio is chosen to be around 

1:4 to ensure that there are enough inhibitor molecules in the simulation to interact with each 

peptide. Snapshots of the vanillin and EGCG cases are shown in Fig. 3. From Fig. 3 (top 3 panels), 

we find that vanillin doesnôt inhibit the formation of a U-shaped Aɓ(17-36) protofilament. In the 

presence of vanillin, the peptides form an U-shaped ɓ-sheet-rich trimer that binds with a few 

vanillin molecules, but later recruits other disordered peptides to form a U-shaped octamer.In other 

words , the aggregation pathway  is similar to the case without inhibitors, shown in Fig. 1. In 
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comparison, as shown in Fig. 3(bottom 3 panels), EGCG quickly binds to the Aɓ(17-36) monomers 

and oligomers and redirects them to form a disordered oligomeric peptide-inhibitor complex. Our 

simulation results indicate that EGCG has a much stronger inhibitory effect on Aɓ(17-36) 

aggregation than vanillin. The inhibition mechanism of EGCG on Aɓ(17-36) aggregation is 

consistent with experimental findings that EGCG inhibits the fibrillation of Aɓ(1-42) [32] and 

Aɓ(1-40) [37] peptides by binding to the monomeric peptides and redirecting them to form 

amorphous aggregates. Resveratrol and curcumin have similar inhibitory effects on Aɓ(17-36) 

aggregation as EGCG; the simulation snapshots are not shown. 

We examine the relative effectiveness of the 4 small molecules in inhibiting Aɓ(17-36) 

aggregation by comparing their ability to disrupt peptide-peptide hydrophobic interactions and 

hydrogen bonding, two key driving forces for peptide fibril lation. Firstly, we examine the ability 

of four inhibitor molecules to interfere with Aɓ(17-36) backbone hydrogen bond formation. Fig. 

4 plots the number of backbone hydrogen bonds formed, a measure of ɓ-sheet content, over the 

course of the simulation. From Fig. 4, we find that the rank order of the ability to disrupt peptide-

peptide hydrogen bonding is: EGCG > resveratrol > curcumin > vanillin. Vanillin slightly 

decreases the rate of backbone hydrogen bond formation while resveratrol, curcumin and EGCG 

greatly decrease it. There are some transient increases and decreases of ɓ sheet content in the 

presence of curcumin while almost no ɓ-sheet content forms in the presence of resveratrol and 

EGCG.  

We then examine the four inhibitor moleculesô ability to disrupt Aɓ(17-36) sidechain-

sidechain associations. Fig. 5 plots the (A) sidechain-sidechain and (B) sidechain-inhibitor 

interaction energy of the residues along the chain over the whole simulation trajectory. From Fig. 

5A, we find that the order of effectiveness in interfering with peptide sidechain-sidechain 
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interaction is: EGCG > resveratrol > curcumin > vanillin. Resveratrol, curcumin and EGCG 

notably decrease the peptide sidechain-sidechain interaction. Vanillin slightly enhances the peptide 

sidechain-sidechain interaction between residues F20 and residue I31, indicating that in the 

presence of vanillin, the peptide-peptide interactions are mostly preserved within the 

protofilament. Fig. 5B shows that the four small molecules mainly interact with the N- and C- 

terminal residues of Aɓ(17-36) over the whole simulation. Our results are consistent with Chebaro 

et al.ôs docking simulation results which showed that resveratrol, curcumin and EGCG have good 

binding affinity to Aɓ(17-42) trimers, most specifically to residues 17-21. [18]  

To investigate the structure-function relationship of the four inhibitor molecules on Aɓ(17-

36) aggregation, we also mapped the interaction energy between the inhibitor CG sites and Aɓ(17-

36) residues in Fig. 6. Figs. 6A and 6B  show that  vanillin has a  much weaker peptide-inhibitor 

interaction energy than resveratrol. This is because vanilllin has a single aromatic ring and thus 

has less hydropohbic sites than resveratrol for interfering with sidechain-sidechain hydrophobic 

association. This difference in peptide-inhibitor interaction strengths  may explain why vanillin  is 

much less effective than resveratrol at  inhibiting Aɓ(17-36) aggregation. Figs. 6B and 6C  show 

that  resveratrol and curcumin  interact mainly with the hydrophobic residues near the  N- and C-

terminals because they are structurally similar  in that they have two aromatic groups separated by 

a carbon linker, as shown in Fig. 10. However, resveratrol has a  stronger interaction energy with 

peptides than curcumin, likely because the two aromatic groups on curcumin are further apart than 

those on  resveratrol (curcumin has two ketone groups between two alkene groups). The structural 

flexibility associated with the long curcumin carbon linker decreases its binding affinity to the 

peptide, thus decreasing its inhibitory effectiveness,  in agreement with Reinke and Gestwicki ôs 

finding. [12] Fig. 6D shows the OH groups (sites 3, 5 and 7) on the 1st aromatic group (sites 1 to 
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9) of EGCG  interact with the middle region of the peptides (residues E22 to G29), and the OH 

groups (sites 16, 19, 29 and 31) on the 2nd and 3rd aromatic groups (sites 11 to 32) of EGCG mainly 

contact the N- and C- terminal of the monomer peptide. This is because the three aromatic groups 

of EGCG are in a stereo (non-planar) configuration, which is structurally different from the other 

three planar molecules. Thus while resveratrol and curcumin interact with the N- and C- terminii 

regions of Aɓ(17-36), EGCG binds and stabilizes the whole monomeric peptide and prevents  

inter-peptide contacts.[43] 

Next, we calculate the interaction energy between the individual CG groups on four 

inhibitor molecules and Aɓ(17-36) peptide as shown in Fig. 7. Vanillin has a relatively evenly-

distributed interaction energy over all of its CG sites except for the H- group. The OH groups on 

the aromatic rings of resveratrol (sites 4, 13 and 16 ) and curcumin (sites 6 and 20) have relatively 

strong interactions with the peptide while the interaction energies between the C and CH groups 

on the two aromatic groups and the peptides are evenly distributed.  For EGCG, the two aromatic 

groups consisting of CG sites 12 to 32 have stronger interaction energy than the aromatic group 

consisting of CG sites 1 to 10, with the Aɓ(17-36) peptides. 

 

4.2.4 Inhibitors redirect pre -formed Aɓ(17-36) protofilament into disordered oligomer 

We examined the ability of the four inhibitor molecules to perturb a pre-formed fibrillar 

structure by simulating 30 inhibitors interacting with a pre-formed U-shaped octameric Aɓ(17-36) 

protofilament. Figs. 8A-D are simulation snapshots of  EGCG dissolving the pre-formed Aɓ(17-

36) protofilament. EGCG initially binds to the hydrophobic residues near the peptide N- and C- 

terminals in the fibril, similar to the way that they bind to the monomeric peptides. Due to the 
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interference of EGCG with sidechain-sidechain association and backbone hydrogen bonds, the 

peptides near the two ends of the protofilament gradually become unstructured monomers.  

 From the peptide-peptide hydrogen bonds dissociation profile (Fig. 8), we find that EGCG and 

resveratrol are both able to disrupt most of the peptide hydrogen bonds, indicating that they redirect 

the preformed Aɓ(17-36) fibril into unstructured oligomers. In comparison, in the presence of 

vanillin and curcumin, the total number of peptide hydrogen bonds stays constant throughout the 

simulation, indicating that the pre-formed fibrillar structure remains unchanged. Further analysis 

shows (in Fig. S1) that even though EGCG and resveratrol bind to peptides with a similar number 

of peptide-inhibitor hydrophobic contacts, EGCG causes an obvious decrease in the number of 

peptide-peptide hydrophobic contacts. This indicates that EGCG disrupts fibrillar structure more 

efficiently than resveratrol due to its strong ability to interfere with peptide-peptide contacts and 

stabilize unstructured oligomers. 

 

4.2.5. Inhibitors retard the elongation of the Aɓ(17-36) protofilament 

Finally, we investigated the effect of the inhibitor molecules on the elongation of an Aɓ(17-

36) protofilament. The simulation system includes 8 disordered Aɓ(17-36) peptides, a pre-formed 

U-shaped Aɓ(17-36) protofilament and 30 inhibitors. Fig. 9 plots the total number of inter-peptide 

hydrogen bonds formed as a function of time. From Fig. 9, we find that vanillin doesnôt inhibit the 

seeded aggregation of Aɓ(17-36). Instead it slightly increases the growth rate of the protofilament. 

In the presence of curcumin, only three out of eight monomer peptides are recruited to join the 

protofilament. In the presence of resveratrol, the total number of hydrogen bonds remains constant, 

indicating that none of the monomer peptides are recruited into the preformed protofilament.  In 

this case, resveratrol binds mainly to the monomer peptides. There are not enough resveratrol 



   

128 

 

molecules to disrupt the protofilament. In the presence of EGCG, the total number of hydrogen 

bonds decreases to a small value near zero, indicating that the 30 EGCG not only prevent the 

elongation of the preformed protofilament but they also redirect the protofilament into a disordered 

oligomer. These simulation results suggest that at the same inhibitor concentration, EGCG is more 

effective at inhibiting protofilament growth than resveratrol, curcumin and vanillin. 

 

4.3 Discussion and conclusion  

Phenolic compounds including vanillin, resveratrol, curcumin and EGCG are known to 

inhibit Aɓ aggregation but the exact mechanisms by which this is accomplished are unknown. To 

examine the effect of naturally-occurring polyphenols on Aɓ aggregation, we applied DMD 

simulation combined with the intermediate resolution protein model, PRIME20 and a coarse-

grained inhibitor model. The simulation of peptide-only aggregation served as a benchmark. Four 

sets of peptide/inhibitor simulations were performed in which: small molecules (1) bind to Aɓ(17-

36) monomer; (2) interfere with Aɓ(17-36) oligomerization; (3) disrupt a pre-formed Aɓ(17-36) 

protofilament; and (4) prevent the growth of Aɓ(17-36) protofilament. Our results show that 

vanillin doesnôt inhibit the ability of Aɓ(17-36) to form a protofilament, or dissolve a preformed 

protofilament structure or prevent the growth of the protofilament. Curcumin redirects the Aɓ(17-

36) monomer to form ɓ-sheet-rich oligomer but doesnôt dissolve the pre-formed protofilament. 

Resveratrol and EGCG both convert Aɓ(17-36) monomeric peptides and preformed protofilament 

into disordered oligomers.  

Even though the simulation concentrations used here are significantly higher than in 

experiments and the model peptide is a fragment of the Aɓ peptide instead of a full-length one, the 

hierarchy of the four candidatesô inhibitory effectiveness on Aɓ aggregation (EGCG > resveratrol 
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> curcumin > vanillin) is consistent with experimental findings. Our simulation shows that the 

minimum effective Aɓ(17-36)-inhibitor molar ratio for EGCG is below 1:2, for resveratrol is 

around 1:4, and for curcumin is above 1:4 . This indicates that to achieve the same inhibition effect 

in experiment, the required doses of resveratrol and curcumin need to be at least double that of 

EGCG. Vanillin shows no inhibition effect on Aɓ(17-36) aggregation. Experiments by Reinke and 

Gestwicki [12] showed that vanillin was significantly less effective than resveratrol and curcumin. 

Feng et al. [19] found resveratrol to be more effective in inhibiting amyloid ɓ oligomer cytotoxicity 

than curcumin. Rajasekhar et al. [40] reported that EGCG has a much lower half maximal 

inhibition concentration than curcumin and resveratrol on Aɓ aggregation. However, in general, 

Aɓ aggregation is strongly concentration dependent. The Aɓ concentration in vivo (around ɛM) is 

much lower than those used in vitro or in silico (around mM).[4] Thus the effective stoichiometric 

ratio predicted in our simulation might also be specific to the high concentration conditions and 

may not apply to in vivo. 

The self-association of these four small molecules plays a relatively minor role in their 

inhibitory effect. We find in our simulation that the average numbers of self-binding events per 

inhibitor molecule are (NEGCG-EGCG = 0.93±0.12, Nresveratrol-resveratrol = 1.28±0.14, Ncurcumin-curcumin = 

0.91±0.14, Nvanillin-vanillin = 0.34±0.09), indicating that they are mostly likely to form dimers but not 

to further self-associate to form large clusters. In comparison, peptide-inhibitor binding events are 

more frequent than inhibitor-inhibitor binding events because the number of peptide-inhibitor 

binding events are three-times that of the self-binding events for all four inhibitors. In addition, as 

far as we know, these four small molecules do not have strong propensity to self-aggregate into 

large colloids.In our simulation, although EGCG, resveratrol and curcumin can all inhibit Aɓ(17-

36) aggregation, their inhibitory mechanisms are different due to their unique chemical structures. 
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Resveratrol and curcumin seem to fit in the ñnon-specificò type of small molecule inhibitors, a 

concept introduced by Young et al. [37] since their inhibitory effect mainly comes from their 

strong interference with hydrophobic sidechain association, regardless of the residuesô location 

and peptide sequence. Kim et al. showed a similar Aɓ inhibition mechanism where naproxen 

reduced the interpeptide contacts by binding primarily to hydrophobic interface between the 

Aɓ(10-40) dimer.[50] Furthermore, the effectiveness of the non-specific inhibitor may depend 

solely on the fraction of residues in the peptide sequence that are hydrophobic. In comparison, 

EGCG seems to belong to the ñspecificò inhibitor type because its inhibitory effect comes from its 

ability to bind and thus stabilize the monomeric peptides and thus is sequence-dependent.  

Furthermore, we learn from our simulation that the pharmacophore structure and the 

location of the functional groups of the small molecule have a crucial impact on its inhibitory 

effectiveness. Our simulation results are consistent with the rules introduced by Reinke and 

Gestwicki [12] for designing effective potential small molecule inhibitors of amyloid ɓ.  Their first 

rule says that the inhibitor molecule needs at least two separate aromatic groups for effective 

inhibition. Thus, even though vanillin and resveratrol both have three hydrogen bonding sites, 

suggesting that they have similar capacity to interfere with backbone hydrogen bonding 

interaction, vanillin is a much less effective inhibitor. This is because vanillin only has a single 

aromatic group which doesnôt provide enough opportunities for strong hydrophobic association 

with sidechain beads on Aɓ(17-36). Their second rule says that the molecule needs to have a rigid 

conformation and canôt be too flexible. Curcumin is structurally similar to resveratrol but is less 

effective than resveratrol because the long carbon linker allows considerable structural flexibility, 

thus decreasing its binding affinity to Aɓ(17-36). 
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We add a third rule for designing effective inhibitor molecules for amyloid formation. 

Inhibitor molecules should have a stereo (nonplanar) configuration which allows the functional 

sites on multiple aromatic groups to interact with multiple residues located in different regions of 

the peptide. EGCG is the most effective inhibitor among the four molecules because the OH groups 

on its three major aromatic rings contact the N-terminal (residues L17 to A21), middle (residues 

E22 to G29) and C-terminal (residues A30 to V36) on Aɓ(17-36), which helps stabilize the 

monomer peptide.  

This is our first attempt to incorporate an inhibitor model into the PRIME20 force field. 

Currently, the inhibitor and the peptide are represented with different coarse-grained levels. The 

inhibitor molecule is represented as a mostly united atom model while the peptide is represented 

with three backbone beads and one sidechain bead. In the future, we will improve the geometry of 

the peptide model. We plan to adopt multiple-bead sidechain representations to account for the 

directional ́ -ˊ interaction between the phenolic molecules and aromatic sidechains on the amino 

acids, Phe, Trp and Tyr. We will also improve the potential function between inhibitor sites and 

peptide sidechain sites. Specifically, the energetic parameters between the aromatic carbon sites 

on inhibitor and peptide sidechain sites will be derived from atomistic simulation. In addition, 

experimental measurements could be used to further refine the energetic parameters of our force 

field, including measuring the peptide-molecule binding free energy, the inhibition constant and 

the IC50 of the small molecule. 
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4.4 Methods 

4.4.1 Discontinuous Molecular Dynamics and PRIME20 Force Field 

The simulation method we use in this work is discontinuous molecular dynamics (DMD), 

a fast alternative to traditional molecular dynamics and the PRIME20 force field. [51] In DMD 

simulations, the only time that the velocities and positions need to be recalculated is when a 

discontinuity in the potential is encountered. In contrast, with continuous potentials, the 

simulations are advanced at regularly-spaced time steps. Since DMD advances the simulation on 

a collision-to-collision basis rather than at small predetermined time steps, the technique allows us 

to simulate much longer time scales than traditional molecular dynamics. The PRIME20 force 

field use a four-sphere-per-residue model in which each amino acid residue is represented by three 

backbone spheres, one each for N-H, C-H, and C=O, and one side-chain sphere R. [52] While our 

coarse-grained model sacrifices some of the atomic-level detail and incorporates solvent effects 

implicitly, it captures the major biophysical features of the systems and allows us to simulate larger 

systems for longer time scales. A detailed description of DMD and PRIME20 can be found in other 

papers from our group. [53-55] Here we describe the modifications we have made to the PRIME20 

force field in order to simulate small inhibitor molecules alongside of peptides. 

 

4.4.2 Inhibitor Model - Coarse-Grained Sites, Geometric and Energetic Parameters 

While PRIME20 is well suited for simulations of peptides and proteins, it does not contain 

geometric or energetic parameters for other types of molecules. We therefore had to come up with 

a way to incorporate an inhibitor model into PRIME20 that would be compatible with the 

PRIME20 representation of peptides. The inhibitor model that we devised accounts for eight 

different coarse-grained groups, CH3, CH2, CH, C, OH, O, C=O and H; these are consistent with 
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the three original groups (CH, C=O, NH) used to represent the peptide backbone in PRIME20. 

The hydrogen bonding scheme for the inhibitor model is the same as in PRIME20. [56] Fig. 10 

shows the coarse-grained representations of A) resveratrol, B) EGCG, C) vanillin, and D) 

curcumin with a side bar that shows the 8 coarse-grained groups. 

Next, we defined geometrical and energetic parameters that were consistent with the 

PRIME20 force field. We based the geometric parameters for the new CG groups on the PRIME20 

parameters for the CH3 group, the alanine sidechain group, in PRIME20. In our inhibitor model, 

the aromatic C, CH, CH2 groups all have bead diameters of 2.340Å, which is smaller than the 

diameter, 2.700Å, of an aliphatic carbon bead CH3. (The latter was chosen to be the same as the 

diameter of an alanine sidechain in PRIME20). [57] The diameter for the O group was scaled to 

that of the C group to obtain 2.150Å based on the ratio of atomistic carbon and oxygen van der 

Waals radii, 1.700Å and 1.520Å, respectively. The O-H and O groups were chosen to be the same 

size. Similarly, the diameter for the H group was scaled to that of the C group to be 1.200 Å based 

on the van der Waals radii of carbon and hydrogen. The values for the mass, reduced mass, bead 

diameter ů, well diameter ɚ and square well depth Ů of the eight different coarse-grained sites are 

summarized in Table 1. 

 

4.4.3 Inhibitor Model ï Bond and Pseudo-bond Parameters Obtained from Atomistic 

Simulations 

After defining the coarse-grained inhibitor geometric and energetic parameters, we 

determined the covalent bond length and fluctuation on the inhibitor molecules to model realistic 

molecular motion. In order to do this, the atomistic representation for each inhibitor was 

constructed using Accelrys Discovery Studio [58] and the topology files were generated using 
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SwissParam [59], an automated force field generator for small molecules. The GROMACS 4.5.5 

[60] simulation package, the GROMOS53a6 [61] force field and SPC water are used. Each 

simulation was run with explicit water at 297K in a 5nm cubic box with periodic boundary 

conditions for a total of 10ns. Covalent bond lengths in our coarse-grained inhibitor molecule were 

assigned the values determined by SwissParam. The bond lengths between the C and O-H groups 

(navy sphere and light blue spheres in Fig. 10), between the H and C=O (grey sphere and red 

spheres in Fig. 10) and between the C=O and C groups (red sphere and light blue spheres in Fig. 

10) are taken to be the atomistic bond lengths between C and O, between H and C, and between C 

and C, respectively. The fluctuation ranges of all covalent bonds for each inhibitor molecule are 

determined over the whole simulation trajectory; they were within 3-6% of their assigned value. 

We also determined the pseudo-bond length and fluctuation range. In PRIME20, pseudo-

bonds are used to constrain coarse-grained sphere movement to match the backbone, the torsion 

angle, and the position of the sidechain groups to experimentally-measured values. For the 

inhibitor model, we also use pseudo-bonds to maintain the planar aromatic ring structures of the 

benzene and benzopyran rings as well as the alkene groups. Fig. 11 shows the location of the 

pseudo-bonds in A) resveratrol, B) EGCG, C) vanillin, and D) curcumin. Red bonds constrain 

benzene and benzopyran rings, and green, purple and blue bonds restrain spheres once, twice, and 

three times removed from the rings. The pseudo bond scheme chosen here is a first approximation 

to achieve our goals and will be refined in future work. The pseudo bond lengths for benzene and 

benzopyran rings fluctuate between 2.60Å and 2.92Å. Pseudo-bonds for spheres once removed, 

twice removed and three times removed from a ring fluctuate between 2.21Å and 2.50Å, between 

2.24Å and 2.57Å, and between 2.73Å and 3.80Å. 
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We compare the most populated conformations for the four molecules in the coarse-

grained simulations to those in the atomistic simulations in Fig. S2. In Fig. S2, we see that 

vanillin has a rigid conformation in both CG and atomistic simulations. The conformations of 

resveratrol, curcumin and EGCG observed in both CG and atomistic simulations are structurally 

similar except for the relative positions of the aromatic ring groups. Curcumin is more flexible 

than the other three molecules in that it adopts multiple conformations in both atomistic and CG 

simulations. The ñextendedò conformations of curcumin observed in both simulations are similar 

to each other. However, in atomistic simulation, the carbon linker can bend so strongly that the 

two aromatic groups stack together, but such ñclosedò conformations are not observed in CG 

simulations. 

 

4.4.4 Inhibitor Model - Energetic Parameters  

The well depth Ů between the C, CH and CH2 groups has the same value as that of the 

alanine side chain group (CH3). The hydrogen bonding groups O-H, O and C=O on inhibitor 

molecules all have the same well width ɚ and well depth Ů to maintain compatibility with our 

current hydrogen bonding routine. When the hydrogen bonding event involves the terminal 

groups, e.g. N-H2, C=O and O-H, it skips normal judging criteria and instead takes place with a 

probability of 0.2. The H group on vanillin is included as a separate group in the model to 

maintain the hydrogen bonding subroutine used in PRIME20 force field. It has a hard sphere 

interaction with all the other groups. 
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4.4.5 PRIME20 Force Field and Aɓ(17-36) Peptide Model 

In this work, we made a few adjustments to the original PRIME20 force field. [62] In 

previous DMD simulations of 8 Aɓ(17-42) peptides by Cheon et al., the original PRIME20 force 

field was augmented to include: double-well potentials for all of the side-chain pair interactions, 

parallel preference constraints for backbone hydrogen bond angles [63], and enhanced salt-bridge 

interaction between D23 and K28 (ŮD23-K28=0.4ŮHB) [62] where ŮHB is the hydrogen bonding energy 

between NH and C=O. In this work, we keep the parallel preference constraints for backbone 

hydrogen bond angle and the enhanced salt-bridge D23-K28 interaction but we maintain single 

well potentials for all of the side-chain pair interactions. Additionally, we include an enhanced 

hydrophobic interaction between F19 and L34, and between F19 and I32 (ŮF19-L34=ŮF19-

I32=0.305ŮHB, 1.5 times its original value) since the hydrophobic sidechain interactions between 

F19 and L34 are evidently important in stabilizing the U-shaped fibril. [45, 64] This treatment 

helps bias the system toward forming a U-shaped protofilament and reduces the complexity of 

aggreagtion pathway. 

 

4.4.6. Simulation Procedure - Coarse-Grained Peptide/Inhibitor Simulation  

The coarse-grained Aɓ(17-36)/inhibitor simulations proceed in the following way. Peptides 

and inhibitor molecules (if inhibitors are also being simulated) are initially placed at random 

locations in a cubic simulation box with sides of lengths L = 138.5¡ and periodic boundary 

conditions. In these simulations, the reduced temperature is defined as T* = kBT/ŮHB where ŮHB is 

the hydrogen bonding well depth. The reduced temperature is related to real temperature by 

matching the folding temperature of helical polypeptides measured in experiments and our DMD 

simulation. The equation T/K = 2288.46T*- 115.79 was derived in our previous work. [65]The 
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reduced time is related to real time by using the conversion factor, 1 reduced time unit, ȹtreduced = 

0.46 ns which was used in our previous work. [65] Velocities for each peptide and inhibitor sphere 

are chosen randomly from a Maxwell-Boltzmann distribution that is centered at the desired 

temperature. The simulation temperature is set to T* = 0.20, corresponding to a real temperature of 

342K, and is held constant using the Andersen thermostat. [66] Spheres in the simulation 

experience random ñghost collisionsò with ñghost particlesò so that the system temperature is 

maintained at the desired value. We first simulated a system of 8 Aɓ(17-36) peptides as this could 

serve as the benchmark for peptide-inhibitor simulations. The six peptide-only simulations lasted 

between 35 and 49 ɛs. Then we ran four different types of peptide/inhibitor simulations for each 

of four molecules, vanillin, curcumin, resveratrol and EGCG: (1). one peptide interacting with ten 

inhibitors; (2). eight peptides aggregating with thirty inhibitors; (3).one protofilament (octamer) 

interacting with thirty inhibitors; (4). eight peptides aggregating in the presence of one 

protofilament (octamer) and thirty inhibitors. 

 

4.5 Acknowledgement 

This work was supported by National Institutes of Health Grants EB006006 and in part by 

National Science Foundation Research Triangle Materials Research Science and Engineering 

Centers (MRSEC) Grant DMR-1121107. The authors declare that they have no conflicts of 

interest. 

Abbreviation: Aɓ-Amyloid ɓ protein; EGCG- epigallocatechin-3-gallate. 

Keywords: discontinuous molecular dynamics; protein aggregation; polyphenol; Amyloid ɓ; 

inhibitory mechanism.  

 



   

138 

 

4.6 References 

1.  L.K. Wolf. Getting to Alzheimer's Early.  Chemical & Engineering News [Online]2014. p. 

 41. 

2.  G. Kolata. Doubt on Tactic in Alzheimer's Battle.  The New York Times [Online]2010. 

3.  G. Kolata. Drug Trials Test Bold Plan to Slow Alzheimer's.  The New York Times 

 [Online]2010. 

4.  A.J. Doig, M.P. del Castillo-Frias, O. Berthoumieu, B. Tarus, J. Nasica-Labouze, F. 

 Sterpone, et al., Why Is Research on Amyloid-ɓ Failing to Give New Drugs for Alzheimer 

 Disease? ACS Chemical Neuroscience. 8 (2017) 1435-1437. 

5.  M. Necula, R. Kayed, S. Milton, C.G. Glabe, Small Molecule Inhibitors of Aggregation 

 Indicate That Amyloid ɓ Oligomerization and Fibrillization Pathways Are Independent and 

 Distinct, Journal of Biological Chemistry. 282 (2007) 10311-10324. 

6.  Y. Nakagami, S. Nishimura, T. Murasugi, I. Kaneko, M. Meguro, S. Marumoto, et al., A 

 novel ɓ-sheet breaker, RS-0406, reverses amyloid ɓ-induced cytotoxicity and impairment 

 of long-term potentiation in vitro, British Journal of Pharmacology. 137 (2002) 676-682. 

7.  P. Nguyen, P. Derreumaux, Understanding Amyloid Fibril Nucleation and Aɓ 

 Oligomer/Drug Interactions from Computer Simulations, Accounts of Chemical Research. 

 47 (2014) 603-611. 

8.  A.J. Doig, P. Derreumaux, Inhibition of protein aggregation and amyloid formation by 

 small molecules, Current Opinion in Structural Biology. 30 (2015) 50-56. 

9.  J. Kim, H.J. Lee, K.W. Lee, Naturally occurring phytochemicals for the prevention of 

 Alzheimerôs disease, Journal of Neurochemistry. 112 (2010) 1415-1430. 

10.  A.Y. Sun, Q. Wang, A. Simonyi, G.Y. Sun, Botanical Phenolics and Brain Health, 



   

139 

 

 Neuromolecular Medicine. 10 (2008) 259-274. 

11.  Y. Porat, A. Abramowitz, E. Gazit, Inhibition of amyloid fibril formation by polyphenols: 

 Structural similarity and aromatic interactions as a common inhibition mechanism, 

 Chemical Biology & Drug Design. 67 (2006) 27-37. 

12.  A.A. Reinke, J.E. Gestwicki, Structure-activity relationships of amyloid beta-aggregation 

 inhibitors based on curcumin: Influence of linker length and flexibility, Chemical Biology 

 & Drug Design. 70 (2007) 206-215. 

13.  J.H. Jang, Y.J. Surh, Protective effect of resveratrol on beta-amyloid-induced oxidative 

 PC12 cell death, Free Radical Biology and Medicine. 34 (2003) 1100-1110. 

14.  E. Savaskan, G. Olivieri, F. Meier, E. Seifritz, A. Wirz-Justice, F. Muller-Spahn, Red wine 

 ingredient resveratrol protects from beta-amyloid neurotoxicity, Gerontology. 49 (2003) 

 380-383. 

15.  S.S. Karuppagounder, J.T. Pinto, H. Xu, H.L. Chen, M.F. Beal, G.E. Gibson, Dietary 

 supplementation with resveratrol reduces plaque pathology in a transgenic model of 

 Alzheimer's disease, Neurochemistry International. 54 (2009) 111-118. 

16.  Y.S. Han, W.H. Zheng, S. Bastianetto, J.G. Chabot, R. Quirion, Neuroprotective effects of 

 resveratrol against beta-amyloid-induced neurotoxicity in rat hippocampal neurons: 

 involvement of protein kinase C, British Journal of Pharmacology. 141 (2004) 997-1005. 

17.  P. Marambaud, H.T. Zhao, P. Davies, Resveratrol promotes clearance of Alzheimer's 

 disease amyloid-beta peptides, Journal of Biological Chemistry. 280 (2005) 37377-37382. 

18.  Y. Chebaro, P. Jiang, T. Zang, Y. Mu, P.H. Nguyen, N. Mousseau, et al., Structures of A 

 beta 17-42 Trimers in Isolation and with Five Small-Molecule Drugs Using a Hierarchical 

 Computational Procedure, Journal of Physical Chemistry B. 116 (2012) 8412-8422. 



   

140 

 

19.  Y. Feng, X.P. Wang, S.G. Yang, Y.J. Wang, X. Zhang, X.T. Du, et al., Resveratrol inhibits 

 beta-amyloid oligomeric cytotoxicity but does not prevent oligomer formation, 

 Neurotoxicology. 30 (2009) 986-995. 

20.  J. Wang, L. Ho, Z. Zhao, I. Seror, N. Humala, D.L. Dickstein, et al., Moderate consumption 

 of Cabernet Sauvignon attenuates A beta neuropathology in a mouse model of Alzheimer's 

 disease, Faseb Journal. 20 (2006) 2313-2320. 

21.  S.A. Frautschy, W. Hu, P. Kim, S.A. Miller, T. Chu, M.E. Harris-White, et al., Phenolic 

 anti-inflammatory antioxidant reversal of A beta-induced cognitive deficits and 

 neuropathology, Neurobiology of Aging. 22 (2001) 993-1005. 

22.  G.P. Lim, T. Chu, F. Yang, W. Beech, S.A. Frautschy, G.M. Cole, The Curry Spice 

 Curcumin Reduces Oxidative Damage and Amyloid Pathology in an Alzheimer Transgenic 

 Mouse, The Journal of Neuroscience. 21 (2001) 8370-8377. 

23.  M. Garcia-Alloza, L.A. Borrelli, A. Rozkalne, B.T. Hyman, B.J. Bacskai, Curcumin labels 

 amyloid pathology in vivo, disrupts existing plaques, and partially restores distorted 

 neurites in an Alzheimer mouse model, Journal of Neurochemistry. 102 (2007) 1095-1104. 

24.  K. Ono, K. Hasegawa, H. Naiki, M. Yamada, Curcumin has potent anti-amyloidogenic 

 effects  for Alzheimer's beta-amyloid fibrils in vitro, Journal of Neuroscience Research. 75 

  (2004) 742-750. 

25.  F.S. Yang, G.P. Lim, A.N. Begum, O.J. Ubeda, M.R. Simmons, S.S. Ambegaokar, et al., 

 Curcumin inhibits formation of amyloid beta oligomers and fibrils, binds plaques, and 

 reduces amyloid in vivo, Journal of Biological Chemistry. 280 (2005) 5892-5901. 

26.  S.T. Ngo, M.S. Li, Curcumin Binds to A beta(1-40) Peptides and Fibrils Stronger Than 

 Ibuprofen and Naproxen, Journal of Physical Chemistry B. 116 (2012) 10165-10175. 



   

141 

 

27.  L.N. Zhao, S.W. Chiu, J. Benoit, L.Y. Chew, Y.G. Mu, The Effect of Curcumin on the 

 Stability of A beta Dimers, Journal of Physical Chemistry B. 116 (2012) 7428-7435. 

28.  Y.T. Choi, C.H. Jung, S.R. Lee, J.H. Bae, W.K. Baek, M.H. Suh, et al., The green tea 

 polyphenol (-)-epigallocatechin gallate attenuates beta-amyloid-induced neurotoxicity in 

 cultured hippocampal neurons, Life Sciences. 70 (2001) 603-614. 

29.  J. Bieschke, J. Russ, R.P. Friedrich, D.E. Ehrnhoefer, H. Wobst, K. Neugebauer, et al., 

 EGCG  remodels mature alpha-synuclein and amyloid-beta fibrils and reduces cellular 

 toxicity, Proceedings of the National Academy of Sciences of the United States of America. 

 107 (2010) 7710-7715. 

30.  K. Rezai-Zadeh, G.W. Arendash, H.Y. Hou, F. Fernandez, M. Jensen, M. Runfeldt, et al., 

 Green tea epigallocatechin-3-gallate (EGCG) reduces beta-amyloid mediated cognitive 

 impairment and modulates tau pathology in Alzheimer transgenic mice, Brain Research. 

 1214 (2008) 177-187. 

31.  Y. Levites, T. Amit, S. Mandel, M.B.H. Youdim, Neuroprotection and neurorescue against 

 A beta toxicity and PKC-dependent release of non-amyloidogenic soluble precursor protein 

 by green tea polyphenol (-)-epigallocatechin-3-gallate, Faseb Journal. 17 (2003) 952-954. 

32.  D.E. Ehrnhoefer, J. Bieschke, A. Boeddrich, M. Herbst, L. Masino, R. Lurz, et al., EGCG 

 redirects amyloidogenic polypeptides into unstructured, off-pathway oligomers, Nature 

 Structural & Molecular Biology. 15 (2008) 558-566. 

33.  S. Bastianetto, Z.X. Yao, V. Papadopoulos, R. Quirion, Neuroprotective effects of green 

 and black teas and their catechin gallate esters against beta-amyloid-induced toxicity, 

 European Journal of Neuroscience. 23 (2006) 55-64. 

34.  F.F. Liu, X.Y. Dong, L.Z. He, A.P.J. Middelberg, Y. Sun, Molecular Insight into 



   

142 

 

 Conformational Transition of Amyloid beta-Peptide 42 Inhibited by (-)-Epigallocatechin-

 3-gallate Probed by Molecular Simulations, Journal of Physical Chemistry B. 115 (2011) 

 11879-11887. 

35.  S.H. Wang, X.Y. Dong, Y. Sun, Thermodynamic Analysis of the Molecular Interactions 

 between Amyloid beta-Protein Fragments and (-)-Epigallocatechin-3-gallate, Journal of 

 Physical Chemistry B. 116 (2012) 5803-5809. 

36.  T. Zhang, J. Zhang, P. Derreumaux, Y.G. Mu, Molecular Mechanism of the Inhibition of 

 EGCG on the Alzheimer A beta(1-42) Dimer, Journal of Physical Chemistry B. 117 (2013) 

 3993-4002. 

37.  L.M. Young, J.C. Saunders, R.A. Mahood, C.H. Revill, R.J. Foster, L.-H. Tu, et al., 

 Screening and classifying small molecule inhibitors of amyloid formation using ion 

 mobility spectrometry-mass spectrometry, Nature Chemistry. 7 (1) 73-81. 

38.  A.R.A. Ladiwala, J.C. Lin, S.S. Bale, A.M. Marcelino-Cruz, M. Bhattacharya, J.S. Dordick, 

 et al., Resveratrol Selectively Remodels Soluble Oligomers and Fibrils of Amyloid A beta 

 into Off-pathway Conformers, Journal of Biological Chemistry. 285 (2010) 24228-24237. 

39.  J.M. Lopez del Amo, U. Fink, M. Dasari, G. Grelle, E.E. Wanker, J. Bieschke, et al., 

 Structural Properties of EGCG-Induced, Nontoxic Alzheimer's Disease A beta Oligomers, 

 Journal of Molecular Biology. 421 (2012) 517-524. 

40.  K. Rajasekhar, M. Chakrabarti, T. Govindaraju, Function and toxicity of amyloid beta and 

 recent therapeutic interventions targeting amyloid beta in Alzheimer's disease, Chemical 

 Communications. 51 (2015) 13434-13450. 

41.  M. Convertino, A. Vitalis, A. Caflisch, Disordered Binding of Small Molecules to A 

 beta(12-28), Journal of Biological Chemistry. 286 (2011) 41578-41588. 



   

143 

 

42.  M. Naldi, J. Fiori, M. Pistolozzi, A.F. Drake, C. Bertucci, R. Wu, et al., Amyloid ɓ-Peptide 

 25ï35 Self-Assembly and Its Inhibition: A Model Undecapeptide System to Gain Atomistic 

 and Secondary Structure Details of the Alzheimerôs Disease Process and Treatment, ACS 

 Chemical Neuroscience. 3 (2012) 952-962. 

43.  C. Bleiholder, T.D. Do, C. Wu, N.J. Economou, S.S. Bernstein, S.K. Buratto, et al., Ion 

 Mobility Spectrometry Reveals the Mechanism of Amyloid Formation of Aɓ(25ï35) and 

 Its Modulation by Inhibitors at the Molecular Level: Epigallocatechin Gallate and Scyllo-

 inositol, Journal of the American Chemical Society. 135 (2013) 16926-16937. 

44.  M. Ahmed, J. Davis, D. Aucoin, T. Sato, S. Ahuja, S. Aimoto, et al., Structural conversion 

 of neurotoxic amyloid-beta(1-42) oligomers to fibrils, Nature Structural & Molecular 

 Biology. 17 (2010) 561-567. 

45.  M. Chandrakesan, B. Sarkar, V.S. Mithu, R. Abhyankar, D. Bhowmik, S. Nag, et al., The 

 basic structural motif and major biophysical properties of Amyloid-beta are encoded in the 

 fragment 18-35, Chemical Physics. 422 (2013) 80-87. 

46.  M. Zhu, A. De Simone, D. Schenk, G. Toth, C.M. Dobson, M. Vendruscolo, Identification 

 of small-molecule binding pockets in the soluble monomeric form of the A beta 42 peptide, 

 Journal of Chemical Physics. 139 (2013). 

47.  D. Frishman, P. Argos, Knowledge-based protein secondary structure assignment, Proteins-

 Structure Function And Genetics. 23 (1995) 566-579. 

48.  W. Humphrey, A. Dalke, K. Schulten, VMD: Visual molecular dynamics, Journal Of 

 Molecular Graphics & Modelling. 14 (1996) 33-38. 

49.  M. Chandrakesan, D. Bhowmik, B. Sarkar, R. Abhyankar, H. Singh, M. Kallianpur, et al., 

 Steric Crowding of the Turn Region Alters the Tertiary Fold of Amyloid-beta(18-35) and 



   

144 

 

 Makes It Soluble, Journal of Biological Chemistry. 290 (2015) 30099-30107. 

50.  S. Kim, Wenling E. Chang, R. Kumar, Dmitri K. Klimov, Naproxen Interferes with the 

 Assembly of A beta Oligomers Implicated in Alzheimer's Disease, Biophysical Journal. 

 100 (2011) 2024-2032. 

51.  B.J. Alder, T.E. Wainwright, STUDIES IN MOLECULAR DYNAMICS .1. GENERAL 

 METHOD, Journal Of Chemical Physics. 31 (1959) 459-466. 

52.  C. Wu, J.-E. Shea, Coarse-grained models for protein aggregation, Current opinion in

 structural biology. 21 (2011) 209-220. 

53.  M. Cheon, I. Chang, C.K. Hall, Extending the PRIME model for protein aggregation to all 

 20 amino acids, Proteins-Structure Function And Bioinformatics. 78 (2010) 2950-2960. 

54.  H.D. Nguyen, C.K. Hall, Molecular dynamics simulations of spontaneous fibril formation 

 by random-coil peptides, Proceedings Of the National Academy Of Sciences Of the United 

 States Of America. 101 (2004) 16180-16185. 

55.  A.J. Marchut, C.K. Hall, Spontaneous formation of annular structures observed in 

 molecular dynamics simulations of polyglutamine peptides, Computational Biology and 

 Chemistry. 30 (2006) 215-218. 

56.  A.V. Smith, C.K. Hall, alpha-helix formation: Discontinuous molecular dynamics on an 

 intermediate-resolution protein model, Proteins-Structure Function And Genetics. 44 

 (2001) 344-360. 

57.  L.J. Yang, C.H. Tan, M.J. Hsieh, J.M. Wang, Y. Duan, P. Cieplak, et al., New-generation 

 amber united-atom force field, Journal Of Physical Chemistry B. 110 (2006) 13166-13176. 

58.  A.S. Inc., Discovery studio modeling environment, release 4.0.  (2013). 

59.  V. Zoete, M.A. Cuendet, A. Grosdidier, O. Michielin, SwissParam: A Fast Force Field 



   

145 

 

 Generation Tool for Small Organic Molecules, Journal Of Computational Chemistry. 32 

 (2011) 2359-2368. 

60.  S. Pronk, S. Pall, R. Schulz, P. Larsson, P. Bjelkmar, R. Apostolov, et al., GROMACS 4.5: 

 a high-throughput and highly parallel open source molecular simulation toolkit, 

 Bioinformatics. 29 (2013) 845-854. 

61.  C. Oostenbrink, A. Villa, A.E. Mark, W.F. Van Gunsteren, A biomolecular force field based 

 on the free enthalpy of hydration and solvation: The GROMOS force-field parameter sets 

 53A5 and 53A6, Journal Of Computational Chemistry. 25 (2004) 1656-1676. 

62.  M. Cheon, C.K. Hall, I. Chang, Structural Conversion of A beta(17-42) Peptides from 

 Disordered Oligomers to U-Shape Protofilaments via Multiple Kinetic Pathways, Plos 

 Computational Biology. 11 (2015) e1004258. 

63.  M. Cheon, I. Chang, C.K. Hall, Influence of temperature on formation of perfect tau 

 fragment fibrils using PRIME20/DMD simulations, Protein Science. 21 (2012) 1514-1527. 

64.  Y.L. Xiao, B.Y. Ma, D. McElheny, S. Parthasarathy, F. Long, M. Hoshi, et al., A beta(1-42) 

 fibril structure illuminates self-recognition and replication of amyloid in Alzheimer's 

 disease, Nature Structural & Molecular Biology. 22 (2015) 499-505. 

65.     Y. Wang, Q. Shao, C.K. Hall, N-terminal Prion Protein Peptides (PrP(120ï144)) Form 

 Parallel In-register ɓ-Sheets via Multiple Nucleation-dependent Pathways, Journal of 

 Biological Chemistry. 291 (2016) 22093-22105. 

66.      H.C. Andersen, Molecular dynamics simulations at constant pressure and/or temperature, 

 Journal of Chemical Physics. 72 (1980) 2384-2393. 

 



   

146 

 

 

Figure 4.1. Simulation snapshots showing the pathway along which 8 Aɓ(17-36) peptides form a 

parallel in-register ɓ-sheet-rich U-shaped protofilament via a templated-growth mechanism. 

Snapshots are taken at t = (A) 0, (B) 6079, (C) 7838, (D) 12190, (E) 103775 (ns). F is a schematic 

side-view representation of the U-shaped protofilament in E. G shows the time evolution of the 

systems total interaction energy (kJ/mol). 
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Figure 4.2. Root mean square displacement (RMSD) of 4 inhibitor molecules versus simulation 

time from both atomistic (A) amd coarse-grained (B) simulations, respectively. The reference 

structures for RMSD calculation are their initial structures. C. Number of contacts between 

inhibitors and individual amino acids on Aɓ(17-36) peptide and; D. Plot of the radial distribution 

function g(r) of the center of mass distance between the F19 sidechain on Aɓ(17-36) peptide and 

the four inhibitor molecules.  
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Figure 4.3. Simulation snapshots of 8 Aɓ(17-36) peptides aggregating in the presence of 30 

vanillin and EGCG molecules taken at different time points. The peptides are colored blue, the 

inhibitors are colored magenta, respectively. 
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Figure 4.4. Number of hydrogen bonds formed as a function of time during Aɓ(17-36) peptides 

aggregation in the absence and presence of 30 vanillin, resveratrol, curcumin, EGCG molecules. 
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Figure 4.5. (A) Peptide sidechain-sidechain and (B) sidechain-inhibitor interaction energy 

distribution. (Hydrophobic residues are highlighted in blue). 
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Figure 4.6. The interaction energy map of Aɓ(17-36) peptide and (A) vanillin, (B) resveratrol, 

(C) curcumin and (D) EGCG. The scale bar applies for A-D and its unit is kJ/mol. The inhibitor 

CG sites are grouped by CG types. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


