ABSTRACT

WANG, YIMING. Understandingn Vitro Amyloid Formation andinhibition Using Coarse
GrainedSimulations (Under the direction of DiCarol K. Hal).

The misfolding and aggregation of specific native proteins in mammalian brains, and the
subsequentformation of amyloid plaques plays a central role innamber of fatal
neurodegenerative diseases, includinghe Al zhei mer 6s, Par lPiomsonods,
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 understaoidiig vitro protein
aggregation.

Firstly, we investigate the aggregation kinetensdamyloid coe structure®f threeprion
proteinfragmentorresponding to residues 120 to 144 of human (Hu), bank vole (BV) and Syrian
hamster (SHa) prion proteusingdiscontinuous molecular dynarmsisimulations (DMD)andthe
PRIME20 force field We find thatHuPrPL20-144 has a shorter aggregation lag phase than
BVPrP120-144, followed by SHaPrP20-144, consistent with experimental findingéd/e also
investigaé the molecular mechanism afeedtemplating aggregation of three prion protein
peptides. We find thathe pe-formed protofilament (seed) accelerates the aggregation of the
monomer peptides by eliminating the lag pha3ge monomer aggregation kinetics anainly
determined by the structure of the seEdr crossseeding aggregation,eashow thaHu has a
strongtendency to adopt the conformation of the BV seed and vice vers&jutlend BV
monomers have a weak tendency to adopt the conformation ofithes&d.

Next, we developa coarsegrained inhibitormodelthat is compatible with the PRIME20
protein modelto examine the effect gbhenolic molecule®n t he aggr e8&Gti on

peptidesFrom simulatinghe dynamics of the interactions between fotibitor molecules and



A b (-36Ymonomer, oligomer angrotofilament we find that he rank order of effectiveness
inhibiting A b (-36Y aggregatiois : EGCG > resveratrol > curcumin > vanillicgnsistent with
experimental findings otheir ability toin hi bi t f ul | | eNeglsolearnitat thfiei b r i | |
inhibition effect of EGCG is specific to the peptide sequence whise ofresveratrol ad
curcuminare nonrspecific in that they stem frostrong interference with hydrophobic sidechain
associdabn, regardless adher e s i d u e sadd péptde seuencen

We probe the aggregation properties of three peptides (P1, P2 and P3 corresponding to
residues 32637, 387405 and 426142, respectively) derived from the myocilin olfactomedin
domain whichis associated with inherited open angle glaucoma. DMD/PRIME20 simulations
predictthatonly P1 and P3 are aggregatiprone; P1 consistently forms fibar aggregates with
parallel inregisterb-sheets whereas P3 forms heterogenéeslseetrich aggregatesThe natural
abundanceé®C solidstate NMR spectra supports onrsilico observation.

We calculatean equilibrium concentration and temperature phadiagramfor the
amyloidogenic peptig, Abie22. Our results reveal that the only thermodynaaihycstable phases
arethe solution phase and the macroscopic fibrillar presdthat therealsoexists a hierarchy of
metastable phase$he boundary line étween the solution phase and fibril phase is found by
calculating the temperatudependent sohility of a macroscopi@bie.22 fibril consisting of an
infinite number ofb-sheet layers. Crucially, the silico prediction ofAbis22solubilitiesover the
temperature range of3l7°C agrees well with our fibrillation experiments.

We explore the strugtal mechanism of amyloid assembly by amadgthe ceaggregation
of sfatndicAD two widely studi esi nppelpitd adtee df riang m&Inz
di sease. Using a combination of biochemical a

»increases the agoghroaghatsuriace catalysedt secorfdarymbcleation



mechanism. The same system is also modekatyDMD/PRIMEZ20, whichprovides molecular

insights into the caggregationmechanism.
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CHAPTER 1

Motivation and Overview
1.1 Motivation

The misfolding and aggregation of protein into amyloid plaques in the hbnaam is
associated with over fifty types of fat al n e
Parkinsonds, Hunt i ngResearghshypothdsize thenmylétdfornsation d i s e a ¢
is the primary cause of these fatal disepsi@s is theso-called amyloidcascadehypothesis-?

Although amyloid research has been going on for over thirty yeardnthio and in vitro
mechanismunderlying amyloid formation andhe associateddisease pathology still remain
unclear® To date, ther@reno dfective therapeutic treatments for any amyloid diseasbih
pox a big threat to public healtorldwide.* The failuresof dlinical trials for manypromising
drug candidatesver the last decadmcludingverubecestatand aducanumél suggesthatthe
development of effectiviegeatments is still in its infancyortunatelythe good new is thatrecent
developedantibody drug BAN2401’ aimed at binding to the Amyloid-b protofibril, has been
found to slow down or alleviate patient demeti@othercognitivesymptoms.

Over the past thirty years, researchers hdeeelopeda variety of biophysical and
biochemicalexperimentabpproaches$o characterize anthvestigate myloid formatia in vitro
andin vivo. Atomic force microscopy (AFM) has been applied to examine fibril length and width
distribution,® and to track the dynamics of fibril growthy attaching fibrils onto a surface-rdy
crystallography habeen used tdetermine fibril structuré® from diffraction patterns for fibril
microcrystaldormed by short amyloidogenic peptides. Circular dichroism spectroscopy (CD) and
Fouriertransform infraredspectroscopy (FTIR) have been applied to measuresgbendary

structure profile of proteins during the aggregation prote€sFlorescent dyes such akidflavin



T+ and Congo reld have been widely used to identify amyloid formation and to track fjlvth
kinetics.Notably, he application of soligtate mclearmagnetic resonance spectroscgsNMR)

and cryeelectron microscopy (Cry&M) are magnificent achievements in elucidating the
polymorphic molecular structure of amyloid fibrils formed bg amyloidb(1-40)'°, amyloidb(1-

42)'6 USynuclein proteit, b2 microglobulit® and tau proteitf. In addition, on mobility
spectrometrymass spectrometrfMS-MS) has been applied to detect the distribution of small
oligomeric aggregates based ondifeerencei n s a mp | e s 6-sectionbl breasandehargec r 0 s S
to mass ratig?

Theoreticaland computationahpproaches have also been developed to study protein
aggregation. Firstly, atomistic molecular dynamics simulations are mainly applied totls¢udy
strucural stability of a prdormed fibriP! and the earhstage oligomerizatici process for small
systems (<eight peptides). The computational challenge for atomistic simulations in modeling
protein aggregation is its inability to sample enough configuratispace and reach the global
energy minimum state of a large peptide systean with very long runs. To fill this gap, a number
of high-resolution coarsgrained protein models such as MARTIRIOPERP* and AWSEM®
have been developed to study proteifdifty and protein aggregation. The common issue for
coarsegrained protein maels 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
techngues such as metadynanifcand umbrella samplifghave been used in conjuimn with
molecular dynamics simulations to study fibril nucleation and fibril elongation as well as to
construct aggregation free energy landscaf3és.

Over the last fifteensars, Hall and cavorkers have been working on developing coarse

grained modis for simulating protein aggregation. In 2004, Ngugeal3° applied discontinuous



molecular dynamics simulation (DMD) in combination with an intermediate resolution protein
model called PRIME to simulate the dynamic aggregation process of 48 polygapeutides from
random coils to fibrillar structures. In 2010, Chedal 3 extended the PRIME model to PRIME20
which could model sequenspecific peptides with twenty differeamino acidsThe PRIME20
force field takes into accoutibe directional hydogen bonding between backbone atoms. The
sidechainrsidechain polar, electrostatic and hydrophobic interactions between each pair of
interacting amino acid residues are uniquee €hergetic parameters were obtained by fitting to
the structures of 711 naé-state globular proteins in the Protein Data Bank (P&®R) 2 million
decoyed structure®MD/PRIME20 simulations are quite fast and can access time scales of the
or der 3§theldh@est eusto date is 573¢sThe ability to access long time scabdlows 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 at@nsistiulations except for very
small systems. DMD/PRIME20 simulations haverbegtensivelyalidatedagains experimenal
measurements annumber of systems includingh@6-22), Ab(17-42) and tau protein fragment,
3437 and found to give a relatively realistic snapshot of the structures that form and the events that
occur as amylid diseaseelated protein fragments aggregateitro.

The goal ofthe work in ths thesisis to apply moleculasimulation techniquesyith the
help of modern biophysical techniques (e.g. mass spectrometry, photdirtkirgs techniques
and solid-state NMR spectroscopy)o tackle key fundamental questienunderlyng in vitro
amyloid formatim. Specifically, we examine the naseeding, seeding and cres=eding
aggregation of prion protein fragments, the inhibitory effect of polyphenols futh7/36)

aggregation, the aggregation propensities and structural polymorphism of glaassmated



myocilin protein fragments, the phase behavior of th€lA:-22) peptide and the eaggregation

of Ab(1-40) with Ab(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.

1.2.1N-Terminal Prion Protein Peptides (PrR120-144)) Form Parallel In-Re g i s-theets b
via Multiple Nucleation-Dependent Pahways

The prion diseases are a family of fatal neurodegenerative diseases associated with the
misfolding and accumulation of normal prion protein ®riito its pathogenic scrapie form
(PrP9. Understanding the fundamentals of prion protein aggregatimh the molecular
architecture of Pr®is key to unravelling the pathology of prion diseasds: work investigates
the earlystage aggregation of three prion protein peptides, correspomdiegitiues 120 to 144
of human (Hu), bank vole (BV) and Syriararhster (SHa) prion protein, from disordered
mo n 0 me fsheetriclofibritlar structures. Using discontinuous molecular dynamics simulation
combined with the PRIME20 force field, we find tla¢ Hu, BV and Sha PrP12@14 aggregate
via multiple nucleatiordependent pathways to ford-shaped, $ h a p e d -slaped q
protofilaments. The Shaped HUPrP20-144protofilament is similar to the amyloid core structure
of HUPrP112141 predicted by Zwecketter. HuPrPL20-144 has a shorter aggregation lag phase
than BVPrR20-144, followed by SHaPrP20-144, consistent with experimental findings. Two
amino acid substitutions 1138M and 1139M retard thenfation of parallel ir e g i sheetr b

dimers during the nucldah stage by increasing sidechaidechain association and reducing



sidechain interaction specificitPn average, HUPdR0-144a ggr egat es cont ai n
sheet content than thoserfoed by BV and SHRrPL20-144. Deletion of Gterminal residues B3

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 1138M, 1139M and S143N

affect prion protein aggregation kinetics.

1.22 Seeding and CossSeeding of NTerminal Prion Protein Peptides PrK120-144)

Prion diseases are infemis neurodegenerative diseases that are capablessspecies
transmissionthus arousingublic health concerns. Se&mplating propagation of prion protein
is believed to underlie prion crospecies transmission pathology. Understanding the molecular
fundamentals of prion propagation is key to unravelling the pathology of prion diskatgs.
work, we use coarsgrained molecular dynamics tovestigaé the seding and crosseeding
aggregation ofhree prion protein fragments PrP(1284) originaing from human (Hu), bank
vole (BV) and Syrian hamster (SHa). We find thia¢ seed acceldes the aggregation of the
monomer peptides by eliminating the lag pha3se monomer aggregation kinetics are mainly
determined by the structure of the se&te stronger the hydrophobic residuamsthe seed
associate with each other, the higtierprobaility thatthe seed recruits monomer peptittegs
surfacelinterfacg-or crossseeding aggregation,easshow thaHu has a strong tendency to adopt
the conformation of the BV seed and vice versaHh@ndBVY monomers have a weak tendency
to adopt theonformation of the Baseed. These two findings are consistent with tipeemental
findingsof Apostolet al on PrP(1381L43) and partially consistent with the finding of Joaeal
on PrR23-144). We alsoidentify several conformational mismatchesemhSHa crosseeds BV

and Hu peptides, indicatingeexistence of a crosseeding barrier between SHa dheothertwo

m (



sequence This work sheds light on thmolecular mechanism @kedtemplatingaggregation of

prion protein fragmentsnderlying the sguencedependat transmission barnien prion diseases

1.3Aggr egaftbhi@Bbi)n t he Presence of Natwurally Oc:¢
Using -Goarsed Simulations

Although somenaturallyoccurring polyphenols havebeero und t o i nhi bit am
formation and reduce neuron cell toxicity in vittbeir exact inhibitory mechanism is unknown.
In this work, discontinuous molecular dynam{EaMD) combined with the PRIME20 foe field
and a newhbuilt inhibitor model are performed to examine the effect of vanillin, resveratrol,
curcumin and epigallocatechBig al | at e ( EGCG) on 136) peptalesfpure gat i o
sets of peptide/inhibitor simulations are performmedvhich inhibitors: (1)bi nd t-86) Ab ( 17
monomer; (2) interferwi t h -36p ¢lidgoimerization; (3) disrupt a pfeor me d -36A b ( 1 7
protofilament; (4) prevent the gratvo f  A-B6) fdratofilament.The singlering compound,
vanillin, slightly slows down but aemot inhibit the formation of a d haped-36Ab ( 17
protofilament.The multiplering compounds, EGCG, resveratrol and curcymédirect o ( 1 7
36) from a fibrillar aggregat® an unstructured oligoméeFhethree aromatic groups theEGCG
moleculeare ina stereo (nonplanar) configuration, helpingahtact theN-termind, middle and
C-terminalregiors of the peptideResveratrol and cuumin bindonly to the hydrophobicesidues
nearthe peptide terminiThe rank order of inhibitory effectivenestA b (-36Y aggregation is
EGCG > resveratrol > curcumin > vanilliegnsistent with experimental findings on inhibiting full
| e ngt h llatoh. Furthebmore, we learn that the inhibition effect of EGCGpiscific to the
peptide sequence whitkose ofresveratrol and curcumare norspecific in that they stem from

strong interference with hydrophobic sidechain associategardless other e si dues 6 | oc.



and peptide sequend@ur studies providenolecularlevel insights intohow polyphend inhibit

Ab f i br i, lknoWwledgerthaticould imeseful for designingmyloidinhibitors

1.45i mul ations and Expedi mebrs| Dalti oeabyg Rmpl o
Gl auchsnmoci ated Myocilin

Mutant myocilinaggregation is associated with inherited open angle glaucoma, a prevalent
optic neuropathy leading tblindness Comprehension of mutant myocilin aggregation is of
fundametalimportance t@glaucoma pathogenessad ties glaucoma to amyloid diseases such as
Al zhei mer 6s. Here we probe the aggregation pi
olfactomedin domain. Peptides P1 (residues-32pB) and P3 (residues 4242) were found
previously to form amyloid Coarsegrained discontinuous molecular dynamics simulations using
the PRIMEZ20 force field (DMD/PRIME20) predithat P1 and P3 are aggregatiprone; P1
consistently forms fibrillar aggregates with paralletegider b-sheets whereas P3 forisheet
containingaggregates without distinct ordeédatural abundanc&C solidstate NMR spectra
validate that aggregated P1 exhibits amyloid signatures and is less heterogeneous than aggregated
P3. DMD/PRIME20 simulations prade a viable method to predi peptide aggregation
propensities and the aggregatebs structurel/or

readily attained experimentally.

1.5 her modynamic Phase-bDlLB2ZPrepmi adfe Amyl oi d
The aggrega&n of monomeric A peptideinto oligomers and amyloid fibrils in the
mammal i an brain is associated with Al zhei mer 6.

of the Ab peptide in different polymeric statés fundamental tadefining and predictinghe



aggregatiorprocess Experimental determinatioof Ab thermodynamidehavioris challenging
due tothe transient naturef Ab oligomes and the low peptide solubility. Furthermore,
guantitative calculation of a thermodynamic phase diagramafspeciic peptide requires
extremely longcomputational times. Heraising a coarsegrained protein modgimolecular
dynamics simulationare performedo determine @ equilibriumconcentration and temperature
phase diagranfor the amyloidogenic peptideagment Abis22. Our results reveal that the only
thermodynamially stable phasearethe solution phase and the macroscopic fibrillar phaise
that therealsoexists a hierarchy of metastable pha3éwe boundary line between the solution
phase and ffiril phaseis found by calculating the temperatutependent solubility of a
macroscopidbie22 fibril consisting of an infinite number di-sheet layersTo our knowledge,
this is the firsin silico determination of an equilibrium (solubility) thermo@dynic phaseliagram

for a real amyloidforming peptide. Furthermore, tiresilico prediction ofAbis22s0lubilitiesover

the temperature range of5¥°C agrees well with fibrillation experiments and transmission
electron microscopy measurements of the fibril morphiels formed. Thig silico approach of
predicting peptide solubility is also potentially useful for optimizing biopharmaceutical production

and manufacturing nanofiber scaffolds for tissue engineering.

1.6Mol ecul ar | nsi ght syzeidn tSoe ctohned aSruyr BNatidub) wCaat th aml n
Peptide Fbr(aB@ent A

The formation of amyloid deposits from usually soluble peptides aneipsas 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 reséan vitro often focuses on a single



highly pure peptide sequence, howewerivothere can be a number of @ifent amyloidogenic

peptides that interact during the aggregation process. In the present work, we explore the
aggregation of two widely stuide d pepti des f r o moatnhdeisAMbhens e gqu e n
incubated as a mixture. Using a combination of biochemical and biophysical assays, such as ion
mobility spectrometry mass spectrometry and piiadoiced cros$inking, we demonstrate that
Ahsxincr eases t he aggtheuaad surtace catalyse@d seapridaryAnbicleation
pathway. The same system is also modelled using a powerful discontinuous molecular dynamics
simulation and PRIME20 force field, which simulates the spontaneous aggnegétimoth

peptides from randorooil monomer state to their final fibril structure. The simulation, consistent

with experimental finding provides molecular insights into the surface catalySaacRation, a

keydriverofAb aggregati on.

1. 7Fut urrek Wo
In Chapter 8, we provide an outline for future work on @rapelization ofthe PRIME20

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

1.3 Publications

Chapters 2-5 are based on the followingpublications: (* means &ual contribution)

Chapter 2: Wang, Y., Shao, Q., Hall, C. K., (2016}t8rminal Prion Protein Peptides PrP(120
144) Form Parallel kn e g i ssheets via Multiple Nucleatiedependent Pathwayd. Biol.
Chem.291(42, 2209322105.

Chapter 3: Wang, Y., Hall, C. K., (2018) Seeding afidossseeding fibrillation of Nterminal

Prion Protein Peptide PrP(1-2@4).Protein Sci27(7), 13041313.



Chapter 4. Wang, Y., Latshaw, D. C., Hall, C. K., (2017) Aggregation of Amyloid Beta3@)7

in the Presence of Naturally Occurring Phenolic Inbisi Using Coars&rained Simulationsl.
Mol. Biol. 429 (24), 3893908.

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)intulations and Experiments Delineate Amyloid
Fibrillization by Peptides Derived from Glaucoe#ssociated Myocilin.J. Phys. Chem. B
122(12), 5845850

Chapter 6: Wang, Y., Bunce, S., Radford, S. E., Wilson A. J., Auer, S., Hall, C. K., (2018)
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U.S. A
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CHAPTER 2
N-Terminal Prion Protein Peptides (PrR120-144)) Form Parallel In-Re g i s-sheets vié

Multiple Nucleation-Deperdent Pathways

Chapter 2 is essentially a manuscriptMaying Wang Qing Shagpand Carol K Halpublishedon

Journal of Biological Chemistry
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N-Terminal Prion Protein Peptides (PrP(1260144)) Form Parallel
In-r e g i ssheets viaultiple Nucleationdependent Pathways

Yiming Wang Qing Shaaand Carol KHall*

Department of Chemical and Biomolecular Engineering, North Carolina State University,
Raleigh, North Carolina 2769805 United States

Abstract

The prion diseases are a family of fataurodegenerative diseases associated with the
misfolding and accumulation of normal prion protein ®riito its pathogenic scrapie form
(PrP9. Understanding the fundamentals of prion protein aggreyatiod the molecular
architecture of Pr®is key tounravelling the pathology of prion diseas®sir work investigates
the earlystage aggregation of three prion protein peptides, corresponding to residues 120 to 144
of human (Hu), bank vole (BV) an8yrian hamster (SHa) prion protein, from disordered
moname r s -shiearichfibrillar structures. Using discontinuous molecular dynamics simulation
combined with the PRIME20 force field, we find that the Hu, BV and Sha PflP42@ggregate
via multiple nu«leationdependent pathways to ford-shaped, S$haped a d -slupped
protofilaments. The Shaped HUPrP20-144protofilament is similar to the amyloid core structure
of HUPrP112141 predicted by ZweckstetteduPrPL20-144 has a shorter aggregation lag phase
than BVPrR20-144, followed by SHaPrP20-144, consistent with experimental findings. Two
amino acid substitutions 1138M and 1139M retard the formation of paraleleng i sheet r b
dimers during thenucleation stage by increasing sidecksiohechain assation and reducing
sidechain interaction specificitn average, HUPdR0144a ggr egat es cont ai n m
sheet content than those formed by BV and BHA20-144. Deletion of Gterminal reglues 138

17



to 144 prevents formation of fibrillar struces in agreement with experiment. This work sheds
light on the amyloid core structures underlying prion strains and how 1138M, 1139M and S143N

affect prion protein aggregation kinetics.
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2.1 Introduction

Prion Prion diseases are a family of infectiousyéoid diseases that affect both humans
and animals. They include Creutzfelitkob disease (CJD), GerstmeBindusslerScheinker
Syndrome (GSS), kuru and fatal familial insomnia (FFI) in humans, sandpie, bovine
spongiform encephalopathy (BSE) and cticavasting disease (CWD) in other mammél$The
infectious agent is the scrapie form of the prion proteinSPrP w h i cdheeirich agaregated
form of normal prion protein (PHPwhose full structure is unknown. In contrast to viruses or other
pahogens, which propagate by replicating themselves inside a host cell based on their nucleic acid
genome, Pri® propagates by templating the misfolding and accumulation &t iRt® misfdded
PrPc (2) In addition, within a single population, e.g. humearjous strains of CJD are believed
to be caused by the same prion protein but with divers& BoRformations(3) The molecular
mechanism underlying P¥Passistegpropagation still reains unclear(4)

Various models for the full structure of Pfhawe been postulated based on experiment
and simulation studies. P¥®tructures have been found to contain €8@kDa proteaseesistant
core consisting of residues 90 to 2@). Govaers et al.(6) postulated a trimeric model for FP
in which the Ntemminal, residues 8275, adopts a leth a n d-ketix afid residues 17827 in the
Cterminal Analicah cordormmatiora bsing) molecular dynamics simulation, DeMarco
et al.(7) observed the conversion of native tvgot r a rsHeetsl (re§idues 12381 and 161163)
in the Syrian Hamster prion protein N terminus inteeés t r a nsteetd (rebidues 1189,
129132,1601 6 4 ) a n d-stramslo(lesidties TB5I®). Based on thishéy proposed a spiral
b-helix filament model containing PtRlike trimers tightly packed along the fibril axis. Smirnovas
et al.(8) applied hydrogefleuterium exchange coupled with mass spectrometry to-theaived

PrP¢ and found that the proteinaser&sistant domain (from residues-281) of PrP¢ consists
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mai nl-yt odnés with relatively s hlelices, contradintiegct i ng
the notion that Pr®r e t a i n shelines. Baseden solstate NMR data, Groveman et @)
proposed a parallel iregister architecture for the mouse Pr28Q fibril. Their MD simulation
results show that residues 1247 adopt a more packed structure than residud2930

The Nterminal prion protein fragments have been the subject of expets aimed at
learning the fundamental mechanisms underlying priatep propagation. Examples of prion
fragments that have been studied include the prion Y145Stop (@A222and Q160Stop mutants
(PrP23159) which are associated with prion cerebrallaidyangiopathy (PrRCAA), a GSSlike
prion disease characterized tne presence of amyloid deposits in the cerebral nervous system.
(10) Vanik et al.(11) found thatrecombinant PrP2344 from human, mouse and hamster form
fibrils with distinct lag phase They concluded that specispecific mutations (1138M and 1139M)
are critical in determining the aggregation kinetics as well as the-seashng specificity of
PrP23144. Jones et al(12) found that residues 13140 are an essential region for amgloi
formation because deletion of the conserved palindrome seqtEAGAAAAGA 20 results in
an alter edoraanyth wti dddesndt affect amyl oidogeni
Chatterjee et a(13) carried out seethduced fibrillation experiments on recombinant-eihgth
mouse PrP2230 and found that resids 127143 participate in the formation of the amyloid core.
They also found that synthetic MoPrPiD#3 and MoPrP12143 peptides can seethet
fibrillation of recombinant fullength mouse prion protein while MoPrP1072 6 can o6t .

The fibrillation of shortN-terminal prion peptides from the amyloid core region ef N
terminal prion protein fragment has also been investigated in experimentsyvifiagliaal. (14)
performed the fibrillation experiments of synthetic peptides homologous to prion protein residues

106147 and found that PrP1a&6 formed straight fibrils while PrP12ZA47 formed twisted
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fibrils. Skora et al(15) applied H/D exchange cpled with NMR spectroscopy to fibrils formed
by recombinant human PrP1283 and found that residue 129 is deeplyidd in the amyloid
core. They also found that mutations at position 129 greatly impact aggregation kinetics. Li et al.
(16) used vibrationlaspectroscopy to show that PrPi1&8 5 st art s t o-sheetopt a
structure in a lipid bilayer at high pept e concent r athelicahstuctiresdat lowp r e f er
peptide concentrations. Apostol et @l7) crystalized prion fragments correspamglito human
(Hu) PrP138143, mouse (Mo) PrP13742 and hamster (Ha) PrP1383 and found that
HuPrP138143 and MoPrP13142 form parallel irregister sterizippers while Ha13843 forms
antiparallel ouof-register sterizippers. Chuang et gl18) invedigated how various amino acid
substitutions in synthetic bovine PrP10D&4 affect peptide amyloidogenesis and seeding
efficiency. They found that the mutation L138M promotes amyloid formation and increases
seeding efficiency, while the mutations 1139M aMith3S retard amyloid formation and decrease
PrP108144 seeding efficiency.

There are many structural models proposed for shoeriinal prion peptides. Kuwata et
al. (19) conducted MD simulations and confirmed the structural stability of tigiztbkedparallel
b-sheets in the MoPrP1aB26 octameric fibrilHelmus et al(20) conducted solid state NMR on
the human PrP2344 amyloid structure and found that the fibril contains a parallelengi st er b
sheet core comprising residues 4L near the pepte Gterminal. The remaining residues in
humanPrP2d 44 amyl oi d ybrils were found to be fl ex
on solidstate NMR data, Lin et g21)presented a parallel-n e g i -shieet modd) for the human
PrP127147 fibril wher e each pe p-dstrande cotmected by & kink attl37Rre. g h t
Skora et al(22) applied the chemical shift ROSETTA method and predicted the conformation of

human PrP11-241 within the amyloid core formed by the Y145stop prion mutant. later
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Zweckstette(23) used a combination of NMR spectroscopy, hydroxyl radical probing combined
with massspectrometry, electron microscopy and computational methods to propose dimeric and
trimeric lefth a n d-ketix mpdels for the PrP11P41 amyloid coe.

In this work, we apply a combination of discontinuous molecular dynamics and the
PRIMEZ20 force field to investigate the spontaneous aggregation of prion protein peptides PrP120
144, an essential region for PrP284 amyloid formation. Although the fillation of prion
protein and its Nerminal 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 PrR12d@s which originate from human (Hu), bank vole
(BV) and Syrian hamster (SHa). The spontaneous aggregation of a system of 8- RP120
peptides is monitored, starting from a random configuration and eventually forming a mixture of
oligomers and protofilanms. The structures of oligomers and protofilaments formed by Hu, BV
and SHa PrP12044 at the end of 37 independent simulations are analyzed. The aggregation
kinetics of the three PrP121314 peptides are compared. We also investigate how the amino acid
substitutions 1138M, 1139M and S143N affect PrPiRB1 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. P2B144 forms Sshaped, U
s h a p e d-shapeddprompfilament structures via multiple nucleatiependent pathways. The
PrP120144 protofilaments mainly contain paralletrine g i sheeatsrwhi€éh are consistent with
previous experimental work20,23) The key event during the aggregation is the formation a
nucleus consisting of a paralletine g i sheet dimeb. In most cases, the nucleus first grows

into a metastable oligomer, then undergoes backbone rearrangement and eventually grows into a
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protofilamen. In rare cases, the nucleus grows directly into a protofilament without intermediate
steps. Hu, BV and SHaPrP12@4 all aggregate in a nucleatidependent manner. In terms of
aggregation kinetics, HUPtR0-144 has a shorter lag phase than BVE28144, followed by
SHaPrR20-144, consistent with experimental findingd.1) The HuPrR20-144 aggregates also

have more parallel tn e g i sheeat contdnt than Bahd SHaPrPL20-144. This is because the

two speciespecific amino acid substitutions 1138M atiB9M enhance sidechasidechain

association and reduce sidechsidechain interactiospecificity, thus decreasing the probability

of forming parallelinr e gi -sheetbB. S143N doesno61i44dggregationany e f

kinetics because it do@®t engender significant change in the sideclkalachain interactions.

2.2 RESULTS

2.2.1Hu, BV and SHaPrP120144 aggregate into protofilament structures

We investigate the spontaneous fibrillation of prion protein fragments (PRIB0by
performing DMD/PRIMEZ20 simulations on a system containing 8 peptides. Eleven to fifteen
independensimulations were conducted on each of the Hu, BV and SHaP1RIpeptides for
a total of 37 simulations at T*=0.195 and peptmbncentration of 20 mM. ¢ 1 show the total
interaction energy versus reduced time from 15 runs of HuB420Starting fro a high energetic
state, the system goes through various pathways and reaches its relatively low energy state by the
end of each simulation. The protofilamestructures formed for HuPrP1-2@4 in the %, 5" 7"
,11" and 12 runs have the lowest intestion energies and hence the highest thermodynamic
stabilities among all the final structurd@$e system total energy profiles for BV and SHa PrP120

144 ae shown in Fig. S1 and S2.
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Fig. 2 shows the final structures for three different protofilamentsiéor by HuPrP120
144 in our simulations. FIi®A shows an Shaped parallel inegister protofilament formed by
HuPrPL20-144from the %' run; Fig.2B shows achematic side view and the sidechain placement
for this structure. Such-Shaped protofilamentseaalso formed in the"3 39 and 7" runs. From
Fig. 2B, we see that there are 4 turning points located at 124Gly, 126Glrd.and 142Gly
alongthebadkone chain of each peptstrahds (residues1826 pr ot o
and 138141) flankresidues 136Arg and 137Pro, which is similar to the amyloid core structure
suggested by Skor@2) and Zweckstette(23) for HuPrP112141. Having a prolin@t position
137 may explain why HuPrP1204 4 adopts a fAboomerango struct
turns andheodlrieadsseeta(@ Wb contrast , PrPH2l#medelk st et t
(23), t h estranadsdie oh a nearly straight linenés et al(12) probed the fibril structure of
both wild type PrP2344 and PrP2344 without the nonessential palindromic sequence (residues
113-120) by solidstate NMR spectroscopy and found that defebf residues 11320 changes
the secondary struate distribution of the fibril core region. Since our PrR124@ simulation does
not include residues 1110, the structural differences between our PrPiDprotofilament and
t he ZwecKkst-d4i angloidcsre sruci@3) &e not surprising.

Fig. 2C s h o w-shapet motofilament formed in th&"run and Fig. B shows a side
view. It is apparent from Fig..2 t h a tshapel grotéfgment has 5 turning points at 124Gly,
126Gly, 131Gly, 13Pro and 142Gly. Note that thet€rminal of the yellow leain is not the part
of the pr ot eshapddapnuefilarnent hdshwe trigngudraped hydrophobic cores
formed by the associatiori thhe hydrophobic sidechain beads in white. The first hydrophobic core
contains 121Val, 125Leu and 130Leu. The selcbydrophobic core contains 129Met, 134Met

and 138lle, which is similar to the triangular hydrophobic core ofsH@tL8289) fibrils. (25)
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Fig. 2E shows the tshaped protofilament formed by HuRE®-144in the 1™ run and
Fig. ZF shows its side view. @op a r e d -shapedt ptotefilaopent, the-tdrminal residues of
the Usshaped protofilament curve inwards to form a large hydrophobic sidecbie which is
essentially a combination of the two separate hydrophobic cores formed in-siep&i
protofilament. Cheon et al26)f o u n d t-#2dorm afsinilai7shaped protofilament.

BVPrP120-144can form both & h a p e d-shapaddwtofjlamerts, as shown in Fig..3
Regardless of the amino acid difference between BV andPifL20-144, the peptides in the
BVPrP120-144 S-shaped protofilamd in Fig. 3A adopt nearly the same conformation as those in
HuPrPL20-144 S-shaped protofilament in Fig. 2A&rom Fig. &, t -$hapedgprotofilament
formed by BVPrR20-144 has 121Val, 125Leu and 130Leu in the first hydrdpbaore and
129Met, 132Ser, 134Met and 138Met in the second hydrophobic core.

SHaPrR20-144can also form $ h a p e d-shapeddwtoflaments, as shown in Fig. 4
The Sshaped protofilament formed by SHaP2B-144 has a similar conformation to the
HuPP120-144 S-shaped protofilamerghown in Fig. 2 . T -Bhapedjprotofilament formed by
ShaPrR20-144 has 121Val, 125Leu, 129Met in the fitsgdrophobic core and 130Leu, 132Ser,
135Ser and 138Met in the second hydrophobic core.

Our simulations reveal th#te Hu, BV and SH#®rP120144 peptides aggregate to form
relatively heterogeneous aggregate structures. We believe that the main reason thal4P120
f orms t he -sBaped grotofilantntsUs its conformational flexibilityach of three
different PiP123144s contain & glycines and one proline which facilitate turn structures in a
protein. For HUPrB20-144, t h e Sshaped petofithmedunts are formed in 4, 1 and 1 out of
15 runs. For BVPrP20-144, t h e -sBapedmpratofi@ments are formed2irand 1 out of 11

runs. For SHaP20-144, t h e -sBaped prdtofilgments are formed in 2 and 1 out of 11 runs.
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These S h a p esdaped gnd tdhaped protofilaments are stable enough so that they maintain
their conformation throughout the simulation.idesfrom forming pa a | {shedts, b9 of the 15
runs, 8 out of the 11 runs and 8 out of the 11 runs, Hu, BV, BRE0-144 form metastable
oligomers which are characterized by a mixture of parallel angaatr a -stlared$, asfshown in
Figs. S$8-5, respectively.

Notably, all of the peptides considered, regardless of their amino acid differences, can form
both Ss h a p e d -shaped protpfilaments. Comparing the structure of the thiseaed
protofilaments formedy three PrP12044s in Figs. 2B, 3Bral 4B, we find thapeptides all have
the same backbone alignment and the same side
shaped protofilament adopt distinct sideahaliacements as shown in Figs. 2D, 3D abd Bhe
major structural difference hete e n  t h eshapedh pratofilaments is that the two pairs of
adjacent residues, 129Met and L80and 134Met and 135Ser switch their position between the

two hydrophobic pockets.

2.2.2Structural analysis of Hu, BV, SHaPrP120144 protofilament

The didribution of secondry structure in the HuPrP12@4 Sshaped protofilament was
calculated using the STRIDE progrd#7)in the visual molecular dyndos (VMD) and is shown
in Fig. 5 (28) The hydrophobic and polar residues, including 121Val to 135Sed 38l to
141Phe,hve at [-sheetstructurddekeep 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 nots-shaped protofilaments formeoy Hu, BV andSHaPrP120144 are

similar to those shown in Fig.&nd are thus not displayed here.
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Table 1shows the equilibrium values for the energies of the diffesbaped Hu, BV and SHa
PrP120144 protofilaments in Figy 24. The backbone hydrogen bonding energys, Bidechain
sidechain interaction energysikchainand their sum, total interaction energygikare listed. All
of the energies are calculated by averaging over the last 100 billion collisions.

A good way to understand the conformational differeretevéen S h a p esliaped and
U-shaped protofilaments is to compare the equilibrium values sf@cignwithin each species.
From Table 1we find that for the protofilaments formed by HuP2B-144, EsigechaifU-s haped) O
Esidechaif €shaped) < Edechai(S-shaped), indicating thaté U-shaped protofilament has a stronger
sidechains i dechai n ass o-shamed pratafilament, dolowed lbye thegBaped
protofilament.The U-shaped protofilament contains a large hydrophobic core having 7 sidechain
spheres per peple contacting each other (Fid=32 w h i fshaped gnotofilagnent contains two
separat small hydrophobic core (FigD2 and the Shaped protofilament contains only one small
hydrophobic core near thetdrminal and an open sidechaircket near the @erminal, (Fig. B).

In addition, the three different protofilaments formed by HARfPL44have similar g because
they all consist of parallel in e g i -shieet. Simifar correlations between the gilain energies

and protofilament sticture can be applied to those formed by BV and Bi#a20-144.

2.2.3 Nucleation dependent aggregation of Hu, BV and SHaPrP1-2@4

Next we investigate the protein aggregation pathway and hence the aggregation mechanism
for the three prion protein fragmis. 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 pathwd#yis work, we trace duthe

important intermediate steps along the PrR120 aggregation pathway by applyinigrarchical
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clustering analysis. The data are analyzed by using thé& BwtiP12.0.1 software (SAS Institute

Inc.). The three collective variables (CVs) are choseretthe number of hydrogen bonds+gN

the sidechairsidechain interaction energys{dachaij, and the endo-end distance (dtoend. The
clustering analysis based otheWa r d 6 s (28avhi¢chpraceeds in the following way. Each

data pointalong he 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 clusers is reduced to 4. The two nearestiusters are setted fom N(N-1)/2 possible pairs

of clustes. The distance of two clusterg.. | _;”—Bgl s o% , Where n, ng are total

number of elements in cluster A and B3 is the total number of CVs in this case, ’Ed'&
is the average value foine K" CV over all elements in cluster A and By iteratively merging
two nearestlusters, the N clusters are eventually grouped irtav&jor clusters that are termed
the lag phase, nucleus growth, oligomer rearrangementitariddormation. If thetrajectory is
grouped into 3 major xtlepd efrishr iwlel ateiganm.d Ilift ta
into 4 major clusserpd Webredgamdion. ag et wesu
( 7 esnteefipriiation) and 3" ( @wa-st ep o fi bri |l | at ilédnaye discussesl on |
below.

We find from our simulation that the rate limiting step during the aggregation of Hu, BV
and SHaPrP12@44 peptides is nucleus formation. We define nucleus form#bide the first
time tha a small oligomer containing a paralletine g i sheet dimebforms; this is the initial
step in the development afnew aggregated phase. Figs-@&Ashow simulation snapshots of
HuPrP12@144 aggregation from the®dun. Fg. 6F shows the total ietaction energy versus
simulation time for this runPeptides 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 proess for the8run can le divided into three major stages: the nucleation stage, the
nucleus growth stage and the equilibration stagda/n in Fig. &. During the nucleation stage,
peptides keep attaching and detaching from each other through sidecohtacts or hydrogen
bording interaction. In Fig. B, peptides form a transient oligomer with peptides partially
associated with each other form hydrogen bonds. In FigC6 peptides dissociate from and
reversibly return to the disordered state due to the formation of traastgrdrallel steric zippers.
The key event during HUPrP1-2@4 aggregation is the formation of a nucleus which contains a
parallel inr e g i shese dimerbas shown in Fig.B. We identify the time window where the
first dimer is formed by keeping traad the number of parallel in e g i sheet segnfients

(definedinFig.0) bet ween any of two peptides sheetst he s

segment3criteria is satisfiedThe nucleus rapidly grows into ars8apedgrotofilament (Fig. &)
by recruiting other peptides to its two en#igg. 6F shows thatite system total interaction energy
decreases sharply after the nucleus forms; yisées here is stabilized by a large number of
hydrogen bonds and maximal sidechain contacts. Baftizaddh(80) had a similar observation
in their biaseeexchange metdynamics simulation where the rate limiting step during the
aggregat i o-40 pepfidesiw8s agshc@tbd with the formation of a specific type of steric
zipper.

We find in our simulations th&rP120144 goes through multigp aggregation pathways.
Figs. 7A-E show simulation snapshots of tH&ren for HuPrP120.44 and Fig. ¥ showshe total
interaction energy as a function of time. In this run, the eight HuPP42¢ aggregate to form
anSshaped pr ot of i |-atmaipnfiatiorvpatbwaya(Figi E)wGompared with the
i o 13 ¢ dilprilkation pathway described previoudllpig. 6F) , t he wunstabl-e nucl

stepo pat hway requires a | ong tiime a stable over c
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conformation, and finally grow into a protofilament. This is reminiscent of the Lidgryng
nucleated polymerization (LENP)adel for protein aggregation proposed by Andrews €B84).

In the LENP model, peptides first reversibly assodiaferm a prenucleus which eventually goes
through a conformational rearrangement step to forimrewversible nucleus. In Fig A7 peptides
areinitially disordered. InFig.B, a nuc | e u-sheet dimet (aciomed cyag and grden)
is formed. Itquickly grows ino a metastable oligomer (FigCY consisting of 5 peptides, the N
terminal of  whrall cdnforinadian. Disadetred peptelat repeatedly attach and
detach from the transient oligomer. The peptides within the oligomer rearrange into a stable
parallel inregid e +shedi conformation (Fig.D) which eventually elongates and grows into a
S-shaped protofilament (FIFE) by recruiting and templating tmiemaining disordered peptides
at its two ends.

Al t hough-st #Hipridatioh pathway of HuPrP12Q44 is similar tothe LENP
model, there are some differences. In the LENP model, the protein reversibly switches its
conformation between its nativeatt, an intermediate state and an unfolded state prior to nucleus
formation. However, in our simulation, there arenative, intermediate or unfolded statescause
PrPL20-144 is too short to form any native domain, much less a domain that is chaiaaérist
the whole prion protein. Also, residues 1294 within the normal prion protein are intrinsically
disordered, excephat residues 128 31 f or m a s hsheetwitharesidued&l6d4al | e |
which is not included in our studies.

The PrP12a144 pepides in all 37 independent simulatbaggregate in a nucleation
dependent manner, as evidenced by the fact that thgy tiltough a lag phase before aggregating
into b-sheetrichs t r uct ur esst. e pToh easnfiide pféet id br i | | atdalmen pat h

only for those simulation runs that result in the formation of parallel eng i ssheetr b

30



protofilaments as showim Figs. 24. For HuPrP12a44, aside from the®Brun, the 29 and

runs also foll ow the @ onen Sshaped protdfilanent siricé thet i o n
nucleus grows directly into a final fibrillar state without passing through an obmetastable

state. That is, there is no intermediate plateau between the lag phase and fibrillar phase along the
total erergy profile, as shown in Fig. .1 The formation of the & h a p e d -shaped q
protofilaments in 1% and 1%'r uns al s o 4ftoe p 6o wisi bar iflolnaet i on pat !
reason. For BVPrP12044, the #r un f ol |-owep & & BUrunsidliley adit wo

st epo f pathway.|For SHaPrB12M4, the 18 runfollows afi o 15¢ e po &and t he
7"f ol | owss t afipribatiom @athway. However, neither the onar two-step fibrillation
pathways are applicable for the trajectories where a metastable oligomérbatel oligomer

is formed such as those in Fig-5 | n t hos e predictsvieether the ajamara drd
off-pathway products or epathway toward forming protofilamentgithout using much more

computing resourcess well as applying biaseshmping techniques

2.2.41138M and 1139M retard nucleus formation
We then investigate how amino acid substitutions (1138M, 1139M and S143N) between
Hu, BV and SHa PrP12044 affect their aggregation kinetics with particular focus on the lag
phase timeThelag phase time in ouiiraulations is defined to be the time from the start of the
simulation to the first time that two peptides form a stable paraleleng i sheeat dimeh Our
criterion for stability here is that the dimer should have at least 18&pla isteét sefmentss
defined in Fig. 0. The rationale for using this definition is that the formation of a stable parallel
bsheet di mer | eads -sheet@mentobthe systensand soisaasytosletecti n L

Iftwo pepti des s har sheétsegnsents, they are me&stgble and rhay @dsociate
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into monomer statél he lag phase time for each species is averaged owardilb independent

runs (15 runs for HArP120144, 11 runs for both BV and SHarP120144). Table XZhows a
comparison of theggregation lag phase time for the three PrPids. HuPrP12044 has a
shorter average lag phase time than BVPrPI4) followed by SHaPrP12D44. The relatively

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

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 HuP4Rhas a smoother

free energy landscape for fibrillation than BVR2R-144, followed by SHaPrP20-144.

Our findings that 1138M and 1139M increase the aggregation lag phase (HUPr#4.20
BVPrP120144 < SHaPrP12@44) are consistent with Vaniketél1d s f i br i I | at i on ¢
on a longer prion protein fragment HUPrP284 and its 1138M, 1138M&I139M mutants that the
1138M and 1138M&I1139M mutants have much longer fibrillatiag phase than that tife native
HuPrP23144. In addition, Chuangpt al. (18) found in experiments thdahe 1139M mutant of
bovine PrP10844 113M has lag phase that ardald times longer than those of bovine PrP108
144. 0

We find that the two amino acid substitutions 1138M and 1139M are responsible for
retarding BV and SHa PrP12@14 dimer formation compared to PitP120144and thus retarding
the aggregation kineticdrig. 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
PrPL20-144peptides duringte nucleation stage. From Figh &nd B, wesee that the 138Mets on
BV and SHaPrP120144have the same number of sideain contacts as the 138lle onfMB120
144, and the 139Met on SIRaP120144has the same number of sidechain contacts as the 139lle

on HWPrP120144, but the 138Mets on BV and SHarP120144 have stronger sethain
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interaction energies than the 138lle onAR120144, andalsothe 139Met on SHa&rP120144

has a stronger sidechain energy than the 139lle &t20144. Thus the Mets on BV and SHa
PrP120144 have a stronger sidechaassociation with the surrodimg residues than the lles on
HuPrP120144 during the simulation. The stronger the attractive interaction that -tieen@nal
residues (138 and 139) experience with the surrounding residues, the more difficult it is for two
peptides to form a perfectire g i s-sheetdimier. As shown in Table S1, which lists the energy
parameter matrix between 19 amino acid sidechains in the PRIMEZ20 force field, lle has a square
well attraction only with hydrophobic residues, e.g. Ala, Léei, Phe, while Met has a strg

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 pters than lle. One reasomthat the divalent sulfur atom on the Met
sidechain can form hydrogen bonds with residues that have hydrogen donors in their sidechains.
(32) A calculation byBerkaet al (33) using the RIDFT-D method with the COSMO modelsal

showed that Met has a stiger sidechain interaction energy with Tyr, Arg, Ser and Asn than lle
does in a watelike environment. Our finding that 1138M and 1139M retard PrR129
aggregation is also consistent with predictions of the amyloid aggregabpensity of individual

amino acids by Pawar et dB4), s howi ng t h a tshadtmmindgipaopensity tHam w e r
lle.

In contrast to the 1138M or 1139M, the amino acid substitution S143N does not retard the
aggregation kineticdzrom Fig. &, 143Ser (for HuPrP20-144) and 143Asn (for Bvand SHa
PrP120-144) have nearly the same average sidechain interaction energy which means that they
have similar degrees of sidechain association. In fact, Tdb#h&ws that Asn and Ser have

same sidechain energetic parameters in the PRIME20 force field. They have also been shown to
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have s-shedtforming pfopensity34,35)From the above analysis of simulation data, we
conclude that S143N doesnORP12014#. €buang etla(@é8), aggr e g
however, had a different finding on how ASer mutation affects PrP1a8l4 aggregation

kinetics; they found that the single amino acid substitution N143S can retard bovine-P4R108

aggregation.

2.2.51138M and I139Mreta r d p a #shedt forendtionb

During the aggregation process, not only do 1138M and 1139M retard nucleus formation
but they also retard the attachment of disordered peptides to the seed, thus decreasing the parallel
b-sheet content of thignal aggregatian configuration. Table 3hows the average percentage of
p ar adsHeet &nd &np a r a IsHeat tontdnt in the oligomers and protofilaments obtained at
the end of all simulations for Hu, BV and SIRaP120144. From Table 3HuPrR20-144 on
averagehasmo r e p asheatlcdntert tham BV and SIRaP120-144, indicating HUPre20-
l44has stronger pr op-sheasitharyBVtand SiraBleom44dnaaddition| e | b
experiments by Apostol et al17) show that HUPrP13843 and MoPr38-143 (MoPrP ks the
same sequence as BVPrP for residues1¥3 both form parallel steric zippers while SHaPrR138
143 preferentially forms anparallel outof-register steric zippers. This effect is not obvious from

our simulation.

2.3.6Residues 138144 are criticd for PrP120-144 fibril formation
The Gterminal residues 13844 are found to be necessary for PrR128 to form fibrils
in our simulations. Deleting the-rminal reside$*8IHFGSD'* resultsn a noramyloidogenic

peptidePrP120137. The data is shown in Fi§.which describes the number of hydrogen bonds
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formed during HuPrP12044 (the &' run) and PrP12037 aggregation simulations agunction

of time. From Fig. 9PrPR0-1 4 4 f -chreareh aggegates while PrP12037 fails to form a
nucleus and thus maintains the disordered state throughout the simulations, indicatinglRA2120
is much more amyloidogenic than PrP4R%Y.One possible reason is that without théeninal
residues 138 to 144 te -shieet dimer of PrP12037 becomes thermodynamically unstable, thus
making it unable to form ordered aggregate®ur results are consistent with Kundu e{36)6 s
experiments which show that HuPrP284 forms fibril lut without the Germinal reglues 138

144, HuPrP23 37 canot form fibrils.

2.3DISCUSSION

Using DMD simulation combined with PRIME20 force field, we investigated the early
stage aggregation mechanism of amyloidogenic prion protein fragments PrfLA0this work,
by simulating tle aggregation of prion protein fragments PrR128 from three species (human,
bank vole and Syrian hamster), we provide moledghael insight into how the sidechain
substitutions 1138M and 1139M, affect the aggregation Kins of PrP12@6144 peptide.The
parallel inregisterprotofilament formed by stacking of PrP1284 peptideshed lights orthe
structure of the amyloid core of the PrPR&4 fibril which is associated with familial PH@AA.
(20,37)

Our simulation results on PrP12@4 are consistémvith a number of experimental studies
on PrP23144 and it core region (residues 112 to 144). (No experiments have been conducted on
PrP120144 so we cannot compare our results to experiments direcihgtly Fwe find that two
speciesspecific amino ad substitutions (1138M and 1139M) taed nucleus formation and the

aggregation kinetics of fermind prion protein fragmets. Thisis consistent with Vanik et @l s
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experimental findings that 1138M and3AM greatly affect the aggregation kinetics of 23244
and lead to crosseeding barriers between PrPR&4 from different specie€l1) In fact, the steric
zipper structures formed by short PrPAI38 fragments have been shown to correlate with the
cross-species transmission barrier of prion diseageb® Eisenberg groufl7,38)Secondly, we
show that PrP12@44 is unable to form fibrillar structures without theéefminal residues 138
144.Thisis also consistent with Kundu et@ls e x p e r HuRePA3L 48 fotmHilarits but
HuPrP23137 cannot(36) Our finding that residues 1844 play a crucial role in the fibrillation
of prion peptides is also consistent with the fact that the prion fragment PIRQ36 experiment
binds to Prf¢and may beeasponsible for conversion from Frid Prc. (39) Thirdly, we show
that HUPrP12d 4 4 a g g r e g a-theetrich tprotofilaneentsnwittb a parallen-register
peptide alignmenfThisi s al so consi st ent(20intdh Zbwetchi2FHH eel t nt uesr
structural studies on the prion amyloid corePPr2141 region based on NMR and other
experimental data.

One of themain focus of this worls on learning the aggregation mechanisms that drive
disordered peptides PrP12@4 to form fibrillar structuredVe found that PrP12044 aggregates
in a nucleathn-dependent manner but along multiple pathways. Several studies have found
multiple aggregation pathways for amyloidogenic proteins. Natalello(@0alsed a combination
of Fourier transform infraregogctroscopy and atomic force microscopy to firat ttuman PrP82
146 undergoes multiple aggregation pathways to form fibrils with various types of secondary
structure. Also, Cheon et d6)f ound i n DMD/ PRI ME 2 0-42sassemblesat i o n
from anoligomer state to a{dhaped protofilament via twibstinct pathwaydJnlike the nucleated

pol ymerization that shor t22madesgd, BrP1?ll4yseemstogop e pt i
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through heterogeneous oligomeric states before forming the nucleuséexfanumerous local
energy minima resulting froitine folding effects of peptide backbones.

The 8peptidesystem that we have simulated is large enough to allow investigation of the
nucleation stage of prion protein fragments since generally only a fevwmess are involved in
the early stage of proteaggregation(31) For example, Cho et gi41) found in experiment that
the first step along the aggregation of recombinaniéualyjth prion protein is the coming together
of 3 to 4 monomers to form a seddote that our definition of nucleation is diféert from the
description in classical nucleation theo@?), where nucleus formation is characterized by
overcoming a free energy barrier to form a new thermodynamic phase. Since our system size is
much snaller than real systems, we are unable to quainttg 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, theéckingated quantities that we
can calculate, e.ghe average lag phase time, are simple measurements that only allow for
gualitative comparison with experiments.

The conditions chosen for our simulation, e.g. temperature and peptide concentration, have
a significant effect on the protein aggregatiamekics. Our choice of high simulation temperature
and high peptide concentration allows us to explore the aggregation mechanism of RP120
within a reasonable timescale. The major advantage of sinmktanhigh temperature, just below
the critical fbrillation 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 metastablgtates. In addition, we use a relative high peptdncentration (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 berteatde for
protein aggregatior{43)

The 25residuelength 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 landscdps 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-P4R112

since it is thought to comprise the wholeopramylod core.(44)

2.4METHODS

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 dynam{ds) In DMD simulation, the potenti@&nergy
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 arela@leded 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 thpositionand velocity of every particle in the system need to be recalculated

atverysmallreqularlg paced ti me steps by solving Newtonbd
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2.4.2PRIME20 model

PRIMEZ20 is a coarsgrained model developed in the Hall group that wasiSpally
designed for use in DMD simulations of protein aggrega(#s).Each amino acid is represented
by three backbone spheres-KN, -K (C=0) and one sidechain sphere (R). PRIME, the
predecessor of PRIME20, was used to simulate the spontaneousidorofdibrils containing
polyalanine and polyglutaming47,48) PRIME was extended in 2010 to become PRIMEZ20, a
model that describes 20 different amino acids uniquely and considers sidsideatmain polar,
chargecharge and hydrophobic interactio(49) The g@metric 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 @illion decoy conformations produced by gapless threading techniques. In
PRIME20, the known backbone phis i a n-GlUe ¢ j s € b-isamerizatiencahstraints
on each amino acid are modeled by imposing pseotds between the relevant beads. A-non
biased dstancebased criterion is used to judge when directional hydrogen bonds are formed and
broken.50)Gl yci ne doesnét have a sidechain bead an
bonds with other residues. The total interaction energy consistieosidehainsidechain
interaction energy, dechain and the backborAeackbone hydrogen bonding energyig EAll the
other norbonded interactions (including backbeogckbone and backbos@echain
interactions) are modeled as hard splmeractions which qgresent 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 amffinite square well #@raction 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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PRIMEZ20 has been used in the Hall group to simulate the spontaneous formation of twisted
A b 12@ fibrls (51), tau fragment fibrils(50) and Us h a p e d-42 Aprotafilaments(26).
PRI ME206s ability to discri minadsaastebted orftihebr i | |
STVIIE designed sequenby L{pez de la Paz and Serran®2,53)It has also beeused to study
the effect of macr omi2laggregatiod5d, 558 tliswark, weguseote A Db 1 6
same PRIMEZ20 force field parameters as wsed by Cheon et db1)in their simulations of the

aggregat i-2 peptmlds. Ab 16

2.4.3Definition of parallel and anti-p a r a tsheet lsegrbents
Two3r esi due peptide strands (l abel l-srahdi , i +
segmenif both NH+1-CGO and NH:>-CO.+1 form hydrogen bonds, as shown in Fi§Al They
form an antiparallel b-sheetsegmentf 1) both NH+1-CO+1 and NH+1-CO+1 forms hydrogen
bonds as shown in Fig.0B; 2) NH-COu+2, NHi+2-CO, NHi-CO+2 and NH:+-CG all form
hydrogen bonds, as shown in FiCL As an example, two-#esidue peptide strands (labelled A
and B) coul d for m t-sheetsegrnems vt redidues 8 of peptida A1 e | b
forming the firstsegmentwith the same residues on peptide B aesidues 24 of peptide A
forming thesecondsegmentvith the same residues on peptide B. In our simulation twe&8ue
PrP1201 44 pepti des -fheet dimeaif tieypra & lel ealt H e ashlteet 18 pa

segments

2.4.4Relating the PRIME 20 reduced temperature and time to reatemperature and time
We relate our simulation reduced temperaturéoTreal temperature T by matching the

DMD/ PRI ME20 si mul at i -belical ganterd verst témperasure rbfiles di e U
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alaninerich polypeptides to those measured in experiments by Munoz and Sefs&o.
DMD/PRIME20 simulations of the folding of the polypeptides; MQAAAAQAAAAQAAY -

NHz,  Ac-AAAAKAAAAKAAAAKA -NHz, Ac-AEAAAKEAAAKEAAAKA -NHz,  Ac-
WDAAAKDAAAKDAAAKA -NH2, Ac-EAEKAAKEAEKA AKEAEK-NH2 at reduced
temperatures ranging from 0. 1 2-hetical st@ictuke@atlosvh o w
temperature E0.12 undergo a folding transition at abo(0.175 and become random coils at
high tenperatures =0.25 as shown ifig. 5A. At each temperature point, we simulate a single
peptide in an 87.25x87.25x87.25 3Rbox for at least 20 billion collisions. By comparing the
simulation data for theercentag® f -helical hydrogen bonds with the exmeental data (Fig.

S6B) from Munoz and Serran(b6), as shown in Fig. @ we obtain a linear correlation between

T and T for each of 5 peptideZhen after averaging over the slope (A) and intercepByrdlue

of 5 T versus Tlinear correlations functions, we obtain T/K = <AST<B> = 2288.461-115.79.

Thus the simulations presented in this paper are conducted at real temperature of 330K.
Justification for conducting our simulations at a temperahatis higher than body tempdure

are given in the discussion section.

In our DMD/PRIMEZ20 simulation, the system energy is scaled based on the hydrogen
bonding edm.erligny ourndieer & o rel ate systemesequaler gy
t0 12.47 kJ/mol used by Ribiuto et al (57) in their DMD simulation ofpeptide aggregation,
which is also close to the optimal backbone hydrogen bonding energy 11.72 kJ/mol used in the
STRIDE algorithm.(27) T h e vilue is a simple estimation for the PRIME20 model since in
nature he hydrogen bonding strength is considexetiave temperature dependen@&&) Note
that the the reduced temperature in simulation is defined tdeT? Hd, this would suggest

that the real temperature from our simulations that corresponds to T9%5i8.273K which is of
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course unrealistichl 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 compareelfeddffusion coefficients (D) of the
A b 12@ 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 equatidf9), 6cpt ® <f(t + )aoft)[>>, wherethe angle brekets indicate that
the center of mass MSD of the peptide is averaged over all peptides in the system during the
simul ation ktmmBMDP.er we ds iihpeptides ia a BOOXKOOX106 nm box
for 1 billion collisions at the reduced temperature@.19 and find that Bup=0.072 nrd/cdreduced
wheredreducediS the reduced time unit. We then perform a 1ns NPT followed by a 50 ns NVT
explicit solvent at omi €2 pegtidesni arddd rant watermboxaf a s i
T=29& using GROMACS 3.4 packag¢60)and Amber ffSB99 force field61) The N terminal
of the peptide is capped with acetyl group and the C terminal is capped witimathi group.
We find that up=1.0 nn?/ns.By equating Bmo to Dvo (Lnm¥/1ns = 0.072nRiqdreduced, We find

that the reduced time urgfirequcedis equivalent to 0.072 ns.

2.4.5 Description of DMD Simulation Techniques
We simulate three 2gesiduelength prion peptides which correspond to residues 120 to
144 fromthree different species: human (Hu), bank v@¥)(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 pndt@gments are shown in TableTheprimary sequence

differences between three piglals are at positions 138, 139 and 143. HaR@A 44 has lle at
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positions 138, 139, and Ser at position 143. Compared to Haed4, BVPrPL20-144 has two
mutations, 1138M, S143N, and SHaR#®-144 has threenutations, 1138M, 1139M, S143N.

The simulatios 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 temperat@é2) The initid velocity for every bead in the system is getted
based on a MaxweBoltzmann 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 A
correspondingd a relatively high peptide concentration offBM. 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 ibdiigitthe critical
fibrillation temperature & of the PrP126144 peptide (no fibril forms when the temperature is
above T). Each independent simulation starts with a random configuration and a high reduced
temperature (F0.50) to relax each peptide chaito a random coil conformation. The system is
t hen gradually cooled to T*=0.195 and then pr

takes 1 thousand CPU hours (forty days) on a fast workstation.
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Figure 2.1. Total interaction energikJ/mol) of HuPrP124.44 aggregtion versus simulation time
at reduced temperatufé=0.195 and peptide concentration of 20mM.
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Figure 22.Ss h a p e d-shap®d (C) and -dhaped (E) protofilament formed by HuR#®

144from the ', 12" and 11" runs. B, D, FSchematic representations of peptide conformations
intheS, -andUs haped protofil aments. Threflectsthemetuml of t |
radii. Hydrophobic residues (white), positively charged residues (red), negatively charged residues
(blue), and polar residues (green).
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Figure 23.The Ss hap e d (shAdped &) mrotofjlaments formed by BVERA®-144 from
the 5" and4™ runs. B, D Schematic representations of peptide conformationanrSd-shaped
protofilaments The color schemis same as that used in Figure 2
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Figure 24.The Ss h a p e d (shaped &h mrotofijaments formed by SHaRE2®144 from
the 7" and F'runs. B, D Schematic representations of peptide conformation Bn$ -shaped
protofilaments.
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Figure 2.5. Secondary structure distribution of theslBaped protofilament formed by HuR&®-

144. The secondary structure content is calculated and averaged over the last 100 billion collisions
using tle STRIDE program(27) b-sheet, random coil and turn structure ghree major types.

Other types of secondary structures are not shown here.
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Figure 2.8. Average sidechain interaction energy/mol) (A) and average number of sidechain
contacts (Bexperienced 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 HuP+P42@nd
PrP120137 aggregation.

61



Figure 210.Schemat i ¢ r epr es esheetsegmeniA) amdftwo typepat andi | | e |
p a r adisHeetsegmeéntgB, C) formed between two short peptide strands. Three residues are
involved in each strand. The dash line means tedhd C=0 groups form a hydyen bond.
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Table 2.1. A comparison of total interaction energyr{), hydrogen bonding energy {E),

sidechainrsidechain interaction energy kchaip Of protofilaments formed by Hu, BV and Sha

PrP120144.

Protofilament Ens (kd/mol) Esidechain Etotal (kJ/mol)
(kJ/mol)

S-shaped HUPrP12044 | -1902.05453.62 | -396.42415.46 | -2298.47450.63

U-shaped HuPrP12044

-1884.22464.35

-551.30+21.20

-2435.52454.44

g -shaped HuPrP12044

-1773.23452.37

-494.1940.45

-2275.40461.98

S-shaped BVPrP12044 | -1907.66458.36 | -396.42415.34 | -2304.08463.35
q-shaped BVPrP12044 | -1888.58453.12 | -525.74417.83 | -2414.32455.49
S-shaped SHaPrP12%4 | -1788.95467.34 | -380.584£22.45 | -2169.53#72.82

g -shaped SHaPrP12314

-1893.07463.22

-441.8145.34

-2334.88467.94
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Table 2.2.Lag phase time of Hu, BV, SHa PrP1284 aggregation.

Species I(_r?g phase timg
HuPrPL20-144 517941161
BVPrP120-144 729841325
SHaPrR20-144 | 9037+1.862

64



Table 2.3. Average percentage gfarallel and arip a r a isheetdegmbrg in Hu, BV and
SHaPrP12a.44 oligomers and protofilaments.

Species Par al | esheet Anti-parallel b-sheett Tot al -sheet
segmerg segments segmerg

HuPrP120144 | 76.054.60 28.644.64 104.6941.24

BVPrP120144 | 67.7040.71 31.0540.98 98.75#.69

SHaPrP120 69.2640.44 25.9610.99 95.22+#.43

144
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Table 2.4.Amino acid sequergcof three PrP12044 peptides.

32 130 140 144

Human A VVGGLGGYMLGSAMSRPI | HFGSD

%ﬁ AVVGGLGGYMLGSAMSRPMI HEGND
Syrian
Hamster

AVVGGLGGYMLGSAMSRPMMHF GND
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2.7 SUPPORTING INFORMATION
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Figure S2.1. Total interaction energgkJ/mol) of BVPrP120144 aggregation versus simulation
time at reduced temperature=0.195 and peptide concentration of 20mM.
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Figure S2.2.Total interaction energgkd/mol) of SHaPrP12a44 aggregation versus simulation
time at reduced temperature=0.195 and peptide concentration of 20mM.
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Figure S2.3.Final structures fo8 HuPrP1260144 peptides from 15 independent runs a0Tr195.
Structures are taken after at | east 800 bi
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.

Figure S2.4. Final structures for 8 BVPrP1244 peptides from 11 independent runs'a0T195.
Structures are taken afterlac ast 800 billion collisions (t a
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Figure S2.5. Final structures for 8 SHaPrP12@4 peptides from 11 independent runs at
T°=0.195. Structures are taken after at least 800 billion collisighs (@ € s ) .
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Table S2.1. Square well interaction parameters between 19ch@i centroids in reduced energy
u n ingwhith is set to be 12.47 kJ/mol.

A |V |P T |S '[N D |[R K |[E |[Q |L |I |[F |Y (W M C |H

0205 | 0205 | 0205 | -0.203 0139 | 0015

-.201 -0.201 -0.210 D116 | D086
0205 | -0.210 | -0.116 | -0.086
-0.2 0139 | 0116

-0.585 116

A 0084 [ 0048 | 0074 0074 0.074 0074 074 0074 0.074 0074 074 AL148 | -0.148 SIL14E | 0048 | 148 | -0.048 L1390 | 0074
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28 ERRATUM

In theMaterials andViethods section the conversion of the reduced time unit to a real time unit
(pt= 0.072ns) was incorrecthe correct value should lgpt= 0.96ns. Thus, the longest time
accessed in the single DMD simulatsimouldhave been 6% which corresponds to 2000 billion
collisions.The simulation times (x axes) in Figs. 1, 6, 7, 9 @i and Table 2 as well as in other
places in the contexff thearticleshould all benultiplied by a factor of 29. The correct calculation
procedurs are described below:

The way that we reta the reduced time unit to the real time unit is to comiperselfdiffusion
coefficient ofAb(16-22) peptide obtained from DMD simulatio® ( ) andatomistic molecular
dynamics (MD)simulation(O ) at T=298K The reduced temperature of teelf-diffusion
coefficient measurement in DMD simulation is chosen t6'5€.181, which coesponds to room
temperature (T=298K) according to temperature scafipgT = (T+115.79)/2288.46 =
(298+115.79)/2288.46 = 0.181.

The selfdiffusion coefficients in both DMD and MD simulation are calculated using the
Einstein equationWe plotted the meangsiare displacement (MSD) of NbiL6-22) peptides
versus time for both atomistic MD simulation (N=1) and DMD simulation (N=63hasvn in

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

B i 7 i

O0YD wo 0YD Q 0O
wherew G6s the time unitN is the total number of peptide® is theaveragedquare displacement
of N peptides; and Y andi are the coordinates of tf@ peptide ab Ydando. For DMD

simulation,d’ is usedin DMD instead of to representeduced time.

Using the MSD data in FigsAlandB, we obtain the s$ediffusion coefficientsO andO
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By equating the seffiffusion coeffcients calculated from both atomistic MD simulation and

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

unit to be 1 ¥®) = 0.96ns
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Figure E2.1. Plots ofthe MSDversustime calculated fronatomistic simulation (A) and DMD
simulation (B). Thewo pointsarechoserfrom each of two plts to calcdate the slope of MSD

line versus time
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CHAPTER 3

Seeding and CrossSeeding Fibrillation of N-terminal Prion Protein Peptides PrP(120144)

Chapter3 is essentially a manuscript biming Wangand Carol K Hall publishedon Protein

Science
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Seedirg and CrossSeeding Fibrillation of N-terminal Prion Protein
Peptides PrP(126144)

Yiming Wangand Carol KHall*

Department of Chemical and Biomolecular Engineering, North Carolina State Univieedéigh,
North Carolina 27695905 United States

Abstract

Prion diseases are infemis neurodegenerative diseases that are capablessspecies
transmissionthus arousingublic health concerns. Se&mplating propagation of prion protein
is believed to underlie prion crospecies transmissioragnology. Understanding the molecular
fundamentals of prion propagation is key to unravelling the pathology of prion diskates.
work, we use coarsgrained molecular dynamics tovestigaé the seeding and crosgeding
aggregation ofhree prion potein fragments PrP(12044) originaing from human (Hu), bank
vole (BV) and Syrian hamster (SHa). We find thia¢ seed accelerates the aggregation of the
monomer peptides by eliminating the lag pha3se monomer aggregation kinetics are mainly
determind by the structure of the seetihe stronger the hydrophobic residuamsthe seed
associate with each other, thigherthe probabilitythatthe seed recruits monomer peptittegs
surfacelinterfaca-or crossseeding aggregation,exsshow thatHu has atsong tendency to adopt
the conformation of the BV seed and vice versaHh@ndBV monomers have a weak tendg
to adopt the conformation of théd8 seed. These two findings are consistent with Apceital
6s exper i memRP{1L38L4B)iam dartiallg consistent with Jonetalés f i ndi ng
PrR23-144). We alsoidentify several conformational misiches when SHa crosgeds BV and
Hu peptides, indicatinthe existence of a crosseeding barrier between SHa &ahe othertwo
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sequence Thiswork sheds light on theolecular mechanism @kedtemplatingaggregation of

prion protein fragmentsnderlyirg the sequenedependat transmission barnien prion diseases
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3.1 Introduction

Prion diseases are a fayrof infectious neurodegenerative diseafed include kuruand
CreutzfeldtJakob diseaseC(D) in humans, scrapie in goats, bovine spongiform encephalopathy
(BSE) in cattle and chronic wasting disease (CWD) in dédihe infectious ager prion disease
is the prion protein scrapie (F¥Pwhich hasd i v e-shsetrichftonformations.PrP¢replicates
without the help ofnucleic acids by templiaig the misfolding and accumulation of normal prion
protein into misfolded Pr®, the mechanism of which is similar to the seeded polymerization of
amyloids.>®

The significant threat of prion disease to human health is its pdtenbssspecies
transnission For example BSE (also known as &l Cow Diseasg is thought tooriginate from
transmission of a scrapie prion from sheep to cattldumanscan acquire &JD variant by
corsumingbovine productsantaminated by BSE: 1°Experimentamicecan acquir&ariant CJD
by intracerebral inoculation of brain homogenates foattle affected by BSE! Crossspecies
transmission of prion disease may be related to the dimecaction between the misfoldedd
cellular forms of prion proteins from different species, leading to cesding of prion protein
aggregation.'> ¥ Understanding the molecular mechanismderlying the crossseeding
aggregatiorof prion proteincoud pave the way telucidaing the pathology of crosspecies
transmission.

The crossseeding efficiency and specificity fafll -length prion protein anitls N-terminal
fragments have been investigataditro. Vanik et al. # found that Syrian hamsterf23-144)
can seedthe fibrillation of mouse Pr@3-144) while mouse Pr@23-144) camat seedthe
fibrillation of Syrian hamstePrP(23144) indicatingthatmouseand Syrian hamster PrP have an

asymmetric crosseeding barriéf. They further found* that two speciesspecific mutations
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(1138M and 1139M) are critical in determining the creseding specificity of P\R3-144).
Experiments by Leet al.'® showed that residues 109, 112 and 139 determine the seeding and
crossseeding efficiency of mouse and hamster(P0B-144). Chuanget al ® found that the
mutation L138M promotethe amyloidogenesisf bovine PriP108144) peptideand increaseits
seedimy efficiency while the mutations 1139M and N148&the oppositeApostolet al.'’ found

that human and mouse PrP(1B&) fibrils both form parallel steric zippers while hamster
PrP(138143) fibril forms antiparallel steric zippers. When cresseded wwh hamsteiPrP (138

143) fibril, human and mouse PrP(1383) fibrils never form an{parallel steric zippers.

Molecular simulations hava&so been applied to investigate the seeding and-sexsting
mechanism underlying protein aggregation. A numbenofoid bf r agment s-22)%8. g. AbD
ADb (-805%and AM®R have been showm silico to follow a twes t e p -l ficdcokcdk
mechaism when monomer peptides of the same sequence attach to-foenprd fibril ends.

The crossseeding interaction betweémo different peptides to form heteassemblies have also
been investigated. @t al.foundusingmolecular dynamicéMD) simulation that monomeric tau
proteinis stabilized bystretcling its conformation anexposing itsamyloidogenianotifsin the
presencefot he -AD)Y 1pr o t2ozZhdngenabsmdwed usingD simulationthatthe rat
islet amyloid polypeptidgrlAPP) docks to the end dhe humanislet amyloid polypeptide
(hIAPP) protofilament to form stable rIARRIAPP assemblie€ Hu et al. also showd that the
U-shapedAb and hl APP p rsadk @i top ofeacle othersto form wloublayer
assemblies?®

PRIME20 is aknowledgebased fowbeadperresidue coarsegrained protein model
developed in the Hall group that was sfieally designed fodiscontinuous molecular dynamics

(DMD) simulation of protein aggregationMD/PRIMEZ20is able tassimulate the dynamic process
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of largescale peptide aggregation froman initial randomcoil configuration to disordered
oligomess and then fibrillar struct@s.?#2% In recent yeard)MD/PRIME20have been applied to
investigate aggregation of prion protein fragméhtu protein fragmert$ Ab(16-22)°, and
Ab(17-42Y° peptidesin addition, it has been extended to investigagegffect of macromolecular
crowding®® 3, and polyphenol inhibitioA! on peptide aggregation. In recent work, peeformed
coarsegrained simulations ahe spontaneus aggregation dhe threeprion protein fragments,
Hu, BV and SHaH®(120-144) and found that they fornsimilar polymorphicb-sheetrich fibrillar
structuresdue tothe similarity in theiramino acidsequence 32 HuPrP(20-144) aggregates to
form the S, q - andU-shaped protofilaments, while BV and SHaPrP¢12@) form the Sandq -
shaped protofilaments, as shown in Figs. 1 andrSthis work, weinvestigate theseeding and
crossseedingaggregation of these three peptides in the presence of therpred S, g - andU-
shaped protofilaments.

Highlights of our results are as follswIn compang seeding versus neseeding
aggregation, wé nd that the seed accelerathe aggregabn kinetics by eliminating thiag phase
for forming a stable nucleugnalysisof the homogeneous seeding aggregation of HUPrR(120
144) shows that the gucture of the seed has a dominaffect on peptide aggregation kiiws.
TheU-shaped Hu seed has a higher seeding efficitrasithe S a n d-shaped Hu sesthecause
the peptidesin the Ushaped seetlave strongersidechairsidechainhydrophobicinteractiors,
which help stabilize and templatee incoming monomer peptidesErom the crosseeding
simulation of Hu, BV and SHaPrP(1-2@4), we find thatHuPrP(126144) has a sbng tendency
to adopt the conformation of the BV seed and vice versa, indicatmgu and BWPrP(120144)
mayhavea low crossseeding barrielAlso, the BV seed has high efficiency in templating the Hu

and SHa monomer whildn¢ SHa seed has low efficreey in templating thédu, BV monomer.
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This suggests that SHaPrP(i294) may have high crossseeding barrierwith Hu and
BVPrP(120144). The crossseeding efficiency othe Hu, BV and SHa&eedsin simulationis
consistent with experimental findisgn thespeciesdependent seeding specificity of PrP(438

143)Y7.

3.2Results

3.2.1 Seeding vs nogeeding aggregation of HuUPrP(12Q44) peptides

Here we apply DMD simulation tanvestigde the effect of seediran prion protein peptide
aggregation We first sinulate the aggregation oéight initially disorderedHuPrP(120144)
peptdes in the presence of a gogmedS-shaped HuPrR®20-144)protofilament.The preformed
protofilament is regarded as the s@edur simulationFig. 1describpes he per c-sheet age o0
versus time in seeding and rseeding simulation of HUPrP(1:2@4) peptides. From Fig. 2A, in
the absence of the seed, the aggregation of initially disordered A@B1R14) peptides (Fig. 2B)
has a lag phase before formingaallel in-register Sshaped protofilament (Fig. 2&).In the
presence of the seed, the aggregatgnphases eliminatedand the aggregation éfuPrR120-
144) issignificantlyaccelerated since monomer peptides can directly attach to the preformed seed
without overcominghe nucleation barrier. From Figs. 2D and E, during the seeding aggregation
the preformedseedelongatedy reauiting seven out of eighhonomeric peptideandtemplating
them into parallel ifr e g i -shieetsr essentialadopting tle same Shaped conformation as the
seed Similarly, the aggregation of B\and SHaPrP@0-144) peptidesarealsoaccelerated in the

presence of the BVand SHaPrP@0-144) seeds.
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3.2.2HomogeneousSeeding Aggregation of PrP(12Q.44)

We investigate the effect of polymorphic Hu seeds, & andq -shged)on HUPrR120-
144) aggregatiorkinetics and structures. The average potential energy versus time of HuPrP(120
144) aggregation ithe presence of the §,andU-shapedseeddrom five independent runs are
shown in Fig. 3A. From Fig. 3A, the potential energy of the system using-dtejed seed
decreases faster than those of tharflq -shaped seed, indicating that theshbped seeldas the
highest seeding efficien@gmong the three Hu s#® In Table 1, we lishe average nmber of
HuPrP(120144) peptides thatdopt the seed conformatiguartially adopt the seed conformation
or adopt other conformations by the end of the aggmmgathe large error bars in the average
number of peptideadopting 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 simulationNe find that the average numberstafPrP(120144) peptiés that adopt
the conformation of thg - and Ushaped seedxse slightly higher than the number of peptides to
adopt that conformation of theshaped seed. As shown from Fig. 3B, peptides in tigghal U
and g -shaped seeds have stronger sidech@actain hydrophobic interactions than in the S
shaped seed. The explanation is that thehbbed seed has the most stable hydrophobic core
among the three seeds, leading to high efficiency in stalgliamd templating the monomer
peptide when attaching to it.

In addition, wecomparethe aggregation rate of Hu, BV and &PP(126144) in the
presence ofhe Sshape u , -shapedB V a rsbapegSHaPrP(126144)seeds, respectively
As shown in Fig3C, thepotentialenergy of the BMmonomer with the BV seatkcreasefastest
among the three systems. From Table 2, we find that the numliB/RxfP(120144) peptides

adopting the conformation of tlte-shaped B\seedis higher than those of Hu and ShaPrP¢120
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144) adopting the conformatioaf their corresponding seeds. This indicates thaty -shaped
BVPrP(120144) seed has higher homogeneous seeding efficiency tharsttep&dHua n d- q
shapedSHa seeds. The reason is that, from Fig. 3D, BVPrR{#20 peptiden the originalq -
shaped B\seed has stronger sidechain interaction energy than those osta& Hu and -

shapedsHa seeds.

3.2.3Crossseeding aggregation of Hu, BV and SHaPrP(12044) Peptides

We also performed simulations of six types of cressihg aggregation for the HBV
and SHaPrP(12@44) peptides. Similar to the homogeneous seeding simulation results, our cross
seeding simulation results also showed thatstructure of the seed has a major effect on the
monomer aggregation kinetics whichdominant over the monamnseed sequence difference.
Fig. 4 plots the potential energy profiles of three homogeneous seedingixantbssseeding
aggregation simulations.rém Fig. 4A, in the presence of thesBaped Hu seedju, BV and
SHaPrP(12a.44) peptides all havesimilar aggregation kineticsegardless of the fact that
HuPrP(120144) has higher aggregation propensity than BV andF3A&L20144) %, indicating
that the sequence differesoaf the monomer play a minor role on the cressding efftiency.
Note that nouse prion has the same PrP{l12@) sequence as bank vdleeet al.*>had a similar
experimental findinghat using SHaPR08-144) to seed the filitation of its M139] mutant igs
efficient as homologous seedirlg.addition, Figs4B-D and S2 showhat the aggregation rates
of the Hu, BV and SHaPrP(12014) peptides in the presencd  t-shaped @V seedre always
higherthanthose in the presence of thea&hdq-shapedHu seeds and thg-shapedSHa seed.
This indicates that thg-shapedV seedhas the highest croseeding efficiency among the three

seeds. We also notice from Fig. 3D that the peptidéiseinriginal g -shapedV seedhave the
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strongestsidechairsidechain interaction energymong the three seeds, indicatingt ttree q -
shapedBV seedhas a strong hydrophobic core. Thusg stronger the hydrophobic residues
associate with each other within the seed, the hitjegrobabilitythatthe seed recruits monomer
peptides on its surface/interfaaed hencethe fastertielongates.

For the crosseeding aggregation, we compare the tendencies of the monomers to adopt
the seed conformation. In Table 2, we tist average nmber of Hy BV and SH&rP(120144)
peptides thahdopt the seed conformatioroin five independentuns. We found is that Hu and
BVPrR(120-144)have a relatively lowcrossseeding barrief-=rom Table 2, when the HUPrP(120
144) is crosseeded with thg -shapedBV seed most of the HUPrP(12044) peptides adopt the
peptide conformation of tH&V seed; when the BVPrP(12014) is crosseeded with the-Shaped
Hu seed most of the BVPrP(12044) peptides adopt the peptide conformation of the Hu seed. In
addition, we notice thaBVPrP(120144) peptides adopheconformation (7.040.7 out of 8) dfiu
S-shaped seed slightly more thiéaey adopt the conformation tife q -shaped BV seed (6.241.3
out of 8) Sincethese two numbers are within standard deviatioeach otherwe think that the
tendency oBVPrP(120144) peptiddo adopt theeonformationof the Sshaped Hus similar to
its tendency to adopt the conformation of theshapedBV seeds This is consistent with
experimental finding byApostol et all’ tha the crystal structure of fibrils formed by Hu and
MoPrP(138143) are similar, but ardfterent from those formed by SHaPrP(1B&3). Both the
HuPrP(138143) monomer withthe pre-formed MoPrP(138143) fibril crystals and vice versa
show seedingThisis also consistent with the experimental findoygloneset al.**that the human
and mousd’rP(23144) fibrils both havewisted morphologies and that ooanbe used tseed
the amyloidformation of the othehe major reason for the weak tendency ofddd BV to adopt

t he conf or nshapeddiHaseeflistitdben f @ r ma t {islaped SHa seedhisehard,
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for a monomer to adopt. From Table 2, not only Hu and BV but SHa have weak tendencies to
adopt t he c¢ onshapedi@Ha seediso, mast oftthe 8Haanonomers adopt the BV
seed conformation but modtthe BV monomers do not adapie SHa seed, which is inconsistent
with the finding on PrP(2344) by Vaniket al'#

To evaluate the impact of seeding on the three mutated residues oB\Hwand
SHaPrP(12a.44)peptideswe calculated the interaction egess 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 wittetnonrseeding simulations (Fig. 8A fronef
32), the interaction esrgies experienced by residue 138 on monomer Hu, BV and SHa in the
seeding simulatianare all increased, while those of residues 139 and 143 decr&asehdly,
residuel38 hasthe stromgest interaction energy with the seeds regardless of whethemittlie o
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 whetireHit iV
and SHa peptides. Residue 139 is modestly affected bgetak and residue 143 seems hardly
affected by the seeds.

We also noticed from Table 2 that only a small portion oHb@ndBV monomers adopt
the conformation of thel seedjndicating a strong crosseeding barrier betwe&SHaPrP (120
144) and the other two sequences. This is also consistent with experimental findipgsto}et
al.l” tha whenseededvith SHaPrR138-143) fibril, Hu and M&rR138-143) camot reproduce

the maphology of theSHaPrig138-143) fibril .
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3.2.4Structural Mismatch in Homogeneous and Heterogeneous P¢120-144) fibril

We observed a number of different mismatches between the conformations of the
monomers after they attach to the seed and the originateatmimation in the seeded and cross
seeded profdaments. Fig. 6A shows that fotu aggregating in the presence of the SHa seed
four Hu peptides and one SHa peptide form a paralle¢gisterb-sheet but with their @erminal
(residues 137Pro to 144Aspletatied from the q-shapedSHa seed This molealarlevel
structural mismatch is similar to the hybridized fibril model proposeMakarava et al** who
found thatwhenmousefull length prionprotein is seeded with 30% hamster fibrils, a hyit
SHalfibril is formed havingtwo distinct Mo and Ha domains connected layshaed common
local structural motifWe also found some other types of structural mismatch during tigee
and crosssealing aggregation simulations. From Fig. 6Bthe case of BV aggregatiamith the
SHas eed, residues 120Ala to 131Gly of BV adopt
image of the conformation adopted by residues 120Ala to 13diGdgptides in theseed. From
Fig. 6C, inthe case of BV aggregatimgth theSHaseed, 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-shapedconformation. From Fig. 6D, in the case of SHa aggregation
with the BV seed, one SHa monomer adopts the seed conformation but only nede tinénisl
region (residues 120Ala to 131Gly), leaving its tail (132Ser to 144Asp) to float in a disordered
conformation. From Fig. &, inthe case of SHa aggregatieith theSHaseedtwo SHamonomers
adoptq -shapedconformatiors that are slightlylifferent from the originalq -shapedSHa seed
Our finding from simulation indicates that during seeding and «eediry aggregation, theeed

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 fstrainso.

3.3Discussion and Conlusion

Coarsegrained molecular dynamics simulations were used to investigate thestsayty
aggregation of threprion protein fragmentsiu, BV and SHaPrRQ0-144). In a previous paper,
we had investigated the spontaneous aggregation (nucleation) b2@1R@) peptides, similar to
the work by Cheort al.?® for Ab(17-42) peptides. In that paperewhovedthat with thesequence
differencesin residus 138 139 andl43 in Hu, BV and SHaPrP(12D44) causes these peptides
to have differenaggregation pneensities (Hu > BV > SHa). It also causes these peptides to form
various fibrillar structures including the, ;- and U-shaped protofilamentsn this paper we
investigatedhe early-stageseeding aggregatiasf these three peptides. We show that thelisge
aggregation kinetics depends primarily on the structure of the seed, or the hydrophobicity of the
seed coreThe hydrophobic sidechasidechain attragin, along withthe backbone hydrogen
bondinginteractionarethedriving forcesfor seeding androssseeding aggregatiomhe stronger
the hydrophobic residues associate with each other within the seed, thethegiebabilitythat
the seed recruithionomer peptides on its surface/interfaam®) hencehe faster it elongategve
also surmise thanh experiments, initiallyPrP(120144) forms polymorphic fibrillar oligomers
The onswith the lowe energes are likely tchavefaster elongation rates

In addition, conformational mismatches between the monomer and the seed are commonly
observed duringhe fibril elongation, explaininthe polymorphism itthe final morphologyf the
macroscopidibril. An implication of these cdarmational mismatches is that even when the

monomer and the seed consist of the same prion protein, the seeded aggregativihgeagrate
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new fibril structures, which could give rise to new variants of prion diseaséisinVdi single
population, e.ghuman, various strains of CJD are believed to be caused by the same prion protein
but with diverse Pr® conformations®

In the crossseeding simulationf PrP(120144), mutatiors on residus 138, 139 and 143
between species give rise tiifferences inthe seeding efficiency, pecificity and fibril
morphology suggesting that there isspeciesdependent seedirtgarrierfor prion proteirs. On
one handHuPrP(126144) ha a strong tendency to adopt the conformation of the BV seed and
vice versaOn the otler hand, e Hu and BV monomers hakgativelyweak tenderiesto adopt
the conformation of the SHa seddhe mismatch betwedhe sequences of ttgHaseed and the
Hu and BVmonomer causes structural mismatches and decreases thermodynamic stabdity of th
crossseeded fibril, which lealto a decrease in the crosgeding aggregation rat&hese
simulation results are consistevith the experimental findings for PrP34)'*33and PrP(138
143) Y. In addition, kank vole is a unique species that has been showivoto be a universal
acceptor of various prion diseas#sThis indicates that BVPrP has no intgrecies tranmission
barrier and catikely subject to various infectious Fi#rom other species.

The small systemsize in the arrent simulations (eight peptides plus a prdormed
octameric seed) allow us to investigate the elongatfothe PrP(12€144) protofilamet. As
revealed from our and other i n hoet amnyoidpgenio r s 6
peptides ike A b (-22p %5 26, the complete aggregation pathway includes oligomerization,
nucleation and fibril elongation stages. To investigate the lmepggregation pathway of Hu,

BV and SHaPrP(12244) peptidesywe may need to performriger scalesimulatiors of hundreds

of peptides and fit the simulation data to the-selfisistent solution of a master equation of the
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fibril growth by Cohenret al.*" to predict the primary nucleation rate, the secondary nucleation

rate and the fibril elegation rate.

3.4 Methods

3.4.1DMD and PRIMEZ20 force field

Discontinuous molecular dynami¢g®MD), a fast alternative to traditional molecular
dynamics, is employeds our main simulation methotf PRIME20 is afour-beadperresidue
coarsegrainedproteinmodel developed in the Hall group that was specifically designed for DMD
simulation of proteinggregation®® The PRIME20 force field models the 20 different amécids
( each c on tCDiamdsidebhBin spierg R) with 20 different sets of geometric parameters.
Specifically, each sidechain bead of the 20 amino acids has a distinct hard diphester
(effective van der Waals radius) and has distinct sidadbebackbone distances {R U , -NHR
R-CO). The potential function between two amino acid sidechain beads is modeled as a square
well potential which contains two parameters, square wedlbhmand square well depth. We reduce
the total number athe 210 irdependent square well depths between 20 different amino acids to
19 parameters while maintaining 210 independent square well widths to ensure physically
meaningful pair interaction energiasd reasonably accurate results in discriminating decoys from
native structures in the PDB databa3éie backbone hydrogen bonding interactions are also
modeled as a directional square well potential. All the othefboowled interactions are modeled
as lard sphere interaction& detailed description of the derivatiohthe geometric and energetic
parameters of the PRIME20 modslgivenin our earlierwork. 24 39 40 The maindifference
between our force field and most of the atomistic (Amber, OPIEBARMM, etc.) or coarse

grained protein force fields (MARTINY, OPEP*?> and AWSEM?) is that PRIME20 models the
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nontbonded interactions (backbone hydrogen bonding and sidesidaichain interactions) as
discontinuous potentiaivhile other models use continuous potentials, tileelennardJones or
Columbic potetials. The square well potentidior modelingsidechairsidechaininteractionin
PRIMEZ20is a sum of the van der Waathargecharge and hydrophobic interactipaad @ch of
these contributions cannot be split separatelyaddition,PRIME20 does not take intceount

the effect of water/countéons as it is an implicit solvent model. Instead the PRIME20 forced
field is focused on predicting the structural chagfepeptides in their oligomeric and fibrillar

state

3.4.2 Simulation Procedure

We simulate theeeding and crosseedingaggregation of the Hu, BV and SPid (120
144)peptidesn the presence of a pfermedb-sheetrich protofilamentTheS-, q - andU-shaped
protofilaments formed by spontaneous aggregation of eight Hu, BV and SH2@1R4)
peptides in the previous work? are used as seede simulations are performed in the canonical
ensemble (fixed number of particles, constant volume and tetope). The Andersen thermostat
is implemented to maintain the system at a constant temperétlibe initial velocity for every
bead in the system is generated based on a MaBe#iimann distribution centered at the desired
reduced temperatur@he sytem is initialized by randomly placirg preformed b-sheetrich
octamer surrounded Bightmonomeic peptides in a cubic box with box length equal to 110.0 A
corresponding to total peptide concentration of 20 mMhe reduced temperature is defined to
beT'=ksT /nd)wherethdry d r o gen b o meFi2d7k)/neolTereduged tertperature

T" is chosen to b&.195, which corresponds to 330K in real temperattieWe have five
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independent runs foraehof the fourteen seeding and crasedingsimulaton. Each simulation

|l asts for. at | east 75¢s
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Figure 3.1.Ss h a p e d-shap&d (C), agd4dhaped (E) protofilaments formed by HuPrP(120
144) from the 5th, 12th, and 11th runs are shown. B, D, ascthEmatic representations of peptide
conformations in the-S - apd Ushaped protofilaments. The sizes of tige £hain beads do not
reflect the actual radiHydrophobic residues (white), positively charged residues (red), negatively
charged residues (blue), and polar residues (green) are JAdwatfigure is reproduced from ref
32)
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Figure 3.2.( A) P |-sheet peréentdme in HUPrP(1294) aggregation simulations in the
presence and absence of afmened HuPrP(12.44) seed as a function of #mThe percentage

o f-shbet content is calculatbgthe STRIDE algorithnn the visudmoleculardynamics (VMD)
software (B) and(C) are simulation snapshots oftheroe e di ng aggr egaand on t a

1 9 8 eespectively(D) and(E) are simulation snapshots of the seeding aggregation taken at t =
1 sand s5e8pectively.
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Figure 3.3.(A) Potentialenergy versus time of HURi20-144) peptides aggregating in the
presence of Y S, -shaped Hu seeds. (B) Average sidechain interaction energy per peptide of
U-, S, -shaped HuPr20144) protofilamentgseeds). (CPotentialerergy versus time of Hu,

BV and ShaPrf@20-144) peptides aggregating in the presence®ftfsa p e d-sh&padV agd

g -shapedSha seeds. (D) Average sidechain interaction energy per peptidesdi @ p e d- Hu,
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Figure 3.6. Five types of structural mismatches found in homogeneous and heterogeneous
protofilaments formed by Hu, BV and SHaPrP({412B}) peptidesSimulation snapshot ofA() Hu

with  t hshapedSHa protofilamentfrom the 29 r u n ; ( B) B WshapedSHa t he
protofilament from the 8r u n ; ( C) BsHapedHa protdfilineentrgm the 4" run; (D)

SHa wi t-shapedB\epromfilamentfrom the 291 u n ; ( E) S ksbgpedsHa h t he
protofilamentfrom the F'run. Hu, BV and SHaPrP(12144) peptides in A are colored in red,

blue and green respectively, except that the SHa{#2) monomer peptides in E are colored in

purple.
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Table 3.1.Number of HUPrP{20-144) peptides tit adopt the peptide conformation in the seed

or other conformations during the aggregatiotine presence of the,S - apnd Ushapedu seed.

Seed # Hu monomers that # Hu monomes that # Hu monomes that
adopt seed partially adopt seed adopt other
conformation conformation conformations
Hu Sshaped 4.02.7 1.2#4.6 2.841.9
Hu q -shaped 5.6+1.8 1441 1.2#1.8
Hu U-shaped 6.0+2.1 0.0#60.0 2.0+2.1
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Table 3.2. Number of Hu, BV and SHaPrP(1-2@d4) peptides that adopt the peptide conformation

in the seed during the seeding and cisessding aggregation

SeedMonome peptide| # Hu monomers that # BV monomers thal # SHamonomers
adopt seed adopt seed that adopt seed
conformation conformation conformation
Hu Sshapedseed 4.02.7 7.0:00.7 4.82.4
BV -dhapedseed 6.040.8 6.241.3 6.44.3
SHa -shapedseed 2.84.9 3.22.6 3.02.5
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Table 3.3.Amino acid sequence of three prion protein fragments

120 130 140 144
Human AVVGGLGGYMLGSAMSRPI I HF GSD
Bank Vole AVVGGLGGYMLGSAMSRPMI HF GND
Syrian HamsterAVV GGL GGY ML GSAMSRPMMHFGND
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3.7 Supporting Information

Figure S3.1. (A) The simulation snapshot and (B) theschemi ¢ pepti de r epresen
shaped BVPrP(12@44) protofilamentsare shown (C) The simulation snapshot anD)(the
schematic pepti de -shaged EHaBrie(lZ4) protafilmaments aré dhavn. q

The sizes of the side chain beads db meflect the actual radii. Hydrophobic residues (white),
positively charged residues (red), negatively charged resi@hliee), and polar residues (green)

are shown. (this figure is reproduced fromXgf
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Aggr egat i 0-806) in the Phelsence ©f Naturally Occurring
PhenolicInhibitors Using Coarse Grained Simulations

Yiming Wang, David C. Latshaand Carol KHall*

Department of Chemical and Biomolecular Engineering, North Carolina State Univieedéigh,
North Carolina 27695905 United States

Abstract

Although ®menaturallyoccuring polyphenols havebeénound t o i nhi bit am
formation and reduce neuron cell toxicity in vittbeir exact inhibitory mechanism is unknown.
In this work, discontinuous molecular dynam{BavMD) combined with the PRIME20 force field
and anewly-built inhibitor modelare performed to examine the effect of vanillin, resveratrol,
curcumin and epigallocatechBig al | at e ( EGCG) on 136) peptalesfpure gat i o
sets of peptide/inhibitor simulations are performmedvhich inhibitors: (1) bi nd t-86) Ab ( 17
monamer; (2) interfee wi t h -36p ¢lidoimherization; (3) disrupt a pfeor me d -36A b ( 1 7
protofilament; (4) prevent the growo f  A-B6) fdratofilament.The singlering compound,
vanillin, slightly slows down but cannot inhibit the formation of ashhped A ( -BG)
protofilament.The multiplering compounds, EGCG, resveratrol and curcymire di r e€t ADb ( :
36) from a fibrillar aggregat® an unstructured oligoméeFhethree aromatic groups the EGCG
moleculeare in a stereo (nonplanar) configuration, hejgtrcontact theN-termind, middle and
C-terminalregiors of the peptideResveratrol and curcumin bindly to the hydrophobicesidues
near peptide terminiThe rank order of inhibitgr effectivenesof A b (-36Y aggregation is
EGCG > resveratrol > coumin > vanillin,consistent with experimental findings on inhibiting full
l engt h ADb Furthebnore, weé laatnithatthe inhibition effect of EGCG is specific to the
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peptide segence whilghose ofresveratrol and curcumare norspecific in thathey stem from
strong interference with hydrophobic sidechain associategardless ofher e si dues 6 | oc.
and peptide sequend@ur studies providenolecularlevel insights intohow polyphend inhibit

Ab f i br i, lknoWledgerthaticould imeseful for designingmyloidinhibitors
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4.1 Introduction

Al zhei mer 6s Disease (AD) is a neurodegener
system degradation, adéath. Currently there are no therapeutic agents available for the treatment
of AD despite great efforts from the medical research commytiy] The possible reasons for
such inefficient drug development have been discussed by &o@y [4] The pathabgical
hall mark of AD is the aggr eg a tomesnpwhichrestltfran a my | ¢
the enzymébased cleaage of the amyloid precursor protein, APP, assemble extracellularly into
progressively larger aggregate structures, monotoesigomersto-fibrils, and are eventually
deposited in plaques in the brain. Quussible avenue for AD treatmenttgsprevent or reverse
aggregati on othroughimeractoh withsnpllt moldcele aggregation inhibitors.
Many small molecules havesén identified5] or designed6] for this purposeRecent progress
in experimental and computational investigations @/déug interactionare summarized by
Nguyenet al [7] andDoig et al[8]. A subset of these molecules, phenolic compounds, hese
shown to be effective at prevent i imgtrotfRléd] f or ma

Many researchers have investigated the effectiveness of v4hillir?], resveratro[13-
20], curcumn [5, 12, 18, 19, 25, 26 , 27]and EGCJ18, 2839] as AD therapeuticd/anillin
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 sulrstgaterns with curcumin.
The effectiveness of vanillin as an Ab aggr e
compounds considered in this papart bince it only has one aron@atjroup, it isincluded to
determine the impact of theumberof aramatic inhibitor groupsoni nhi bi ti ng Ab agg

Neculaet al. [5] identified vanillin as beinic apabl e of di ¢2)oligdmerraigd b ot h

115



fibril formation, while Ladiwalaet al. [38] and Reinke and Gestwicki2] both indicate that
vanillin hadlittle-to-n o e f f e e4R) aggmegatiom. ( 1

Resveratrol is a naturallyccurring 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 amourghownt o i nhi bi t inAitro[B/D\Wangegahshawedrthat moderate
consumption of Cabernet Sauvignon coul28) pr omo
Ladiwalaet al.foundthat e sver at r ol c-42unhodomere solhldesgbmers ok 1
toxic oligomers, fibrillar intermediates, and amyloid fibrils vitro to form off-pathway,
disordered, nottoxic, high molecular weight structurel®8] They suggested that resveratrol
disassembles fibrillar structures by interacting withrtheibeets and stacked aromatic side chains.
Fengetalt est ed t he ef f e c#2aggrégatione\stroand faundthatitcauld Ab ( 1
i nhi bit Ab f idgnregate prdormnedrfilarils,iardnnhibit dliganarytotoxicity, but
that it couldnot inhibit the formation of the oligomers themsel|wekich were instead stabilized.

[19]

Curcumin is one of the principal componeafghe spice turmeric, known for its potent
antioxidant and andnflammatory propertiesit has been shown to disruptb aggr egat i on
direct interaction. Onetal.f ound t hat cur-d40ini and2xfikkibf@riiation Ab (1
and destabilizes prwrmed fibrils. [24] They were unsure of the inhibitiomechanism but
proposed that caumin might bind to the ends fibrils, destabilizing the structure and preventing
further aggregation. Yangtal.st udi ed curcuminés effects on Al
i nhibit fordm@A)tiohi gdmeArbs( 1and -#2) digomdr ormatiennd pr e
[25] Reinke ad Gestwicki examined the effect of thember of aromatic groups, aromatic group

substitution patterns, and the length and flexibility of the chain linking each aromatic group on
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A b (42) aggregation12] They found that adieast two aromatic groupsachof which contains

functional groupx apabl e of hydrogen bonding, Whey e r eq!

also found that the linker between two aromatic groups should have a length186And

should contain one dwo sp’ hybridized carbonsThese results put curcumin squarely into their

Ai deal 0 Ab aggregation inhibitor rang ee Si mu

curcumin binding to Ab monomers and aggregat e

simulations that curcumin preferealiy bindstotheN er mi nal ami n@0).86]i d D1

Il n an atomistic MD simul at i o nr40)dibril (hexamer)withi n i nt

two different structures, they found that curcumin bound to S26 aBbK2 n  AB)(filril

havingtwo loop structures whileurcumin bound to F26na n  AAB)(filsril having three loop

structuresZhaoet al. used atomistic molecular dynamics simulations to examine the effects of

curcumin on t he-423dnmeb[27) Thayfpundtiat cacnu mMitn( ddecf eas ed

sheetconterd f A b o bui dgl oataker tise intepeptide contactsr break the dimer apart.
EpigallocatechifB3-gallate (EGCG) is an abundant molecule in green and white tea, with

smaller amountsccurring in black tea. Likeutcumin 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 hameacekon chain

linker, makirg it more rigid. Bieschketal.st udi ed EGCG i n t4@)rarmddoundons wi

that it can bind monomers and force them off pathway into large, disorderetbxmaggregates.

[29] Their experiments showed that EGCG thescapability to completely dislvefibrils, andto

remodel them without completely disassembling them. Similar results were obtained by

Ehrnhoeferet al.[32] and Bastianettet al.[33] Wanget al.used isothermal titration calorimetry

tounderstandiiw E GCG b i #2).§35] Their mfajor(rebult was thathto w E GC-G/ Ab ( 1
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42) ratios, the intespecies interactions are primarily due to both hydrogen bonding and
hydrophobic interactions but as the amount of EGCG increases the interactiortsveitt
hydrophobic interaction¥ounget al.usedESFMS-MS to find that EGCG binds specifically to

A b €4@) monomer leading to the formation of amorphous aggreda@#tomistic simulations

have also been used to probe ith@ecular level details @ GCG i nt er act etaln wi t h
found that norpolar interactios accounted for almost three quarters of the E@i5¢(42)

binding energy and that the remaining energy was due to hydrogen bdi@dihghe residues

with the strongest EGCG interactiarere F4, B, F19, F20, E22, K28, G29, L34, G37, and 141.
Atomistic 8 mu | at i o2 dirnef intekdetind with EGC®y Zhanget al. showed that

EGCG dec-sbkbastscbnt ent anhdeliinxc rseeacsoensd acroyi-ls tarnudc t
42) dimer[36]

Studies have been conducted that directly compare the effectivehekese small
molecules. Chebaret al.used docking simulations to show that resveratrol, curcumin and EGCG,
among other inhibitors, have good binding affind b (-42ytrimers, masspecifically residues
17-21.[18] Resveratrol and curcumin bothepf er red t o bind to the | ow
tested, while EGCG preferreid bind with highenergy structures. This may mean that the
aggregationnhibition from EGCG stems from bindjrearly intermediate structures rather than
later stable ones. Experents by Reinke and Gestwicki showed that vanillin was significantly less
effective than resveratrol a n [d2] Eengretcall founch at i
curcumin to be effdtve, but not as effective as resveratrol at inhibiting fibril fotiora [19]

Finally, Rajasekhaet al. [40] reported that EGCG has much lower half maximal inhibition

concentration (IGlU2 . 4em) t hansUdBr emi)n anldGo & S v danm) r o |

Ab aggregation.
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Researchers also found that different phenolaecules mayhave distinct inhibition
mechanisms. Necuktal [5]f ound t hat inhibitors, e.g. curcu
but dondt i nhibit fiinthr iblilta tbiodrh vAbi lod boymwhmerrs ze
only fibrillation. Younget al.[37] usedion mobility spectrometrynass spectrometity classify
small moleculenhibitors forA [{1-40) and hlAPP into: 1.@ecific inhibition (binding to peptide
monomefdimer with a fixed stoichiometry); 2non-specific inhibition (binding to peptide
monomer/dimer with a wide range of stoichiomeliex colloidal inhibition (inhibitor self
associates to form colloid).

I n the present -36} ackytral rwaeg meanki-42)o0a6@AHR{{tide
model. This is different from theon-toxic Ab fragments studiegdreviously byour groupandby
others ininvestigatingA Binhibitor interactions e . g -28) [A1§, ( 1A&E35) 2438, 43] and
A b (-42Y[18]. We choose B peptide because it is short enough to enable our simulation of
sponaneous fibril formation but long enough to mimic full length(A42) in many aspect§i4]

An even short e35), foorma fipritceimvitro with & ¢hdreteristic-éhape with

issimi ar t o t hos ed40fasshome Oy Chandrakdseghdl. [45] using solidstate

NMR. Additionally, residues 3 6 consi st of t H-42) peptind wherd smalle gi o n
molecules frequently bind. Zhet al. used a fragmertased mapping calculation froraplica

exchange molecular dynamics (REMihdfound that curcumin and Congo red favoralityd to

the central reidueso f t h-42) mMohoméa(e.g. Phe4, Tyrl0, Leul7, Phel9, lle31 and Met35).

[46]

In this work,we applydiscontinuous molecular dynamics (DMD) simulati@asnbined
with a coarsegrainel model for peptide and inhibitor to investigate the effect of the four naturally

occurring phenb i ¢ mol ecul es ( EGCG, resverat r36) , cur
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aggregation. We constructed an intermediasolution coarsgrained inhibitor model thais

compatible with PRIMEZ20, a coarggained peptide model developed by the Hall group. Five

types of simulations were performed to g-ive a

36) fibrillation, including: (1). 8 B (pdptdes aggregatingp the absence of small

molecules (2). a s i n3p)peptide mteracting with 10 small eclilesy(3). 8 B&H ( 17

peptides aggregating in the presence of 30 small molec(#esa pref or me d -36Ab ( 17

protofilament (octamer) interacting with 30 alnmolecules;(5). a pref or me d -36Ab ( 1 7

protofil ament el ongat 436 meptides antl 30esmap mokesuesn ce of 8
Highlights of our results are the following: In the peptaidy simulations, 8 initially

di sor de r-3)4dpepfideq fbriha Ushaped fibrillar octamer via a templatgobwth

mechanismin the simulation of small moletas binding to a singlpeptide, resveratrol has the

strongest binding energy wilromatic amino acids, e§.1 9 0o n-36A\Wh({lelIEGCG has the

highest numér of contact with the whole peptidelhe four inhibitor moleculesnost frequently

contact the drophobic residueb19 F20 L34, M35onthe Nand Gt er mi nal -86).of ADb(

In the simulation of 8 peptides aggregating with 30 inhibitor molecules, E@&3&¢eratrol and

cur cumi n p r36) Vikriinfarmatoh &ntl orm disordered peptitibitor oligomers

while vanillin does-s6t pi d-B6pdofoflamert. & thé simulati@rt i on

of one protofilament interacting with 30 inhikisp EGCG and resveratrol redirect the-finamed

protofilament into disordered oligomer while cumin and vanillin bind butlo not dissolve the

protofilament structure. In the simulation of one protofilament elongating with 8 peptides and 30

inhibitors, vani I I i n and curcumin sl ow-3@) Ipretofilentelt;n gat i o

resveratrol stopss growth while EGCG dissolgghe preformed protofilament. In summary,

EGCG is the most e f f-86 fibril foematiom dnd the tank rordesf o r Ab (
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effectiveness ofhe four candidates is: EGCG > resveratrol > curcumin > vanillin, which is

consistent with experimentall2,80ndings on full

4.2 Results

4.2.1A b (-36Yform a parallel in-register U-shaped protofilament
First, we performd6 i ndependent simul ations o03) spont
peptides at T= 0.2 and peptide concentration of 5mM. The U a p e d-36Advofofllament is
formed in 5 out of 6 runs. Fid shows simulation snapshots from th&rfin, starting froma
random configuration in FidA. The secondary structure content of the peptidab tatne points
are determined by using the STRIDE algoritf##] within the VMD software[48]. In Fig. 1B,
t hr ee p e p tshedteck haifpmrshapedatrimier. Iirigs.1B-E, the trimer grows into a-U
shaped octamer by acting as a template and recruiting other random coil motwthersvo
ends. The G25 in the middle of the peptide backbone serves as the hinge of {A8]tlihe inter
and intra-peptide hydropbbic sidechain associations between 19Phe and 32lle and 34Leu lead to
the formation of a tightlypacked hydrophobic core between the ad G terminals of the
peptides, as shown in Figf-. The salt bridge interaction between D23 an8 Kélps stabilizehe
U-shaped protofilamentig. 1G shows the decrease of potential energgr the course ahe
simulation. Formation of a parallel wnegister Us haped pr ot of 36)adnnoarn t by
simulation is consistent witthe experimental finding th#t b ( -358peptides form fibrils with a

hairpin characteristi¢45]
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4221 nhi bitors bi n®6)pguidea si ngle Ab(17

We examind the binding affinity ofthe four inhibitor molecules té\ b ( -36Y peptide by
si mul at i n3p) momomek imtérdctingith 10 inhibitor moleculesThe bnding affinity
of phenolicmolecules to target peptide is a good indication df fiagential inhibitory effectThe
average number of i nhi bi t-3)rmommdreverthé lass25 bilion c o nt «
collisions vascalculated. The inhibitor moleculedgfined as contacting the peptide if there is at
least one hydrogen hd or one hydrophobic contact between the inhibitor and the peptide. The
results are: Moccani7-36 = 4.298.83 Nresveratrolan17-36 = 3.7040.72, Neurcuminab17-36 = 3.2240.93
Nvanilin-ap17-36 = 0.914.86, indicating that the order dinding affinity of the four inhibitor
mo | e c ul e $86) is:&EG@E>(rekveratrol > curcumin > vanillin.addition, we calculated
the RMSD ofthe four inhibitor molecules in both atomistic and coagsained simulation as
shown in Fig 2A and B, respectivelyWe fourd that curcumin has the largest structural
fluctuation amonghe four molecules in both the atomistic and coagsined simulations wkeal
the other three molecules are relatively rigid. This is because curcumin has two aromatic groups
separated by a lorand flexible carbon linker, resulting in large conformation fluctuations.

To find the speci f-36xforthe foudiihibitgrs, wa calaulateddhe Ab ( 1
number of contacts (hydrophobic contact or hydrogen béoned betweerthe A b (-36Y
backbone spheres and the inhibitéiig. 2C shows that EGCBas the highestumber ofcontacts
with A b (-36Y and thatresveratrol and cureuin specifically contact the hydrophobic residues
near the Nand G terminals, including 17L, 19F, 20F, 21A, 311, 321, 34L and 3%séhnillin has
the least number of contacts with the peptiQer resultsfor the averagenumber of contacts
bet ween small mo | e ¢ U17-86 (Fig 20) areeompalrable wattsthosedrean o f Al

a similar atomi st i c(l™bD/intkbitomintéracttomngdB8h st udy of AD
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The-- " stacking ieent polyphentls amd ardmatisidechains on
amyloidogenic peptides is considered to be key in inhibiting amyloid formdtignVe thus
calculated the radial distribution functiog(r), between the sidechain centroidtbé F19 residue
on A{8q) 4nd he centers of mass of theur inhibitors as showm Fig. 2D. Each g(r) has a
peak at a peptidmhibitor distance equal to around 6A. Theeddth of thepeak in each curve
indicates that the four i nht3B)intmanydferentomodesa ct t h
For exampt, hydrogen bonds could form between the inhibitor CG grougs, (O=0, and O)
and the peptide CG groups (C=0O;HY or there could be hydrophobic interactions between the
inhibitor CG sites (C, €4, C-H,) and the sidechasof Ab ( -B6) peptideFromFig. 2D, we also
find thatresveratrol bindto F19with ahigherprobabilitythan EGCGalthoughEGCG on average

has highetotal number of contacts witlesidues along the whole peptide than resveratrol.

4.2.3Inhibitors interfere with A b (-36Yaggregation

We next perform DMD -36)ipeptidésaaggregatns theopfeseBce Ab ( 1 7
of 30 inhibitors to evaluate the ability tife four molecules to inhibit peptide aggregatiemthe
monomer peptide binding simulations, EG@&s he highestA b (-36Yinhibitor bindng ratio
(2:4) amonghef our mol e c ul e 86)/inHibloursolat rdtie is ohdsénobe around
1:4 to ensure that there are enough inhibitor molecules in the simulation to interaetaaiith
peptide Snapsotsof the vanilin and EGCG cases ashown in Fig3. From Fig.3 (top 3 panels)
wefindthatv ani | | i n doesné6t i-shaped b {-36yphomfilament. imthé¢ i on o
presence of vanillin, the peptides form arsUh a p-shdetriéh trimer hat binds with dew
vanillin moleculesbutlater recuits other disordered peptides to form asblapedctamenn other

words ,the aggregation pathway is similar to the case without inhibishieynin Fig. 1. In
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comparison, as shown in Fg(bottom3 panels)EGCGquickly bincst o t h €36) Adnonies

and oligomes and redirethem to form a disordered oligomeric peptidbibitor complex. Our

simulation results indicate that EGCGshamuc h stronger i nhi-3)i t or vy
aggregationthan vanillin. Thei nhi bi ti on mechani-86nhaggrdgatidiGCG o n
consistent with experimental findiag h a t EGCG inhibit s-42x[32andf i br i |
A b €4Q) [37] peptides by binding to the monomeric peptidesl rediredchg them to form

amorphous agggates.Resveratrol and curcumin have similar inhibiteyf f ect s -3@n ADb ( 1
aggregation as EGC@e simulation snapshsxdire not shown.

We examine the relative effectivenesstltd4 s mal | mol ecul e3) i n in
aggegation bycomparing their ability to disrupt peptigeeptide hydrophobic interactions and
hydrogen bonding, two key diig forces for peptiddibril lation. Firstly, we examine the ability
of four inhibitornro | ecul es t o i 138) backbome hydrogen tdiformiatog. Eid.
4pl ots the number of backbone -dhgedcontegorerthdb ond s
course othesimulation.From Fig.4, we find that the rank order dlfie ability to disrupt peptide
peptide hydrogen bonding: EGCG > resveratl > curcumin > vanillin. Vanillin slightly
decreases the rate of backbone hydrogen bond formation while resveratrol, curcumin and EGCG
greatly decreasié. Thereare some transient increasand dcreasso f b sheimthe cont e
presence of curcumiwhi | e a | rsbesttcontent forfmin the presence of resveratrol and
EGCG.

We then examine the four I nhi b3b)tsidechaimo | e c u |
sidechain associations. Fi§. plots the (A) sidechahnsidechain and (B) sidechainhibitor
interaction energy aheresidues along the chaaver the whole simulation trajectoryrom Fig.

5A, we find that the order of effectiveness in interfermwgh peptide sidechaisidechain
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interaction is: EGCG > resveratrol > curcumin > vanillin. Redvelracurcumin and EGCG
notably decrease the peptide sidectsadiechain interactiarv anillin slightly enhances the peptide
sidechainrsidechain interactiorbetween residuesF20 and residuel31, indicating thatin the
presence of vanillin,the peptidepepide interactions are mostly preserved within the
protofilament. Fig5B shows thathe four small molecules mainly interact withe N and G
terminal residuesfo A B36) dvérthe whole simulationOur results are consistent with Chebaro
etald s dgpsonklation resulterhich showedhat resveratrol, curcumin and EGCG have good

bi ndi ng af t4R)trimeérsy mastspediba(lylto/residuesAl.[18]

To investigate the structufanction relationship of the four inhibitor molecuesn AH ( 1 7

36) aggregationwealsomapedthd nt er acti on energy between t
36) residues in Figs. Figs.6A and 6B show thatanillin hasa much weaker peptidmhibitor
interaction energyhanresveratral This is because vanilllinasa single aromatic ringnd thus

has lesswydropohbic siteshan resveratrdior interfering withsidechairsidechainhydrophobic
associationThis difference in peptidahibitor interaction strengths may explain why vanilié
much less effectivéhan resveratrolat n hi b i t -B6) aggregdtioniigs. 6B and 6C show
that resveratrol and curcumin interact mainly with the hydropheBidues near the -NMnd G
terminals because they ateucturally similarin thatthey have two aromatic groups separated by
acarbon linker, as shown in Fifj0. However, resveratrol has a stronger interaction energy with
peptides than curcumin, likebecausehte two aromatic groupsi@urcumin are further apart than
those @ resveratro(curcumin has two ketone groups betwaea alkene grougsThe structural
flexibility associated witlthe longcurcumincarbon linker decreases its binding affinitythe
peptide, thus decreasing its inhibitory effectivendasagreementvi t h Rei nke and

finding. [12] Fig. 6D shows the OH groupésites3, 5 and 7pn the F'aromatic grousitesl to
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9) of EGCG interact with the middle region of theptides(residues E22 to G29), and the OH
groups $ites16, 19, 29 and 31) on th&%ind 3® aromatic groupssftes11 to 32) oEGCG mainly
contact the Nand G terminal of the monomer peptidehis is becausthe three aromatic groups
of EGCG are in atereo(non-planar)configuration which is structurally different frorthe other
three planar molecweThus while resveratra@nd curcumin interact with the-Mdnd G terminii
regi ons -30),fEG@A®D Kintisthd stabilizes the whole monomericpeptideand prevertt
inter-peptide contast{43]

Next, we calculatdahe interaction energhetween thandividual CG groupson four
inhibitor moleculesand Ab(17-36) peptide as showin Fig. 7. Vanillin has arelativdy evenly
distributed interaction engy over all of its CG siteexceptfor the H group.The OH group®n
the aromatic ringsf resveratro(sites4, 13 and 16 ) and curcum(sites6 and 20have relatively
strong interactions witkthe peptide while the interaction energiestween theC ard CH groups
on thetwo aromatic groupandthe peptides areveny distribued. For EGCG the two aromatic
groups consisting of CG sitdR to 32 have stronger interacti@mergythan the aromatic group

consisting of CG sitestb 10, with the Ab(17-36) peptides

4.2.4Inhibitors redirect pre-f o r me d -38) pr¢tdfil@ment into disordered oligomer

We examind the ability of the four inhibitor molecules to perturb a-foemed fikxillar
structure by simulating 30 inhibitors interacting with afmenedUs haped oct-8neri c A
protofilament. Fig. 8A-D are simulation snapshots of EGCG dissolving thefpeer me d- Ab ( 17
36) protofilament. EGCG initiallpinds to the hydrophobiesidues near the peptide &hd G

terminals in the fibril, similato the way that they bind to the monomeric peptides. Due to the
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interference of EGCGuvith sidechairsidechain association and backbone hydrogen bonds, the
peptides near the two ends of fitetofilament gradually become unstructured monemer

From the pptidepeptide 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
thepr e f or me38) fibhlbntoludstructured oligomers. In compam, n the presence of
vanillin and curcumin, the total number of peptide hydrogen bonds stays constant throughout the
simulation, indicating that the pfermed fibrillar structure remasunchanged-urther analysis
shows (in Fig. S1) that even though EGCG and resveratrol bind to peptides with a similar number
of peptideinhibitor hydrophobic contacts, EGCG causes an obvious decrease in the number of
peptidepeptide hydrophobic contacfBhis indicates that EGCG disrupts fibrillar structure more
efficiently than resveratrol due to its strong ability to interfere with pejp@dide contacts and

stabilize unstructured oligomers.

4.2.5.Inhibitors retard the elongation of the A b ( -36Y protofilament

Finally, we investigatgthe effect of the inhibitor molecules on the elongatioardk b (-1 7
36) protofilament.The simulation systemihced e s 8 d i s 36) peptides,d pridarinédl 7
U-s h a p e d-36pdiofofllament and 30 irthitors. Fig. 9 plots the total number of intgreptide
hydrogen bonds formed as a function of time. From%ig. we f i nd t hat vanil/l.i
seeded aggr e-36ainsteadit slightly inkreasek the growth rate of the protofilament.
In the presece of curcumin, only three out of eight monomer peptidesemreited to jointhe
protofilament. In the presence of resveratrol, the total number of hydrogen bonds remains constant,
indicating that none ahe monomer peptides arecruitedinto the preformed protofilamentn

this case, resveratrdinds mainly to the monomer peptides. There rasteenoughresveratrol
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molecules tdisrupt the protofilamenin the presence of EGCG, the total number of hydrogen
bonds decreases to a smallueanearzero, indicating thathe 30 EGCG not only prevent the
elongation of the preformed protofilament but they also redirect the protofilament into a disordered
oligomer.These snulation resultsuggest theadt the samahibitor concentrationrEGCG s more

effectiveatinhibiting protofilament growth than resveratrol, curcumin and vanillin.

4.3 Discussion and conclusion

Phenolic compounds including vanillin, resveratrol, curcumin and EGCG are known to
inhi bit Ab aggr egat i bywhidh thisis actomplishedare tnknovieoc h ani s
examine the effect of naturallyc cur ri ng pol yphenols on Ab agg
simulation combined with the intermediate resolution protein model, PRIME20 and a-coarse
grained inhibitor model. The sirtation of peptideonly aggregation serdeasa benchmarkFour
sets of peptide/inhibitaimulations wes performedn which: small molecule¢l)b i nd t-o Ab (1
36) monomer; (2) interferw i t h -26pdligobmerization; (3) disrupt a pfeor me d-36A b ( 1 7
protofilament; and (4) prevent the groth o f A-B6) pratofilament Our results show that
vani | | i n dheealslity 6fA b (-36hta form & protofilamenor dissolve goreformed
protofilament structurer preventthe grovih of theprotofilament Curcumin redirect¢ he Ab ( 17
36) monometto formb-sheetr i ¢ h o | i g o mdissolvdihe prefodne@ @ratofilament
Resveratrol and EGCG botlonvertAb(17-36) monomerigpeptidesand preformed protofilament
into disordered oligomers.

Even though thesimulation concentrations used here are significantly higher than in
experiments and the model pepti de-lengthomethd r a g me 1

hierarchy of the four candi datoa &EBCG>medvaratrdl t or vy
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> curcumin > vanillin) isconsistenwith experimental findingsOur simulation shows that the
mi ni mum e f f-86¢inhibitoremolarbratidl f{ar EGCG is below:2, for resveratrol is
around 1:4, and for curcumin is above IT4is indicateshat to achieve the same inhibition effect
in experiment, the required doses of resveratrol and curcumin need to be at least double that of
EGCGVani I I i n shows no i36)@aggtedgatorExpariments byeReitke and A b ( ]
Gestwtki [12] showedhat vanillin was significantly less effective than resveratrol and curcumin.
Fenget al.[19] found resveratroltobmor e ef fective in inhibiting a
than curcumin. Rajasekhat al. [40] reported thatE GCG hasa much lower alf maximal
inhibition concentration than curcumin and resveratral A b a g glowevgrantgeneral,
Ab aggregation i s str ohedbcgncentmtivaneivol aabMposd depe
much lower than those useuvitro orin silico (araund mM)[4] Thus the effective stoichiometric
ratio predicted in our simulation might also be specidithie high concentration conditioasd
may not apply tan vivo.
The selfassociation of these four small molecules plays divelg minor role in their
inhibitory effect. We find in our simulation that the average numbers obseling events per
inhibitor molecule are (Asccecce= 0.93%).12, Nesveratroresveratro= 1.283.14, Nurcumincurcumin=
0.9140.14, Nanilin-vaniin = 0.3440.09), indcating that they are mostly likely to form dimers but not
to further seHassociate to form large clusters. In comparison, pepitibitor binding events are
more frequent than inhibitenhibitor binding events because the numbgpeptideinhibitor
binding events are thrganmes that of the selbinding events for all four inhibitors. In addition, as
far as we know, these four small molecules dohaste strong propensity to selfigregate into
large colloiddn our simulation athough EGCG, resveratrand curcumincanalln hi bi-t Ab( 1

36) aggregationtheirinhibitory mechanismare differendue to their unique chemical structures.
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Resveratrol and cur c usm ec isfeobamalltrhojepil inhibitorea t he i
conceptintroduced byYoung et al [37] since their inhibitory effect mainly comes from their

strong interference with hydrophobic sidechain associategardless ofher e si dues 6 | oc.
and peptide sequenc€im etaL,s howed a similar Ab inhimition
reduced the interpeptide contacts by binding primarily to hydrophobic interface between the

A b (-40D dimer[50] Furthermore the effectiveness of th@onspecific inhibitormay depend

solely on thefraction ofresidues in the peptide sequence that gdedphobic In comparison,

EGCG seems to belong to the fAspecifico inhibidt
ability to bind and thus stabilize the monomeric peptides and thus imsegiependent.

Furthermore, we learn from our simutati that the pharmacophore structure and the
location of the functional groups of the small molecule haeeucial impact on its inhibitory
effectiveness Our simulation results are consistent with thées introduced byReinke and
Gestwicki[12] for desgningeffectivepotential small molecule inhibitood amyloidb. Their first
rule says that the inhibitanolecule needs at least two separate aromatic groups for effective
inhibition. Thus, even thagh vanillin and resveratrol both have three hydrogending sites
suggesting thathey have similar capacity to interferasith backbone hydrogen bonding
interaction vanillin is a much less effectivenhibitor. This isbecause vanillin only hassingle
aromati c gr o uppvidednoughoppattunies foréttong hydrophobic association
wi t h si dec hai-36). Theraedond rolensayA thietin@lecule needs to have a rigid
conformati on and Cwamidi$ stricterallgiilar tofrdswenatrolbblt és less
effective than resveratrblecause the long carbon linker allows considerable structural flexibility,

thus decreasing it8).binding affinity to Ab(17
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We add a third rule for designing effective inhibitaplecules for amyloid formation.
Inhibitor molecules should have tegeo(nonplanar)configurationwhich allowsthe functional
sites on multiplearomatic group$o interact with multiple residues located in different regions of
the peptide. EGCG is the siaeffective inhibitor among the four molecules because the OH groups
on itsthree major aromatic rings contact thaédminal(residues L17 to A21), middle (residues
E22 to G29) and @erminal (residues A30 to V3&n A b (-36Y, which helps stabilize the
monomer peptide.

This is our first attempt to incorporate an inhibitor model into the PRIMEZ20 force field.
Currently, the inhibitor and the peptide are represented with different egraised levels. The
inhibitor mdecule is represented as a mostlytediatom 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 multipsad sidechain representasaim account for the
directional -" interaction letween the phenolic molecules and aromatic sideslmirtheamino
acids, Phe, Trp and Tywe will also improve the potential function between inhibitor sites and
peptide sidechain sites. Specifically, the energetic parameters betwesontaéic carbon sites
on inhibitor and peptide sidechain sites will be derived from atomistic simuldticaddition,
experimental measurements could be used to furtb&ne the energetic parametgof our force
field, includingmeasuring the peptidmoleaule binding free energyhe inhibition constant and

the ICso of the small molecule
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4.4 Methods

4. Dikcontinuous Mol ecular Dynamics and PRI ME2
The simulation method wesa in this work is discontinuous molecular dynamics (DMD),

a fast alternative to traditional molecular dynamics and the PRIME20 force [B&ldin DMD

simulations, the only time that the velocities and positions need to be recalculated is when a

disconthuity in the potential is encountered. In contrast, with omoiis potentials, the

simulations are advanced regularlyspaced time steps. Since DMD advances the simulation on

a collisionto-collision basis rather than at small predetermined time steptechnique allows us

to simulate much longer time scalimn traditional molecar dynamics. The PRIME20 force

field use a fowmsphereperresidue model in which each amino acid residue is represented by three

backbone spheres, one each faHNC-H, and C=0, and one sidehain sphere §52] While our

coarsegraned model sacrificesome of the atomitevel detailand incorporates solvent effsct

implicitly, it captures the major biophysical features of the systems and allows us to simulate larger

sysensfor longer time scales. A detailed description of DMD BRIME20 can be found in other

papers from our groufb3-55] Here we describéhe modifications we have made to the PRIME20

force field in order to simulate small inhibitor molecules alongsfgeeptides.

4. 4nhibiteCoaedal ned Betesc Ged Energetic Par
While PRIME20 is well suited for simulations of peptides and proteins, it does not contain

geometric or energetic parameters for other types of molecules. étotiednad to come up with

a way to incorporate an inhibitor mel into PRIME20 that would be compatible with the

PRIME20 representation of peptides. The inhibitor model that we devised accounts for eight

different coarseyrained groups, CkICH, CH, C, OH O, C=0 and H; these are consistent with
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the three original @ups (CH, C=0, NH) used to represent the peptide backbone in PRIME20.
The hydrogen bonding scheme for the inhibitor model is the same as in PRIME&RBig. 10
shows the coarsgrained repremtations of A) resveratrol, B) EGCG, C) vanillin, and D)
curaumin with a side bathatshows the3 coarsegrained grougp.

Next, we definel geometrical and energetarameters that werconsistent with the
PRIMEZ20 force fieldWe based the geometric pareters for the new CG groups on the PRIME20
parameters for th€Hs group, the alanine sidechain group, in PRIME20. Iniohibitor model,
the aromatic C, CH, CHgroups all have bead diameters of 2.340A, wh&lmaller than the
diameter, 2.708, of analiphatic carbon bea@Hs. (The latter was chosen to be the samé¢he
diameter of an alanine sidechain in PRIMEZB7] The diameter for the O group was scaled to
that of the C group to obtain 2.150A based on the ratio of atomistic carbon and oxygssr van
Waals radii, 1.700A and 1.520A, respectively. Thél@nd Ogroups were chosen to be the same
size. Similarly, the diameter for thegdoupwas scaled to that of the C group to be 1.200 A based
on thevan der Waals radii of carbon and hydrogen. THaesafor the mass, reduced mass, bead
di ameter 0,oawds bl ade awmefthe eightdifferertt codisarained siteare

summarized in Table 1.

4. 4.n3hi bit oirBoModd ednd-b s uéear ameters Obtained
Simul ations

After defining the coarsgrained inhibitor geometric and energetic parameters, we
determine the covalent bond length and fluctuation on the inhibitor molecules to model realistic
molecular motion. In order to do this, the atomistic representation for ieadbitor was

constructed using Accelrys Discovery Stub®] and the topology files were generated using
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SwissParanp59], an automated force field generator for small moleclles GROMACS 4.5.5
[60] simulation package, the GROMOS53H] force field aad SPC watelare used Each
simulation was run with explicit water at 297K in a 5Smubic box with periodic boundary
conditions for a total of 10ns. Covalent bond lengths in our capeseed inhibitor molecule were
assigned the values determined by SR@&am The bond lengths between tBeandO-H groups
(navy spherandlight blue sphergin Fig. 10), between the H and C=0 (grey sphearal red
sphersin Fig. 10) and between the C=0 and C groups (red spduadéight blue sphergin Fig.
10) are takend be the atomistic bond lengths between C and O, between H and C, and between C
and G respectively The fluctuation rangeof all covalent bonds for each inhibitmolecule are
determined over the whole simulation trajegtdahey were within 3% of ther assigned value.

We also determirtethe pseuddoond length and fluctuation range. In PRIME20, pseudo
bonds are used to constrain coags&ined sphere movementnwatch the backbongéhe torsion
angle, and the position dhe sidechain groups to experimally-measured values. Fdhe
inhibitor model, we also use pseudbdonds to maintain the planar aromatic ring structofehe
benzene and benzopyran rings aslwaslthe alkene groups. Fifjl shows the location of the
pseudebonds in A) resveratrol, BEGCG, C) vanillin, and D) curcumin. Red bonds constrain
benzene and benzopyran rings, and green, purple and blue bonds restrain spheres once, twice, and
three tima removed from the rings. The pseudo bond scheme chosen here is a first approximation
to acheveour goals and will be refined in future workhe peudo bondengthsfor benzene and
benzopyran rings fluctuate between 2.60A and 2.92A. Psbadds for sphes once removed,
twice removed and three timeemoved from a ring fluctuate between 2.2 @.50A, between

2.24A and 2.57A, and between 2.73A and 3.80A.

134



We compare the most populated conformations for the four molecules in the coarse
grained simulatios to those in the atomistic simulations in Fig. BZ-ig. S2, we see that
vanillin has a igid conformation in both CG and atomistic simulasiobhe conformations of
resveratrol, curcumin and EGCG observed in both CG and atomistic simulations aveatyuct
similar except for the relative positions of the aromatic ring groups. Curcumin ésfiexible
thantheother three molecules in that it adopts multiple conformations in both atomistic and CG
simulatiors. The fAextendedo c on fbsemveda batlsorulations &re somilar ¢ u mi n
to each other. However, in atomistic simulatithg carbon linker can bend so strongly that the
t wo aromatic groups stack together, but such

simulations

4. 4. 4 11 nMNa-dBenlebgeti ¢ Parameters

The well dept h U b egtoups leasthetsdmealueCas thatéfthea nd CH
alanine side chain group (GHThe hydrogen bonding groupsk) O and C=0 on inhibitor
molecules all have the same wellwidta nd wel |l depth U to maintain
current hydrogen bonding routine. When the hydrdgmmding event involves the terminal
groups, e.g. N\H2, C=0 and GH, it skips normal judging criteria annstead takes place with a
probability of 0.2.The H group on vanillin is included as a separate group in the model to
maintainthe hydrogen bondingubroutineused 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 andA b (-36Y Peptide Malel

In this work,we made a few adjustments to the original PRIME20 force.fjéR] In
previous DMD sinulations of 8 Ab(17-42) peptidesby Cheoret al, the original PRIME20 force
field wasaugmented to include: doubleell potentials for all of the sidehain pair interactions,
parallel preference constraints fmackbone hydrogen bond ang|68], andenhanced satbridge
interacti on b e towese ® PE2Bw haenngés theth@rogetybonding energy
between NH and C=0. In this work, weep the parallel preference constraints for backbone
hydrogen bond angle aride enhanced saliridge D23-K28 interaction but we maintain single
well potentials for all of the sidehain pair interactions. Additionallyve includean enhanced
hydrophobici nt er act i on bet ween F19 and mud4fHe and
2= 0 . 3i) BStimesits original valud since the hydrophobic sidechain interactidretween
F19 and L34 are evidently important in stabilizing thehaped fibril.[45, 64] This treatment
helps bias the system toward forming sstiaped protofilament and reduces the complexity of

aggeagtion pathway

4.4.6.Simulation Procedure- Coarse-Grained Peptide/Inhibitor Simulation

The coraaisbee8BBIAnNhi bi t or osiemu atni athe pgrol | owi n

and inhibitor mol ecul es (i f i nhi bitors are a
l ocations in a cubic simul ati onnd bpoexr i widtilc <iod
conditions. |I,n thesredidamad att é nmeklagwhreddiss def |
the hydrogen bonding wel/l dept h. The reduced

matching the fol dinlgypgepnpiedeas umea sodr ehce | ii rc ad x [pe

s i muil an . The equat-ldm.T7/I9K was22&8.i4eT 6ibHeour g
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reduced time is related to real ti mereuyceti si ng
008 ns whiwshedvai n our69drl ewiiegd elswgegti de and i nt
are chosen rando-Bblyt Zmamn adiMatxrwiedut i on t hat

temperature. The simifadidh, temprek aspempge ngt @ d
342K, and is héehe Aodetarh6 @bmleergeost anh. t he s
exper i endgehorsatn dabari Ifightsd th ssaa ttiltdtest he system t
mai ntained at the desi sédmviafB®)eApWe desr saas stihmi
serase t he bench-mahkbfbor psptublaetnilonss.i muHe tgiox ¢
bet ween &5 adarmhdkendwe ran four different types ¢

of f our wvreonlielcluilne,s ,cur cumi n, nree spveeprta tdreo |li na red akQG

i nhi bitor s; (2). eight peptides aggregating w
interacting with thirty i nhi bitpresen(cde) . ofei ¢
protofilament y(oaothamenn)prand thirt
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inhibitors are colorethagenta, respectively.
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