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Abstract

In Silico Investigation of the Structural
Properties and Aggregation Processes of
Amyloid Aggregates

MinJun Lee
Department of Chemistry
The Graduate School
Seoul National University

Diseases arise from the disruption of preciselyulstgd networks of
interactions among biomolecules in biological syse Understanding disease
origins involves deciphering disease-related ragwa networks, identifying
malfunction causes, and restoring normal stateseiby, there has been a growing
focus on targeting diseases at the protein levéh i specific and systematic
approach. The growing focus on age-related diseaspscially neurodegenerative
diseases, is motivated by the extended human ¢ifedgeurodegenerative diseases
encompass various neurological disorders associatitd age-related brain
dysfunction and neuronal loss. These diseases laaeaaterized by amyloid
aggregation, a consequence of protein misfoldingichv is an emerging and

intriguing field of study. The complexity of amytbiaggregation, with its diverse
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forms and intermediates, arises due to the chaistate of Intrinsically Disordered
Proteins that possess energy landscapes with heulbigal minima.

In this thesis, three computational discussions floe elucidation of
neurodegenerative diseases are introduced: (1yel Bohanced sampling method
which can be used for systems where metastabksgidy important roles, (2) the
structure and aggregation pathway gfsAprotofibril which is associated with
Alzheimer’s disease, and (3) the structural stighdls the origin of the pathogenicity
of a-synuclein protofibrils which is related to Parlons disease. These findings
provide insights and information that can aid irderstanding the structural and

dynamical characteristics of the systems assocwitbcheurodegenerative diseases.

Keyword: neurodegenerative diseases, amyloid fibril, mdecudynamics
simulation, enhanced sampling methods, amyloid, ladpha synuclein
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Chapter 1. Introduction

Understanding of the origins of the diseases isafrmajor objective of life
science, and the development of effective remddresach disease could ensure the
long-term survival and prosperity of humanity. \Wavé the perspective that diseases
arise from the disruption of precisely regulatedwuoeks of interactions and
mechanisms among biomolecules which perform speaifles in biological
systems. Therefore, understanding the origins of diseaseslves deciphering
disease-associated regulatory networks, identifygagses of malfunction, and
seeking ways to restore them to normal staieae to the intricate regulation of
biological processes, the investigation of diseas@ins should progress
incrementally with consistently explaining multiggaenomena simultaneously.

In recent years, there has been a growing emplmasigpproaching the
treatment and prevention of diseases at the prégeel, with a more specific and
systematic approach. Proteomics, an interdiscipfifiald encompassing chemistry,
biology, medicine, and IT, plays a crucial roldinomedical research by studying the
complete set of proteins produced by the genomewkras the proteome. Unlike
the static nature of the genome, the proteomegisihidynamic. The dynamics can
be influenced by the physiological states of celistissues, and affect protein
generation and cellular localization. The functiofigroteins within organisms are
crucial and rely fundamentally on their structurBserefore, the ultimate objective
of studying protein folding and dynamics is to gaifundamental understanding of
how protein structures are formed under variousramtions. This understanding
allows not only the prediction of protein structiteut also the design of proteins

with desired functions.



The growing emphasis on diseases associated witly ag driven by the
increasing average lifespan of humanity, and thisrea rising interest in
neurodegenerative diseases in recent times. Neggodeative diseases refer to a
group of various neurological disorders which dosely associated with age-related
brain dysfunction caused by the loss of neuronsyTihclude Alzheimer’s disease
(AD), Parkinson’'s disease (PD), Huntington’s digefidD), Amyotrophic lateral
sclerosis (ALS), Multiple system atrophy (MSA) anthers, and show several
hallmarks: pathological protein aggregation, syimamnd neuronal network
dysfunction, aberrant proteostasis, cytoskeletahoahalities, altered energy
metabolism, DNA and RNA defects, inflammation, arelronal cell deathThe
epidemiology, pathology, and genetics of neurodegsive diseases have been
investigated based on these featdres.

The onset and progression of neurodegenerativeastiseare known to be
associated with amyloid aggregatibfi.” The amyloid aggregation is one of the
consequences associated with protein misfoldingchvie an emerging field of
increasing interest. Understanding the structusalsformations of specific proteins
in response to changes in their surrounding canditis a complex challenge that
can be approached by leveraging the accumulate/ledge and investigative
techniques from the study of protein structuraledsity. Extensive research in
proteomics has emphasized the importance of corapdehg interactions between
proteins-proteins, proteins-nucleic acids, andeinstother bioactive molecules in
order to gain insights into overall cellular fumcting and activitie§. The
foundational knowledge derived from research oocstiral diversity of proteins
should serve as a starting point.

However, the presence of fibril polymorphs and oasi ‘aggregate
2 1 =2 H



intermediates makes it challenging to explain withie “one sequence, one structure”
paradigm that has been traditionally accepted énpifotein folding probler This
phenomenon occurs due to the characteristics dfthiasically Disordered Proteins
(IDPs) which have energy landscapes with multigleal minima. Even with
advancements in experimental techniques, it rencialenging to explain that the
structural diversity of IDPs itself and the resuitivarious aggregate intermediates
and polymorphic fibril structures. Recent reseahads been overcoming these
challenges by utilizing Molecular Dynamics (MD) silations to investigate the
structures, dynamics, and energy landscape of tbPs.

Even though MD simulations have the potential teat the characteristics of
IDPs that cannot be directly observed through ewrpets, it is not necessarily an
easy task. In the case of intricate molecular systéke biomolecules which have
large degrees of freedom, conventional MD simuleti@ften tend to confine
molecular conformations to local minimum statestafget temperaturg. In
particular, for systems such as IDPs where thetsire of metastable states and their
dynamics are crucial, achieving sufficient equilibn using conventional MD
simulations is challenging. To address the chaben§ limited conformational
sampling in traditional MD simulations, various femced sampling” techniques
have been suggested. These methods include umémeliialing, metadynamics, and
generalized ensemble approaches, such as Replataiige Molecular Dynamics
(REMD). In Chapter 2, a novel enhanced sampling method namEegREM” is
introduced. In the proposddrREM scheme which is one of Hamiltonian REMD,
high temperature replicas in conventional REMD swbstituted withg-replicas
which have reduced barriers by using Tsallis eifecpotentialt® This combined

scheme is expected to exploit advantages of thevertional REMD and
3 B ]
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Hamiltonian REMD resulting in improved samplingiency while minimizing the
drawbacks of both approaches for simple proteinesys. T-REM can provide
useful tools to investigate systems where metasisthtes play important roles.

After that, the structural properties and aggregatrocess of IDP protein
aggregates directly associated with neurodegewnerdgiseases are discussed by
using the conventional MD simulations and sevenab@ced sampling methods. In
Chapter 3, the structure and aggregation pathway @f4orotofibril is presented.
Amyloid accumulation consisting offprotein within neuronal cells is a prominent
characteristic of AD. Among various isoforms of,AAfB42 is known to exhibit
relatively higher levels of toxicity, and this takiy is believed to be attributed to its
specific structural characteristics. Recently idett S-shaped triplg- fibril
structure shows remarkable structural stabilityaose of its complex residual
interactions that form stable hydrophobic coresl iafiormation about interactions
between residues can be obtained during dock-asidpimcess of fibril formatiof?

In Chapter 4, the structural stability as the origin of the lpagenicity ofa-
synuclein protofibrils is discussed-Synuclein is a neuronal protein found in
presynaptic regions, and its fibril form constitutesignificant part of Lewy bodies
which are intraneuronal inclusions that serve afadmark of PD. Recent
experiments on wild-typex-synuclein fibrils have revealed the presence of
polymorphism, with the observation of two promingotymorphic forms. The rod
polymorph has stronger sidechain interactions axtub#&s higher dissociation
energy than the twister polymorph, which mean thatrod polymorph may exhibit
high structural stability, comprising a major pajkaic strain of the wild-type-
synuclein fibril

In summary, this thesis introduces a novel enhagsagtpling metho_dI'(qREM)
4 ¥l ) ||
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that can be applied to systems where sampling dastable states is crucial,
including IDPs involved in amyloid fibril formationAdditionally, it provides

insights and information that can aid in undersitagndhe structural characteristics
and aggregation process ofjA and a-synuclein, which form fibrils through

aggregation and closely associated with neurodegtve diseases.



Chapter 2. Conformational Sampling of Metastable
States: Tg-REM as a Novel Replica Exchange Method

2.1. Introduction

Molecular dynamics (MD) simulations have been wjdaked to sample
equilibrium ensembles for many systethsHowever, for complex molecular
systems such as biomolecules, conventional low-éeatpre MD schemes tend to
trap conformations in local minimum statésConformational sampling by MD
simulations for biomolecules such as proteins Vgithe degrees of freedom has been
recognized as an intrinsically difficult computats problem® Several methods
have been propos¥d'®to overcome this conformational sampling problesing
conventional MD, such as umbrella sampltfgnetadynamic€’ and generalized
ensemble approacttége.qg., replica exchange molecular dynaftjcs

Since first proposed for Monte Carlo simulaffoim 1996 and applied to MD
simulatiorf? in 1999. the temperature replica exchange methid®EM) has been a
popular approach for overcoming conformational dargpproblems for complex
molecular systems. If-REM, MD simulations of multiple replicas of thensa
system at different temperatures are performed pedgently and exchanges
between neighboring replicas are attempted atinenigrvals. Although it has been
demonstrated thatT-REM provides efficient conformational sampling for
biomolecules such as proteiflcREM has a major limitationT-REM requires a
large number of replicas proportional to the squaot of the degrees of freedom of
the system. In addition, the diffusion of all repl$ in the temperature space is not
efficient, which may mak&-REM impractical for complex systems with limited

computational resources. There have been attempigtcome the limitation of-
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REM by developing a general form of REM, such aesd Hamiltonian REMs in
which selected factors of the Hamiltonian are medifinstead of temperature.
Fukunishiet al?* proposed hydrophobicity as a parameter for REM, mpared
the performance witfi-REM in small protein systems. Lat al®® and Wanget al?®
attempted replica exchange with solute temperin@fficient sampling of proteins
in aqueous solutions (REST1 and REST2). Recentimilionian REM using
dihedral-biasing potentials and a weighted histogemalysis method were also
evaluated for oligosaccharidés and combined scheme of several enhanced
sampling methods shows better convergences of goafmnal equilibria of N-
glycan, chignolin, and adenyl kind&eExamples and applications of enhanced
sampling techniques including replica exchange odshcan be found in recent
reviews?®

There have been several attempts to utilize Tssiligstics for overcoming the
sampling problen® For one of the attemptg-REM, new Hamiltonian replica
exchange approach, was proposed that uses theisTgalleralized effective
potential as a coupling parameteReplicas ofg-REM use different potential
functions at the same temperature. It was alsoesigd thag-scaling using the
Tsallis effective Hamiltonian may be applied onlyr fselected components of
potential energy. Applications gfREM have demonstrated tgREM can sample
conformational spaces with a smaller number of iceapl compared with
conventional REM? However, it was also noted that parameterizatfadhex-value
is nontrivial because the rugged energy surfabégisly sensitive to small changes
in theg-value® Another possible problem may arise since rapidiggation of each
replica, which is needed for efficient exchangeratits, is slow at relatively low

temperatures.



In the present work, | propose a novel replica exge scheme created by
combiningT-REM andg-REM, termedl'-REM. In the implementation dfq-REM,
high-temperaturd-replicas inT-REM are substituted with-replicas. This scheme
is expected to exploit the advantage3-®#EM andg-REM that improves efficiency
while minimizing the drawbacks of both approachésvestigated the performance
of TREM, relative toT-REM, by performing all atom MD simulations on Met-
enkephalin, (AAQAA), and Trpzip2. The improvements in conformational

sampling in using ¢-REM are illustrated and discussed.

2.2. Methods

Tq-REM TREM combines the methodologies of conventiRRIEM andg-
REM. T-REM, introduced by Sugitat al,?? uses replicas of a target system in the
canonical ensemble at different temperatures. Exgds betweerm-replicas are
determined by the following Metropolis criterion:

1, for Ay < 0,
W(XT'i < XT'j) B { exp(—Ar), for Ay > 0, (eq. 2.1)
where X represents states for replicasand j, Ar= [B; — B;|(E; — E;), Bij =

1/kgT; ;, andE is the total potential energy of eatheplica.

g
In the originalg-REM, introduced by Janet al,* replicas of a target system
on different Tsallis effective Hamiltonians withetfiollowing generalized effective

potential function are used:

U,(rV,e) = 5 (qq_l) In{1+ B(q — D[UGN) + €]}, (eq. 2.2)

where U(r") is the original potential in configurational spac¥, qis a real number,

and e is an adjustable energy shift parameter. Whe#edue approaches 1.0,



becomes the original potential. As thevalue becomes larger than 1.0, the energy
barriers of the transformed potential are redupsal/iding much smoother potential
energy surfaces. Note that the sampling of phaseesfpy ag-value can be
considered equivalent to the effective temperaftireas given by the following

equation:

1 1
E = E + (q — 1e. (eq 23)

In our implementation off|-REM, the generalized effective potential is applied
dihedral, van der Waals, electrostatic, and salvaginergy potentials. The resulting
total effective potential is

q
Eq = Upona + Uangle +t X

Blg—1)
In{1 + B(q — D[Uqin + Uyaw + Uelec + Usov + €]}- (eq. 2.4)
Replicas ing-REM are at the same temperature and have the samhile
their g-values are different. Exchanges betweemplicas are determined by the

following Metropolis criterion:

1, forA, < 0,
q.j) =

W(X X exp(—Aq), for Ag > 0,

i (eq. 2.5)

where X represents states for replicasand j, A,= B[{Eq;(Xq:) — Eqj(Xq)} —
{Eq:i(Xq:) — Eqi(X,;)}], andE, is the total effective potential energy of eagh
replica.

CombiningT-REM andg-REM can be achieved in different ways. In a typical
multiplex REM approach, each replica in the com@ingethod is defined by two
parameters for different quantities. One way of bimtimg temperatureT) andq
parameters is extending eakheplica byg-replicas. In other words, neighborifiig

replicas are connected by placing severakplicas between them. Preliminary
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works using this approach showed some difficulities efficient implementation.
In the present version 8-REM, | propose substituting high-temperatlineplicas
with g-replicas. T-replicas are arranged from thé' fo the N replica, which
corresponds to a temperature range varying froniawest to some intermediate
temperature. A quantity, M, ofreplicas follows the end dFreplica chain, from the
(N+1)" to (N+M)™" replica at the same temperature as tlaexnhperature replica. |
implemented this version ig-REM in the TINKER packag¥"

Multicanonical Simulation Since first proposed in MC versiSrin 1991,
the multicanonical ensemble algorithm has beeniegpb various systems for
efficient sampling including development of MD viers®® 3" In multicanonical
ensemble, flat probability distribution function @btained by non-Boltzmann

multicanonical weight factor:
P,.(E) = Zin(E)e‘W(E) = constant (eq. 2.6)

where n(E) is the density of statedy/(E) is non-Boltzmann multicanonical
weight factor, andZ,,. = ZEn(E)e‘W(E). It facilitates a free random walk in
potential energy space, therefore, the simulateom @vercome the energy barriers.
Practically, W (E) is determined by iterations of preliminary rdh®©nce W (E)is
determined, product multicanonical simulationspedormed. After the simulations,
| can get expectation value of a physical quarditat an arbitrary temperatuf@
by re-weighting equaticft

Z?ztlA(xi)e‘ﬁE("i)‘LW(E(xi))
(Ar = ot e~ BE(x)+W(E(x;))

(eq. 2.7)

wheren, is the total number of configurations, amdis the configurations at the

ith MD step.
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2.3. Simulation Protocols

| studied three peptide systems using Still's GBilicit solvation modeP
to compare the conformational sampling performaideREM andTg-REM: Met-
enkephalin (Ace-YGGFM-Nme), a 15-residue helicaptpe (Ace-(AAQAAX-
Nme)° and Trpzip2 (SWTWENGKWTWK). Berendsen thermostatswised to
maintain each replica at a constant temperdtuFae velocity version of the Verlet
integratof? was used with a 2 fs time step. All bonds contajiiydrogen were made
rigid by the RATTLE algorithn® Simulation trajectories for all systems were saved
every 0.5 ps and used for analysis.

Met-enkephalin (Ace-YGGFM-Nme) A minimized extended conformation
of Met-enkephalin was prepared using the AMBER98ddield;* and equilibrated
for 0.1 ns at eight different temperatures (268, 336, 376, 419, 468, 512, and 580
K). BothT-REM andTg-REM simulations used 8 replicas, and started floersame
equilibrated conformation at each temperature. iReplofT-REM were ensembles
prepared at the 8 temperatures given above. Thav4dmperature replicas (from
268 K to 376 K) ofTg-REM were the same d&sREM. Tq-REM substituted the 4
high-temperatur@-replicas (from 419 K to 580 K) with g-replicas at 376 K and
€=60 kcal/mol with differeng-values:q=1.0025, 1.0045, 1.0065, and 1.0090, of
which effective temperatures are 451, 512, 572 648K, respectively. Thereafter,
100 ns product MD simulations for both REMs wergqened. Exchanges of both
REMs between adjacent replicas were attempted ef2eps, and the overall
exchange probabilities were ~35Fgure 2.6.1aillustrates the energy distributions
of each replica.

15-residue helical peptide (Ace-(AAQAA);-Nme) A minimized extended

11



conformation of the helical peptide was preparadgithe AMBER99 force field?
This conformation was equilibrated for 0.1 ns atlifferent temperatures (244, 261,
280, 300, 321, 344, 368, 349, 421, 450, 481, 544,587, 627, and 669 K). For this
helical peptide, three different REMs were perfadmeREM, Tg-REM(12,4), and
Tg-REM(10,6). These three REM simulations used sixteplicas, and started from
the same equilibrated conformation at each temperaReplicas oT-REM were
ensembles at the 16 temperatures given adavBEM(12,4) used the same 12 low-
temperaturd-replicas (from 244 K to 514 K) but the 4 high-temgiareT-replicas
were substituted with 4-replicas at 514 K and=250 kcal/mol with differeng-
values:g=1.0005, 1.0010, 1.0015, and 1.0020, of which &ffedemperatures are
577, 640, 703, and 766 K, respectivelgg-REM(10,6) used the same 10 low-
temperaturél-replicas (from 244 K to 450 K) but the other 6 higmperaturerl-
replicas were substituted with @replicas at 450 K and =250 kcal/mol with
differentg-values:g=1.0005, 1.0010, 1.0014, 1.0018, 1.0020, and 1.,08f28hich
effective temperatures are 513, 576, 626, 676, &2l 739 K, respectively.
Thereafter, 200 ns product MD simulations of thiREMs were performed.
Exchanges of the three REMs between adjacent aspliere attempted every 2 ps
and the overall exchange probabilities were ~4@gure 2.6.1billustrates the
energy distributions of each replica.

Trpzip2 (SWTWENGKWTWK) A minimized extended conformation of
Trpzip2 was prepared using the AMBER96 force fiél@ihese conformations were
equilibrated for 0.1 ns at 16 different temperagui249, 265, 282, 300, 319, 339,
360, 383, 407, 432, 459, 487, 517, 549, 582, aBdg§1For Trpzip2, three different
REMs were performedl-REM, Tq-REM(12,4), andTg-REM(10,6). These three

REM simulations used 16 replicas and started frére same equilibrated
12 i =-THC
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conformation at each temperature. Replica3-®EM were ensembles at the 16
temperatures given abovéq-REM(12,4) used the same 12 low-temperafiire
replicas (from 249 K to 487 K) but the other 4 higinperaturel-replicas were
substituted with 4}-replicas at 487 K and=200 kcal/mol with differeng-values:
q=1.00025, 1.00044, 1.00048, and 1.00051, of wHielttve temperatures are 512,
531, 535, and 538 K, respectively-REM (10,6) used the same 10 low-temperature
T-replicas (from 249 K to 432 K) but the other 6 higinperaturd-replicas were
substituted with @-replicas at 432 K and=200 kcal/mol with differeng-values:
0=1.00022, 1.00037, 1.00041, 1.00043, 1.00047, add0b4, of which effective
temperatures are 454, 469, 473, 475, 479, and 486sKkectively. Thereafter, 200
ns product MD simulations of three REMs were perfed. Exchanges of three
REMs between adjacent replicas were attempted @/esyand the overall exchange
probabilities were ~40%F~igure 2.6.1cillustrates the energy distributions of each
replica.

Multicanonical simulation on Met-enkephalin It is shown that sampling
for systems with first-order transitions, such asge transition in spin systems or
folding/unfolding transition of two-state foldergteins, can be enhanced by using
multicanonical ensemble algorithfh.lt was suggested by Okamost al that
random walk of multicanonical MD simulation could kess efficient thaii-REM
and MUCAREM in terms of transition frequency betwelighest and lowest
energie$? Recently, modified iteration scheme was proposedmniprove the
folding/unfolding transition frequendy.Improvements of factor 30 over REM in
the number of folding/unfolding events for systemith first-order-like transitions
were suggested. Other than two state systems issthofder phase transition, the

effectiveness of multicanonical sampling has notrbéested for systems with
3 | ] ~1] ==|
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multiple metastable intermediate states in foldpathway or off-pathway of
proteins/peptides. In order to compare multicaranitethod withT-REM scheme

in such regards, | performed multicanonical simatabn Met-enkephalin system.

2.4. Results

Met-enkephalin (Ace-YGGFM-Nme) Whole trajectories of the 100 ns
simulations at the target temperatur (2plica, 300 K) were used for the principal
component analysis (PCAlrigure 2.6.2illustrates the free energy surfacesTof
REM andTg-REM in PC space (two eigenvectors, PC1 and PC2ir. Fajor local
minimum structures were identified for both REM alations. It is noted that
sampling results for one of the local basins (ded@ in tha-igure 2.6.2 showed
significant differences betwedhREM andTg-REM. It can be argued that the-
REM samples conformations more efficiently th@iREM around this local
minimum region. The evolution of free energy suefator different time windows
during the simulations also illustrates this samgpldifference (se€igure 2.6.33.

It was shown that the basin structures of localimimm points are developed more
rapidly and more precisely durinfg-REM simulations compared witlh-REM
simulations.

In order to quantitatively measure the convergdmsigavior of sampling for

different simulations, | introduce a quantity 6F(t) > defined as follows:

_ 1 nn obj ref 2
<8F(0) >= \/Wza.mzsmreshom} (FE)© = FE]) (ea.28)

where PC space is discretized by dividing the REIRC2 axes intor X n uniform

cells, FEf]l.’j(t) is the ijth component of the object free energy profile aof
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particular simulation, calculated by the trajectapyto timet. Similarly, FE is
the ijth component of the reference free energy profilgtwle trajectory. We may
consider convergence properties of free energwasesfaround local basin structures.
{i,j | FEinresnoia} denotes the inclusion of cells which have th&iefenergy values
lower than FEipresnoia - Similar ‘ergodic measure’ was used for measuring
convergence efficiency of REST.Ergodic measure measures how fast the free
energy profiles of the two independent trajectooiethe same system approach each
other. In contrast< 8F(t) > shows how rapidly the trajectory of the objecteys
develops the basin topology of the free energytfereference systenx 8F(t) >
can be calculated for two independent trajectooiethe same system or for two
trajectories of different systems.

| calculated< 8F(t) >for the simulations of-REM andT¢-REM at 300 K
for Met-enkephalin. Here | S&tE i esnoia = —4 kcal/mol to consider only local
minimum regions. For a benchmark system with snpalptide, the intrinsic
convergence properties fREM andTg-REM are very similar as shown Figure
2.6.3cwhere the reference for the calculation<ofSF(t) > is taken to be the free
energy profile of whole trajectory for respectivmslations.Figure 2.6.3bshows
the behavior of< §F(t) > for T-REM andT¢-REM when the reference is taken as
the free energy profile of whole trajectory ffREM. < 8F(t) > can be fit to a
double exponential functiony = a x e~t/%1 + (1 — a) x e~t/*2, For T-REM, |
obtained r; =3.39 andz,=11800, whilet,;=4.03 andt,=24742 forTq-REM. It
was observed that initial convergences are vetyufaso t ~ 15ns. This early phase
of sampling convergence can also be seen f@ure 2.6.3a After t ~ 15ns,<
8F(t) > of T-REM continues to decrease white §F (t) > for T-REM seems to
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be almost flat, as shown more clearly in the Idbaric scale curve (inset &igure
2.6.3h. This difference att > 15ns suggests thatg-REM trajectory completes
sampling of the basic topology of the converged &erergy profile fof-REM faster
thanT-REM trajectory itself. In other words, it can bgaed thalltREM samples
conformations in the region of free energy minimumnore efficiently than
conventionall-REM.

The diffusion behavior of trajectories in PC spawgy illustrate the efficiencies
of conformational samplings of the REM simulatioms. order to examine the
efficiency of sampling in conformational space, &loulated mean square
displacement (MSD) in PC space, defined by M§D¢ ((R(t + 1) — R(t))?);
where R(t) is coordinates of trajectory at time in PC spacerigure 2.6.3dshows
that the diffusion behavior in conformational spdoe T-REM and Tq+REM is
similar, althoughT-REM seems to show faster diffusion in the interiagdtime
(region II). Increased MSD in region Il can beihtited to faster diffusion between
local basins, which may imply th&tREM'’s trajectory stays inside individual local
basins for relatively shorter time. | calculatedei@ge residence times of the
trajectories in local basin and non-basin regidnB® free energy surface. When |

define the local basins as regions where the fneegy is lower than-4 kcal/mol,

residence times in local basin and non-basin regéoa shorter (3.245 ps and 1.599
ps) forT-REM thanTG-REM (3.483 ps and 4.755 ps). When the energyriaiter
local basin is changed to be3 kcal/mol, basin residence time BREM is still
shorter (33.21 ps) thahgtREM (36.14 ps) while non-basin residence timeTof
REM is comparable (0.9489 ps) to thatTafREM (0.9481 ps). Analysis of the

present simulations suggests that the trajectofi@sREM wander about in higher
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energy non-basin regions, while the trajectorieshefTQ-REM sample the local
minimum basin regions relatively efficiently. Sintg-REM samples the low-energy
region more efficiently, the free energy surfacetl# local basins in PC space
converges better farg-REM thanT-REM. One may conclude th&g-REM samples
local basin regions more intensively thdrREM, leading to improved basin
sampling efficiency.

The trajectories of the replicas in the REM simioles are affected by the
exchanges between neighboring replicas. TIQ-REM, substitution of high
temperature replicas witg-scaling replicas influences the behavior of thedo
temperature replicas. Th& Beplica of theT-REM has a higher temperature than the
4" replica. INTg-REM, the ' replica has lower potential energy barriers thand'
replica due tag-scaling, while the temperature is unchanged. hewotords, the
higher-temperature replica ®REM increases the kinetic energy of the system, but
Tg-REM reduces the energy barrier of the same reflidditional 10 ns simulations
for the 3" replica of T-REM and Tg-REM were performed without exchange to
examine the differences in dynamics between thddnitemperature and the
reduced-potential conditions. The time auto-coti@mtafunction of each dihedral
angle was calculated by

Cr () = (P(cos(Br4r — )¢ (eq. 2.9)
where 8, is a dihedral angle at timg and P, is the second Legendre polynomial
P, = 1.5x? — 0.5 .*® Relaxation of C; quantitatively illustrates how rapidly a
trajectory samples each dihedral angle (Bepire 2.6.49. Except for the two
terminal dihedral angleg (of Tyrl andy of Met5), C; of the other eight dihedral
angles relax faster img-REM thanT-REM. It can be argued that most dihedral

angles are sampled more rapidly and efficientlyauride reduced-barrier condition
+ ; ~1] ==|
17

—
v |



than the higher-temperature condition. In particuia for ¢ of Gly2 and Gly3 show
large differences betwedhREM andTg-REM. | compared the evolutions effor
Gly2 in the two REM trajectoriesF{gure 2.6.40. It was shown thafTq-REM
samples a diverse set of values for Gly2 more efficiently tham-REM. The
trajectories offg-REM seem to sample uniformly the dihedral anglesesponding
to all of the local minimum structures, while theangles for some of the local
minima are inefficiently sampled IrREM. Broadening of distribution of the radius
of gyration also reflects more diverse basin samgpliehavior ofg-replica (see
Figure 2.6.49. These results illustrate that reducing the padéiarrier is more
efficient than raising the temperature for sampliingerse local minimum values of
dihedral angles.

Sampling of dihedral angle space is examined byidening dihedral angle

vector d(t) whoserth row components arécos ¢,., sin¢@,, cosy,, siniy,)

with the is residue number.*® The sampling probability of local basin can be
calculated byProbability, (t) = (b (t)) Where b, (t) is 1 if cos™*(d(t) - dy/
|d(®)||dx|) < 8dy., or otherwise 0.5d;, = (cos~1(d; - di/|d}||dx|)), where d;
is dihedral angle vector with respect to the deigjpes energy region for each basin
and | denotes grids in PC space with values of éresrgy lower than —4 kcal/mol.
This probability function shows the sampling proligbaround certain local basin
in dihedral angle space. To examine the effectliftérent dihedral angle sampling
pattern on overall conformational sampling, | ctdbted the time evolution of
sampling probabilities of four basins in dihedadsé® corresponding to basin 1 to
4 in Figure 2.6.2 Figure 2.6.4dshows that sampling probability of each basin and
the overall basin sampling probability (inseFijure 2.6.49 converge faster img-
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REM than T-REM. It was also shown thalgrREM is capable of sampling
metastable states (basin 1, 3) in addition to thbay minimum state (basin 2). In
contrast,T-REM predominantly samples global minimum state Imuwore than
metastable states. It can be argued tpaplica with reduced potential barrier is
more efficient thanT-replica with higher temperature for balanced samgpbf
various local minimum dihedral angles, resulting improved sampling of
metastable states.

Representative structures of the four local baglesoted as 1, 2, 3, and 4 in
Figure 2.6.2 are shown ifFigure 2.6.5 Basin 4 shows extended structures with no
backbone hydrogen bond, a large radius of gyratind,a large end-to-end distance.
Basin 3 has a U-shaped bent structure with twoltiaol hydrogen bonds. (Carbonyl
oxygen of Gly2 makes two hydrogen bonds with thel dn Met5 and Nme) Basin
1 shows a helical structure with the carbonyl oxygéTyrl making two hydrogen
bonds with the N-H of Phe4 and Met5. For basin e &Aonverts to a helical
backbone and forms more hydrogen bonds. The freggsurface as a function of
the radius of gyration and the end-to-end distaareeshown irFigure 2.6.6 The
region around basin 3 is much better representd@iREM like the free energy
surfaces in PC space. The number of hydrogen bond=sases in the order of basin
4 <3<1<2(sekigure 2.6.7. It can be concluded that folding of Met-enkejhal
from an extended conformation (basin 4) to a hetioaformation (basin 2) follows
the pathway of 4» 3— 1 — 2. The efficiency of conformational samplings ardu
basins 1 and 2 are similar for bdth-REM andT-REM. However, for the metastable
folding intermediates (basin 3J,g-REM provides much more efficient sampling
than T-REM. It can be argued that our results T§-REM showed improved

samplings for the global minima and local basinsnwdtastable intermediates
% | . . b -
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compared with the previous Met-enkephalin simutas

Multicanonical Sampling of Met-enkephalin In order to compare
multicanonical method witifgREM scheme, | performed multicanonical MD
simulations on Met-enkephalin with the same forellfand thermostat. | performed
simulations at 580 K which is the highest tempemtin T-REM of Met-
enkephalir?’ From the iterative runs from the simulation, laibed a flat potential
energy distribution (sed-igure 2.6.89. Using this muticanonical potential, |
performed ten independent multicanonical simulaioihl00 ns with different initial
conformations at 300 K. Backbone RMSD (Root Meandsg Deviation) curves
with respect to local basin structures identifieahf T-REM andTg-REM indicate
that multicanonical simulations successfully sammeous local basin structures
(seeFigure 2.6.8h. | used all of these ten 100 ns trajectoriesatoudate free energy
surface as a function of radius of gyration and end-to-end distanceFigure
2.6.6.%

Multicanonical free energy surface shows diffefeatures in comparison with
those forT-REM andTg-REM. Multicanonical sampling captures additionzddl
basins (denoted as 5, 6, 7, and &igure 2.6.9 which are not sampled as isolated
local basins iM-REM andTg-REM. Although multicanonical method also samples
four local basins observed TRREM andTg-REM, two major local basins 1 and 2
are relatively poorly sampled with somewhat impbsampling of basin 3. It is
noted again that backbone configurations are ctthfigen extended (4) through
bent (3) to helical (#2) conformations with gradually increasing hydrodpemds
during typical folding pathway. On the other hasttuctures 5 and 8 have highly
distorted backbone torsional configurations in begtion and structures 6 and 7

have planar geometries. It was shown that thegectimformations are energetically
+ ; ~1] ==|
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unstable due to high backbone strain and weak lggirdond interactions (see
Figure 2.6.89.

Multicanonical method, with flat potential energistdbution, is capable of
sampling various conformational states which arergetically very unstable and
rarely sampled in the original potential energy cepa However, major
conformational states corresponding to global maould be sampled relatively
poorly because of the reduced stability underdtegrgy distribution. In the above
example,T-REM successfully samples both of the major lo@aibs 1 and 2 and
also folding intermediate state of basin 3, whileltoanonical simulation shows
improved sampling of basin 3 but poor samplinglobgl minima corresponding to
basins 1 and 2. It can be argued Tg@REM is more efficient to sample most of the
relevant local basins in comparison to multicanahiwethod.

15-residue helical peptide (Ace-(AAQAA);-Nme) Whole trajectories for
the 200 ns simulation at the target temperatuferé¢splica, 300 K) were used for
PCA. Figure 2.6.9illustrates the free energy surfacesTdREM, Tq-REM(12,4),
and Tg-REM(10,6) in PC space. Three major local minimumuctres were
identified for the REM simulations. It is noted tlihe sampling results for local
basins 2 and 3 showed subtle differences betWweREM andTg-REMs. T-REM
seems to sample better in the region around basom®ared witifg-REM(12,4),
while the reverse is true for basin BJ-REM(10,6) is shown to provide efficient
sampling for basins 2 and 3. The evolution of ttee fenergy surfaces at different
times during the simulations also illustrates theégkerences (se€igure 2.6.10.
The development of basin structures for all localima are well represented -
REM(10,6) compared with-REM or Tq-REM(12,4).

Representative structures of the three local bgsiesoted as 1, 2, and 3 in
% | . . b -
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Figure 2.6.9 are shown irFigure 2.6.11 Basin 1 has a full helical structure, in
which all backbone hydrogen bonds are formed. Bagiand 3 have partial helical
structures, where some backbone hydrogen bondte iNterminal region are lost.
The increase in the number of hydrogen bonds,atieis of gyration and the end-
to-end distance illustrates the development ohtiity of the peptide (sdeigure
2.6.19. The free energy surface as a function of thaigadf gyration and the end-
to-end distance is shown kigure 2.6.13 The region around basin 4 shows various
collapsed structures (sdgegure 2.6.19. The folding of (AAQAAY) follows the
pathway of 4— 3 — 2 — 1. After the collapse of the initial extended aomnfiation,
the C-terminal and the middle of (AAQAAJorm a helical conformation (4> 3 —
2). The final stage of the folding is finished witlimation of the last hydrogen bond
at the N-terminal (2~ 1). It can be argued that-REM (10,6) provides improved
conformational sampling for the early folding intexdiates (basins 4 and 3),
compared witiT-REM.

Trpzip2 (SWTWENGKWTWK) Whole trajectories of the 200 ns simulation
at the target temperature™(deplica, 300 K) were used to calculate the backbon
RMSD relative to the native structure (PDB:1LE1heTfree energy surfaces of the
end-to-end distance and the backbone RMSD are sfoWwrREM, Tg-REM(12,4),
andTq-REM(10,6) inFigure 2.6.15a One can identify five local minimum basins
for the REM simulations. It is noted that all oétlocal basins are well sampled by
Tg-REM(10,6), while basin 2 is poorly representedTdgEM andTg-REM(12,4).
Figure 2.6.15bshows free energy as a function of the backbon&BMt different
times during the simulation$-REM cannot sufficiently sample native-like global
minimum structures. In addition, the second localimum at the RMSD value of

~2.3 A is not well represented by eitfieREM or Tq-REM(12,4). T-REM(10,6)
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seems to sample sufficiently all local minimum stunes, and the resulting free
energy surface from the 200 ns simulation is comsisvith the free energy profile
of the previous study with a 3.8 conventional MD simulatio?t.

It was suggested that the folded state is overpdgdlat low temperatures in
REMD with Berendsen (weak-coupling) thermostat dte distortion of
configurational space distributiofsThis may be attributed to the artificial bias
toward replica exchanges between low energy corgtioms (global basin) at high
temperature replicas and high energy conformatipastially folded states/local
basins) at low temperature replicas. Such bias dveohsequently result in the
underpopulation of local basins at low temperatunterestingly, free energy profiles
of T-REM simulations of Met-enkephalin and (AAQA#9howed slightly reduced
population of global basin region and clearly immd sampling of local basins
compared td-REM. It can be argued that possible artifacts efe®dsen thermostat
are reduced ig-REM simulationsTq-REM(10,6) simulation of Trpzip2 efficiently
samples local minima (around the RMSD values o8 -2and ~2.7 A), which are
poorly sampled byi-REM. At the same timel[tREM(10,6) simulation was found
to sample global minimum successfully which are sufficiently sampled irr-
REM with the same number of replicas. The strustwkethese local minima are
essentially consistent with previous simulation fpened using Nosé—Hoover
thermostat! which implies the reliability of our combin€tttREM scheme. The
behavior of ourTq-REM scheme under other thermostats such as stamgling
bath will be the subject of future studies.

The representative structures of five local ba@iesoted as 1, 2, 3, 4, and 5in
Figure 2.6.153 are shown irFigure 2.6.16 Basin 1 has a folded structure aligned

to the PDB native structure with a backbone RMSOL &. The folde_d structure
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shows the two hydrophobic cores (Corel: Trp4 am®,T€ore2: Trp2 and Trpll).
Basins 2, 3, and 4 are partially folded structumeshich four Tryptophan residues
fail to form native hydrophobic cores. Basin 5 esponds to the initially collapsed
structure. The free energy surface as a functighefadius of gyration for the two
hydrophobic cores is shown Figure 2.6.17 This free energy surface suggests a
possible folding pathway for Trpzip2 with the segce of d— ¢ — b — a. One can
relate the conformations for a, b, ¢, and d with lttcal minima on the free energy
surface as a function of the backbone RMSD (Begire 2.6.18. The initial
extended structure of Trpzip2 first collapses tmfoomation d, where Corel is
formed. In order to align correctly the native @mis, such as backbone hydrogen
bonds, the initial formation of Core 1 needs tdteken (d— c). After the alignment,
reformation of Corel (e~ b) and final formation of Core2 (b> a) can proceed
sequentially. The sequence in which the outer Cré@med after the inner Corel
suggests the zip-out folding pathway for Trpzip@nsistent with the previous
simulation study? It is noted that step €> ¢ seems to be the rate-determining step
of the folding pathway because of its large freergwn barrier. Structures for local
basin 2 Figure 2.6.1§ are included for conformation ¢ as an importaptastable
folding intermediate in the folding pathway. It dag@ concluded thdig-REM(10,6)
provides reliable descriptions of the folding patlysw by efficiently sampling
conformations of important metastable intermediates

Application of Tq-REM to small peptide in explicit water model |
performed simulations on trialanine in order todstigate the relative performances
of TGREM andT-REM in explicit water. Trialanine is a model pejatiused in
several experimentdland theoreticat studies. Despite its small size, its diverse

conformational dynamics make feasible the comparisetween simulations and
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experiments. It was shown that solvated trialahiag pPIl structure predominantly
anda, $, and La in small probabilities® 571 used OPLS-AA force fief§ with SPC/E
water modef in order to compar&-REM andTg-REM in explicit solvents. It was
suggested that OPLS-AA force field with SPC/E watedel accurately reproduces
the conformational distributions of trialanine dbtad by experimental data.A
minimized extended conformation of trialanine surrded by 252 water molecules
in a periodic cubic box of which length is 20 A waspared and equilibrated for 0.1
ns at 12 different temperatures (300, 310, 320, 33Q, 355, 369, 383, 398, 414,
430, and 447 K). Three different REMs were perfatnierREM(6,2), T-REM(8)
and T-REM(12). T-REM(8) used only 8 low temperatures from 300 K388 K,
while T-REM(12) used all 12 temperatureBrREM(6,2) used the same 6 low
temperatures from 300 K to 355 K but the otherghkfiemperaturd-replicas were
substituted with 2}-replicas at 355 K and=2700 kcal/mol with differeng-values:
0=1.000186944, and 1.000344448, of which effectvegeratures are 609, and 823
K, respectively. These three REM simulations sthftem the same equilibrated
conformation at each temperature. Exchanges betvagarcent replicas were
attempted every 2 ps and the overall exchange pilities were ~30 % (seigure
2.6.203.

Ramachandran plots of dihedral angles for the abnéssidue are calculated
from the 20 ns trajectories at the target tempezaBD0 K. Ramachandran plots
showed five distinct basins (s&ggure 2.6.19. Compared to 50 ns conventional
MD simulations with the same system in previousaesh}’ 20 ns REM simulations
successfully reproduce the experimental resultslvaBed trialanine has
predominantly pPII structure (basin 1) and smaibabilities off (basin 2)x (basin

3, 4) and lx (basin 5). Though & conformation of basin 5 is rarely_ sampled by
25 -1 211U &1
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conventional MD simulations, three REM simulatiem®w distinct spots of theal
conformation in Ramachandran plot. It was shown thg@¢REM(6,2) exhibits
enhanced peaks of metastabtbelical conformations compared to tWeREMSs.
Time evolution of Ramachandran plots through différtime windows during the
simulations illustrates the different behavior §ampling local basin topology (see
Figure 2.6.201. It was suggested thdttREM(6,2) more rapidly captures the
regions of five minima thafm-REM(8) andT-REM(12) with smaller number of
replicas. NotablyT-REM(6,2) samples & (basin 5) conformation from very early
times of the simulation. These results are consist&th the behavior oT-REM

andT-REM observed in simulations with implicit solvatigystem.

2.5. Discussion and Conclusions

Even though replica exchange methods have beelogpedsfor some time now
for efficient conformational sampling methods irodmolecular simulations and
methods of choice faab initio protein folding, their application to very largeb
systems are limited. Different versions of REMs éndleeir own advantages and
limitations, resulting in inefficient sampling perfance$® One of the main
obstacles for the conventionBREM may be the large humber of replicas needed
for complex bio-molecular systems. Optimizatiorsoime of the Hamiltonian REM
approaches, including tlieREM, may not be straightforward because of diffies
in parameterizations. As one of the attempts toesidsuch issues, one can develop
a novel REM by combining different REM versions.

In T-REM, the increased kinetic energy in the high-terapee replica can

make the system overcome its energy barriers. Hewvaecelerating all degrees of
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freedom at an elevated temperature may be inaffiddecause the system stays
mainly in a high-energy region rather than suffitig sampling lower-energy local
basinsg-REM is one of the Hamiltonian-REMSs using the Tsadiffective potential,
which reduces barriers of specific potentialgj4REM, the reduced potential makes
the system easily overcome energy barriers by atéalg selected degrees of
freedom important for protein dynamics. | demonsttathatq-REM was able to
sample conformations of biomolecules more effidietitan T-REM with a smaller
number of replica® The folding dynamics of small peptides with a gelired
simulated annealing algorithm using the Tsalli®eif/e potential was compared
with the conventional simulated annealing simulatiovith temperature scalifig.
Even though these studies clearly illustrated athges of using barrier-reduced
effective potentials for enhanced conformationatgling, implementation of thg-
REM to a wide variety of systems still needs furtiverk to determine its optimum
parameters. One of the difficulties that might aris that the relatively low
temperature (usually 300 K) adopted f|fREM does not guarantee efficient
equilibrations for replicas with differetvalues. Another disadvantage REM

is that one cannot obtain the temperature depeerdeithe system from a single
simulation.

In the present work, | proposed a novel replicdharge scheme, termed&s
REM, by combiningT-REM andg-REM. In the proposedg-REM scheme, high-
temperatureT-replicas inT-REM are substituted witk-replicas. The aim of this
“combo” scheme is to exploit advantages of bBBREM andg-REM for improved
efficiency while minimizing the drawbacks of botpproaches. | applied thEg-
REM to all atom MD simulations on 3 different pejgtisystems: Met-enkephalin,

(AAQAA) 3, and Trpzip2. The focus of the present study vmamVestigate the
27 - = TH
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behavior ofTg-REM during conformational sampling of these systemspared
with the conventional-REM. For a given number of replicasTFREM, some of
the replicas at the high-temperature end are regldy replicas with differerd-
values. The performance of the two REMs in confdional sampling was
examined by calculating the free energy surfacetter folding dynamics of the
peptides. It was found that convergence of thedreegy surfaces is improved using
Tg-REM compared with the conventionBREM. In particular, the trajectories of
Tg-REM were able to sample the relevant conformatfonsll of the metastable
folding intermediates, while some of the local moim structures were poorly
represented by¥-REM. In order to take full advantages Tf-REM, one needs to
include a sufficient number agfreplicas for a particular simulation.

The results of this study demonstrated Trg@REM can provide very efficient
sampling for conformations of biomolecules such p®teins, especially
conformations of metastable structures importaniriderstanding the dynamical
behavior of a system. The reason for the improvesnesm be attributed to the fact
that the trajectories @-REM efficiently sample conformations near local mmia.
This g-REM sampling process occurs because the potemiage barriers are
reduced. The trajectories of very high-temperatureplicas ofT-REM, on the other
hand, wander about in high energy regions leadingdfficient sampling. Having a
sufficient number off-replicas through the intermediate temperatureedngTg-
REM make sure that efficient equilibration can beiaved for allT-replicas andj-
replicas, and the temperature-dependent behavibedystem is obtained from the
simulation. Thanks to the improvements in sampéfiigiency, it can be argued that
Tg-REM may allow researchers to use a smaller numbepticas tharm-REM. |

also confirmed similar behavior dfg-REM for a small peptide un_der explicit
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solvent environment. However, further studies oplging TQ-REM to more
complex systems are needed to systematicallyriditessuch advantages. The results
of the present study suggest tia-REM can provide useful tools to investigate

systems where metastable states play importard.role
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Figure 2.6.1.The energy distributions dfreplicas (solid lines) angtreplicas (dot

lines) inT-REM andTq-REM simulations for (a) Met-enkephalin, (b) (AAQAA

and (c) Trpzip2.
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Figure 2.6.2.The free energy surfacesBREM andT¢-REM in PC space obtained
from 100 ns trajectories at 300 K for Met-enkepiabasins of four local minimum

structures are denoted 1 to 4.
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trajectories for the respective simulations. (dindievolution of mean square
displacement as calculated by MSDPE ((R(t + 1) — R(t))?), where R(t) is
coordinates of trajectory at time in PC space. Linear scale (left) and logarithm
scale (right) plots are shown. MSD can be fit fwoaver law function of timet® in
region | (G-12.5 ps) and Il (12-%00 ps), respectively, as denoted by the black

dashed lines.
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Figure 2.6.5.Representative structures of Met-enkephalin ferftur local basins
in the free energy surface as showrrigure 2.6.2 Backbone hydrogen bonds are

indicated by dashed lines.
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Figure 2.6.6.The free energy surfaces ®fREM, Tq+REM, and multicanonical

simulation as a function of the radius of gyratiand the end-to-end distance,

obtained from whole trajectories at 300 K for Makephalin. Basins of four local

minimum structures are denoted 1 to 4 as giverignre 2.6.2 Additional basins

sampled in MUCA are also denoted 5 to 8.
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surfaces of 7“REM and Tg-REM, as obtained from 100 ns trajectories at 300 K for

Met-enkephalin.
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Figure 2.6.9.The free energy surfacesGREM andTgq-REM in PC space obtained
from 200 ns trajectories at 300 K for (AAQAABasins of three local minimum

structures are denoted 1 to 3.
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Figure 2.6.13.The free energy surfacesBREM andTq-REM as a function of the
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Figure 2.6.14.The free energy surfacesT§-REM(10,6) in PC space obtained from
200 ns trajectories at 300 K for (AAQAARepresentative structures of (AAQAA)

for the local basin 4, as represented by black iddatse free energy surface.
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Figure 2.6.16.Representative structures of Trpzfp2 the five local basins in the

free energy surface as showrFigure 2.6.15
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Figure 2.6.17.The free energy surface ©§-REM(10,6) as a function of radius of
gyration for the two hydrophobic cores (Corel: Tigodd Trp9, Core2: Trp2 and

Trpll), obtained from 200 ns trajectories at 30@KTrpzip2. Basins of four local

minimum structures are denoted a to d.
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Figure 2.6.19.Representative structures of trialanine for thie focal basins in the
Ramachandran plots. Basins of five local minimunucitres are denoted 1 to 5.
Dihedral angles of central residue and transitiogtsveen basins are denoted. 3D
graphs of Ramachandran distribution plots of eaEMR show thaff-REM(6,2)

samples metastabéeconformations more than tWioREMSs.
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Chapter 3. Structure and Aggregation Pathway of
Aps2 Amyloid Protofibril

3.1. Introduction

Amyloid proteins aressociated with neurodegenerative diseases; in particular,
they are a major cause of amyloid fibril depositghie neuronal cells of patients’
brains®? Various neurodegenerative diseases, such as Aiensi disease,
Parkinson's disease, and type |l diabetes, aredda specific amyloid proteins®®
Amyloid fibrils contain a characteristjg-spine structure in which antiparallg
sheet structures are constructed by the formatiaypacal intramoleculap-turn-4
motifs and intermolecular parallgisheet$?

Although there has been much research into thetamel and function of
amyloid fibrils, some issues, such as the rolehekeé fibrils and the toxicity of
oligomeric species, remain uncléait has been suggested through numerous in
vitro experiments that off-pathway oligomeric smgscishow cytotoxicity by
disrupting membrane$. Conversely, it is possible that mature amyloid asitp
derived fibrils play a role as reservoirs of togimyloid oligomer speci€®.For this
reason, amyloid oligomers are drawing strong istess therapeutic targets for
amyloid-related diseasé&$°° However, amyloid oligomers are structurally ingab
and heterogeneous, and there is minimal informatimut their structure, formation,
and physiological effectd. Experimental and computational studies are highly
useful to elucidate these topi8s®® "

Aside from their toxicity, amyloid oligomers andffils are associated with
amyloid fibril formation pathways either as intemiises or as final products.
Solving the structure and determining the formapathway of amyloid oligomers
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and their fibril species are challenging issuesngwio their high conformational
plasticity and polymorphic nature based on theinsi&e responses to
environmental condition§. Several recent studies have identified possible
aggregation pathways, corresponding intermediateciep, and principles
surrounding the mechanisms of aggregation in monierrigomeric, protofibrillar,
and mature fibril speciés’® In particular, several recent experiments sucadgsf
resolved the high-resolution fibril structures e¥/eral amyloid protein&: >

Amyloid beta peptide (8 is known to be the major cause of Alzheimer’s
disease. Of the two /Aisoforms most commonly associated with Alzheimer’s
disease, it has been suggested tifat & more toxic than Auo, possibly because of
its conformational features. Therefore, it is wailtile to examine its structural
features. Liihrs (2005) suggested thafhas a U-shapegtarch structuré’ More
recently, Xiao (2015) succeeded in resolving tlghriesolution solid-state nuclear
magnetic resonance (ssNMR) structure @ghAwhich unexpectedly showed S-
shaped triples structure’* Subsequent ssNMR and cryogenic electron microscopy
(cryo-EM) experiments showed similar, but not ideadt S-shape structures with
two attached protofibrils forming tweslumn fibril structures; this implies that Afa»
amyloid fibrils may have polymorphic properti€s.

Although these experimental results have providddable information on the
fibrillar structure of ABs, different aspects of its structural propertiessmhe
determined, especially the dynamic and thermodyogmoperties of the fibril, as
well as its interactions with water; this information can be used to better explain its
conformational stability and mechanism of aggrematin this paper, | performed
molecular dynamics (MD) simulations to investigéite structural basis of the

conformational stability and mechanisms of aggtiegabf AS, at the molecular
B ] g
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level. To examine both the structural stability aggjregation pathway of S-shaped
triple-# structure model of Au, | performed several different simulation methods,
including straightforward extensive MD simulatiosteered MD, and replica-
exchange MD (REMD). By carefully analyzing the Mbnslation trajectories, |
clarified the structural features of th@gsA protofibril motif and related them to the
fibril stability. Based on these results, | triedibterpret the trajectories of steered
MD and REMD simulations and predict the aggregatathway of 4. fibril.
These results could also provide a plausible exgian for the high toxicity of Ba>

species.

3.2. Methods

MD simulations of A4z protofibril motif The sSNMR structure of the S-
shaped triple? structure published by Xiao (2015) was used, whictudes residues
11-42 of the peptide (PDB ID: 2MXU¥.Six ABa. fibril chains were taken from
PDB and solvated in a dodecahedron box containitép@ molecules of TIP3P
water® with 47 Nd and 35 Cl counter ions to form a neutral 150 mM NaCl
environment. CHARMM22/CMAP force field was used for Bs,. After a short
minimization, the system was gradually heated f@rré from 0 K to 310 K with
position restraints on backbones (force conskart 100 kJ/mol/nrf). For pre-
equilibration, several 2 ns runs were performe2il@tK with restraints of decreasing
orders of strengthk(= 100, 50, 30, 10 kJ/mol/rfm The system was further
equilibrated at 310 K for 5 ns without position tragits to obtain the initial
conformations for the product run. For all heatamgl equilibration steps throughout

this paper, the isothermal-isobaric ensemble (NR3emble) with a velocity-
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rescaling thermostftand a Berendsen baro$tavas used. After equilibration, a
product run was performed for 18, and the trajectory was saved every 2 ps for
analysis. All product runs were performed usingNRT ensemble with a velocity-
rescaling thermostat and a Parrinello-Rahman kattsand a 2 fs time step was
used with the LINCS algoriththfor the constraints of bonds related with hydrogen
atoms. GROMACS 5.1 packatjevas used for all simulations.

Steered MD simulations of S-shaped triple-f structure For steered
MD simulations, an initial configuration with a featory of 10us was used for the
S-shaped triplg# structure. Five adjacent chains of the protofibnibtif were
arranged in a 6A x 62A x 135A rectangular periodic box and solvated in 17544
molecules of TIP3P water with 61 Nand 51 Cl. The fibril axis was aligned to the
z-axis, and the protofibril motif was placed at atdince of 15 from onexy-plane
of the box. After a short minimization and gradbehting to 310 K with position
restraints on backbonds 10 kJ/mol/nrf), a 2.5 ns equilibration was performed at
310 K with weaker restraint& € 2 kJ/mol/nm), the final 2 ns of which were used
to sample ten different initial configurations ten independent runs. As described
above, solvation, counter ion addition, energy mination, and gradual heating
were performed for ten independent systems andilegued for 200 ps at 310 K
with restraints K = 2 kJ/mol/nm). Steered MD simulations were performed with
position restraints on the backbones of four neiginlg chainsk = 10 kJ/mol/nrf).
The fifth chain was pulled along the z-axis withanstant pulling rate. For each of
the ten initial configurations, steered MD simwas were performed with three
different pulling rates eachkgiing = 0.002, 0.001, 0.0005 nm/ps), producing thirty
trajectories in total. Fop-sheet rupture analysis, as described in detadviel

performed an additional 200 ps run using the saitieliconfiguration of the steered
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MD simulation, but without pulling, in order to @lh a stable trajectory. Trajectories
were saved every 1 ps for analysis.

To analyze thg-sheet rupture pattern between adjacent chainghéweges in
distance corresponding to backbone hydrogen bamtisidechain interactions were
calculated. At first, the distances of all intefastpairs were calculated from the 200
ps stable trajectory. For each backbone hydrogem bine distance between the
participating N and O atoms was calculated. Fohesidechain interaction, the
distance between the heavy atomic centers of nfiaa® énteracting sidechains was

calculated. To obtain a clear distinction betweend®d and nonbonded states, the

logistic function ¢(r) = was used, whereis the distance between two

_r
1+e(-T0)/0
interacting objects, and, and ¢ were determined by considering the distance
distribution of each bonded statgr) = 1 for a bonded state, ap€r) = O for a
nonbonded state.

REMD simulation of S-shaped triple-B structure REMD* simulation
was performed to examine the docking process/a$ Abril formation. An initial
configuration was designed in which th8.Amonomer was placed at a distance of
25 A from the fibril motif structure. The system wasgually heated for 500 ps
from 310 K to 500 K with position restraints on thackbonesk(= 10 kJ/mol/nrf).
Equilibration was performed for 10 ns at 500 K wjthbsition restraints on the
backbones of the protofibril motik & 10 kJ/mol/nrf) and a fixed center of mass for
the isolated monomek & 1000 kJ/mol/nrf). Based on the equilibration trajectory,
eighty different initial configurations for the RHMreplica were prepared. The fibril
axes of the initial configurations were alignedhe z-axis of a periodic 64 x 58

A x 102.7A rectangular box containing 9642 molecules of TIR@Rer, 40 N§ and
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30 CrI. Temperature distribution was initially generatading a temperature
generator (https://virtualchemistry.org/remd-tenapere-generator’f, and then
modified using several 200 ps REMD test runs t@iobthe appropriate exchange
ratio. The final temperature range was 303.13 K486.15 K with an average
exchange ratio of 0.287. The initial configuratafreach replica was minimized and
gradually heated for 500 ps from O K to each targeiperature and equilibrated for
500 ps with restraintk & 10 kJ/mol/nrf). The product run of the REMD simulation
was performed for 250 ns with position restraimsgite backbones of protofibri (
= 10 kJ/mol/nrR). Exchanges between adjacent replicas were atsehevery 2 ps.

Trajectory was saved every 2 ps for analysis.

3.3. Results and Discussion

Recently, several high-resolution structures of &k, fibril motif were
experimentally identified by ssNMR and cryo-Ef” 76In 2015, the first detailed
Apa fibril structure was published using ssNMMRPDB ID: 2MXU), and it
contained a triplgg motif (8-turn-turn8) in contrast to its previously suggested
structure’’ In 2016, Hansmanmet al performed a simulation study using this
structure and reported the stability of the triflerotif of AB42.2° They used both
Amber99sb-ildn and CHARMM22/CMAP force fields tonr®00 ns and 200 ns
simulations, respectively. Overall shape of triplevas preserved within their
simulation, although CHARMMZ22/CMAP showed a moredared backbone
arrangement. Although they mainly used their AmBslRildn data, it was reported
that CHARMMZ22/CMAP was the most accurate compaceexperimental data for

intrinsically disordered proteirfs.
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Stability and Structure of Triple-B Motif To investigate the structural
stability and dynamics of thefy protofibril motif, | used the same structure (PDB
ID: 2MXU) and performed an extensive 1is MD simulation using the
CHARMM22/CMAP force field. Compared to the trajestof the Amber99sb-ildn

force field shown by Hansmanret al®®

the structure given by the
CHARMM22/CMAP force field showed more ordered bamhké arrangements and
hydrophobic sidechain packingsigure 3.5.13. The Root Mean Square Deviation
(RMSD) values at 500 ns were ~3% for CHARMM22/CMAP and ~5A for
Amber99sb-ildn, respectivelyigure 3.5.19. Furthermore, the structural features
of the triple motif were highly preserved throughout theiOsimulation period
(Figure 3.5.19. In particular, the core residues (19-42) showeghly stable
ordered arrangements of both the backbones andhsiths throughout the
simulation Figure 3.5.19. By analyzing the simulation trajectory of edoilum
ensemble of this structure, | identified detail@tkshain interactions that stabilized
the hydrophobic core structures of the triglshape .. fibril motif (Figure 3.5.2
andTable 3.5.). Interactions forming two hydrophobic cores — étiee | and HP
core Il — are designated by colors consistent witjure 3.5.2 HP core | has two
sub-cores named as HP core la and HP core Ib inatiie. HP contact means
hydrophobic interactions not included in HP coaadl II. Two polar interactions are
hydrogen bonding between Asn27-Asn27 sidechainssaftdbridge between C-
terminal carboxylic group and Lys28 sidechain. MaBe31, lle32, and Met35 are
pivotal residues in the two hydrophobic cores. Nb& inter-chain interaction pairs
are written in order of inner chain residue—outein residue. For example, Val39—
lle31 means that Val39 of the inner chain interadth 1le31 of the outer chain.

Before describing these residual interactions taifjét is important to note the
21 3 7]
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differences between the experimental and simulsttetures. The locations of the
three f-sheet sequences are slightly different, as shawFigure 3.5.3 possibly
because of the different force fields and solvatonditions usedFigure 3.5.4
shows that the essential sidechain packing strestof the hydrophobic cores were
almost identical. It was shown that the simulatédicture had more compact
hydrophobic interactions in the presence of watkich was absent in the ssSNMR
structure. Therefore, it can be concluded thatsouulated structure was consistent
with the experimentally determined structure.

As shown inFigure 3.5.2and Table 3.5.1 the tripleg structure ofAfas: is
primarily made up of threg-sheet regionsp{, f-, f3) and two hydrophobic cores
formed betweep; andp., and betweefi, andpgs, designated HP core | and HP core
I, respectively. HP core | is composed of two sales, highlighted by the blue and
yellow circles inFigure 3.5.2 Each sub-core has a structure of aromatic sidesha
surrounding a small aliphatic sidechain at a pivptsition. In detail, His14, Leul?7,
and Phel9 from two adjacent chains formed one eufy-evith [le32 as a pivotal
residue; similarly, Phel9 and Phe20 from two adjacent chains formedttiex sub-
core, with Ala30 as a pivotal residue where twoI2heesidues are shared between
the two sub-cores to form HP core I. In HP coréhighlighted by the light pink
circle in Figure 3.5.2), lle31 and Met35 are located between two Val8@ahains
to form a compact hydrophobic core structure. Iditamh to the two hydrophobic
cores, a hydrogen bond between two Asn27 stabiliesore |, while a salt bridge
formed between Lys28 and the C-terminal carboxgtimup stabilizes HP core II.
Accordingly, the remarkable structural stability taple-f motif can be explained
through this highly compact and complex structdreesidual interactions.

N-terminal Fluctuation and Effect of Water in Association with
27 3 7]
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Polymorphism In addition to the major hydrophobic core struetutescribed
above, Vall2 and Leu34 residues formed hydrophobitact through both inter-
and intra-chain interactions which stabilizes théeNminal region in an aqueous
environment. However, this contact was relativatgtable compared to HP core |
and Il, and showed flexible motion during the siatidn (Figure 3.5.2aandFigure
3.5.29. Figure 3.5.5andFigure 3.5.6show the overall conformational dynamics of
our simulation trajectory over lis. Although N-terminal hydrophobic contact is
relatively weak compared to that of the major hytiabic cores, it showed good
stability in our simulation trajectory. The distangetween Vall2 and Leu34 slightly
increased at 1170 ns while maintaining overall aonto optimize the conformation
of HP core | in an aqueous environment. This stmectvas disrupted at 2500 ns
because of the breaking of the backbone hydrogedsm the adjacent outermost
chain Figure 3.5.6h. Thus, it is expected that N-terminal hydrophototact in
the triplef protofilament would not be spontaneously brokenaim aqueous
environment.

Recently reported experimental structures showigtitst different structures

S 8 implying that this unstable contact provides

for this N-terminal contact:
flexibility to allow conformational changes in respse to different environments: In
two ssNMR structures, Met35 sidechain is flippetswe and Val36 is flipped inside
which form a steric zipper interface with the aéjaicprotofilament, from which the
linear f-sheet geometry of N-terminal sequence is naturatiyced. On the other
hand, the cryo-EM structure maintains the samechigia orientations of Met35, and
Val36 with the structure used in our simulationdanstead, Val39 and lle4l

sidechains are inverted outside to form hydrophaipper interface between two

protofilaments, which is relatively weak compared$NMR structures. Because of
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this, N-terminal tail sequence is folded towardisteipper structure allowing Lys28
to form a salt bridge with Aspl of adjacent prdtofient, which stabilizes this
polymorphic structure.

Thirumalai et al®” suggested that a two-step model which is posullfde
amyloid protein crystallization (that is, protofi@nt formation) will hold for the
formation of higher order amyloid structure. Instmodel, disordered oligomers are
first formed which produce a protein-rich dropl@tee aggregation-prone states, N*
in these droplets could contain varying number atevw molecules according to
which conformation it has among ensemble of N*estaf\t second stage, when the
size of droplet becomes large, the different N*goiners will form different
geometries of distinct fibril structures. Thesetidid fibril structures may contain
embedded water or not, which are located at ptwibfiterface. The existence of
embedded water depends on the interface formedekeatywrotofilaments which is
determined by conformation of N* forming the proboil. Once the fibril
morphology containing embedded water is formethutid be metastable or proceed
to expel the water and form dry interface at slater Whether N* with water-
embedding conformation arises or not might depemmdshe extent of hydration
when protein-rich droplet is formed.

It can be speculated that the differences in tfpleore structures and
morphologies of fibrils of sSNMR and cryo-EM arep&ained through the two-step
model described above. According to a certain Hjahra@ondition, N* conformation
resembling one of these two tripgfecore structures could be selected as a
predominant oligomer species which drives the faionaof protofilaments of
corresponding geometry. When the triglstructure corresponding to ssNMR data

is selected, N-terminal stretch takes a link.aheet geometry in order to maximize
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the hydrophobic interface between two protofilarsefiin the other hand, when the
triple-# structure corresponding to cryo-EM data is setbchéterminal stretch is
bent toward the steric interface in order to forsak bridge between Aspl and Lys28
and provide additional stabilization to protofilaménterface. Interestingly, this salt
bridge formation results in flat, highly hydrophkikurface (Asp7, Arg5, Glu3, Asp1,
and Lys28) exposed to solvent environments, whiely fme favored in aqueous
condition of cryo-EM. Therefore, it can be saidttiee conformational flexibility of
N-terminal sequence is required in order to achpMgmorphism of 4., amyloid
fibrils.

In order to examine the flexibility of #. peptide in our simulation, | calculated
average Root Mean Square Fluctuations (RMSF) df eesidue for three different
regions of 20 ns length in trajectory. At 800—82) Imydrophobic contact between
Vall2 and Leu34 exists and stabilizes N-terminaicttire whereas at 3600-3620 ns,
contact between Val12 and Leu34 is broken whichaggisheet plane of N-terminal
sequence more flexible. At 5650-5670 ns, hydrogendbs forming S-sheet
backbone structure in N-terminus are disrupted @havs a full conformational
flexibility to N-terminal stretch. IrFigure 3.5.7, | can first observe that Vall2 and
His13 residues show large increase of RMSF valselydrophobic contact and
backbongs-sheet hydrogen bonds are disrupted in order.trast, RMSF of His14
increases when Vall2-Leu34 hydrophobic contactissugted while it does not
increase any more when backbofisheet is broken, indicating that Hisl4 is
participating to HP core la hydrophobic core stmpet Detailed conformational
changes and concurrent changes of hydration dtaesl distribution function of
water) are shown ifrigure 3.5.8andFigure 3.5.9 Although His14 manages to

maintain the contact with 1le32 in HP core la i trajectory, it is expected that this
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contact can be easily broken which allows the fligpof sidechain orientations for
Vall2, His13, and His14. The conformational flektipiof this sequence might be
important to the formation of the structures regdaby ssNMR and cryo-EM
experiments: In ssSNMR, sidechain orientations etéthree residues are inverted
with respect to original triplg-structure to form linear straigfftsheet backbone
geometry of N-terminal tail, allowing maximum are& hydrophobic interface
between two protofilaments. On the other hand,ctidim flipping of these three
residues in cryo-EM structure makes N-terminal(t@sidues 1 to 11) folded toward
the C-terminus of the other protofilament, induding formation of Asp1-Lys28 salt
bridge.

GIn15 and Lys16 show relatively high RMSF value§igure 3.5.7 which is
because the two sidechains are solvent-exposedtisaa location with distorted
backbone shape from standatésheet geometryF{gure 3.5.2. This structural
feature provides additional instability to N-termirstretch to make feasible the
above-described conformational changes of N-terisinetch. Similarly, Leu34 has
also relatively high RMSF values because of itsvandl sidechain orientation and
highly curved backbone geometry. | can expecttti@flipping of Met35 and Val36
is facilitated by this structural instability of U84 and consequences the steric zipper
interface in sSSNMR structure.

Dynamics of Chains at Fibril Ends RMSD curves show that the two
external chains were relatively unstable compaveld four internal chaingigure
3.5.5. In the outermost chains, residues 21-29 andluesi 38—42 were unstable
and showed disordered conformations. Residues 3B8wak2 up a short sequence
containing a C-terminal salt bridge that allows ti@ecule to restore its inter-chain

interactions. Conversely, the backbone geometrgsiflues 21-29 was not adequate
+ . b == |
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to form a stablg’-sheet hydrogen bond as well as stable sidech&gmaitions,
making this region the least stable in the ovesedjuence. Therefore, the structure
of this region is the first to be disrupted upomp@sure to the fibril end, and is not
easily restoredHigure 3.5.61).

These local conformational fluctuations might beagsated with the relative
thermodynamic stability of local inter- and intraain interactions composed of
backbone hydrogen bonds and sidechain packing. tAmw&nowing the way in
which a certain region of the hydrophobic core ackbones-sheet is formed or
disrupted would allow us to more precisely demaistits relative stability to other
regions. In order to examine this, | performedipglsimulations, as described later
in this paper.

Prediction of Lock Phase Process by Pulling Simulation As
mentioned above, the structure of residues 21-28eigk and relatively easily
separated from interactions with adjacent chaidsfanms an unstructured or helical
geometry, as shown Figure 3.5.1h In addition, the C-terminal of the peptide also
underwent the disruption and reformation of hydrogends along with the adjacent
backbone Kigure 3.5.6h. These features of equilibrium conformational akyrcs
imply the lock phase mechanism in the dock-and-frckess of aggregatiiThis
lock phase mechanism would be shown by how thewarniesidual interactions are
grouped spatially, for example, by the two sub-satHP core | shown iRigure
3.5.2 and by how the relative stabilities between thiegeracting groups are
determined.

In order to investigate this, | performed pulliighalation using steered MD,
and obtained force extension curves for disaggragat AS.. chains from the fibril

motif. Ten independent pulling simulations were fpemed for each of three
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different pulling rateskpuiing = 0.002 nm/ps, 0.001 nm/ps, and 0.0005 nnijggire
3.5.10 shows the force curves of these pulling simulaioRrom these thirty
trajectories, | calculated the residue-residueadists for both backbone hydrogen
bonding and sidechain contact. By transformingdistance to a logistic function
o(r), | obtained the rupture patterns for the thirgjectories to clearly visualize the
disruption of each backbone or sidechain interagfiagure 3.5.1). These patterns
were classified into several categories accordindpeir shape. Fromable 3.5.2 |
identified that the major pattern appearedkaling = 0.0005 nm/ps where the
deviation in peak size was the small&sgure 3.5.11ashows this major disruption
pattern. | calculated both backbone and sidechmé@raction distances to examine
the order of breaking between them. Overall, ins®¢hat backbone interactions
were broken first, followed by the breaking of itwexd sidechains, although the
difference was slight. The major pattern was coragad three interaction groups,
shown as three boxeshiigure 3.5.11a Compared té-igure 3.5.2 it was clear that
the largest group corresponded to the disruptiongss of HP core I, while the other
two groups corresponded to the disruption procéstPacore Il. This indicates that
the disruption of HP core | occurred first in aleotive manner in which residues
21-23 was more unstable and the polar Asn27—Asgdibgen bond was the most
persistent. Once this collective rupture of HP dateucture occurred, the remaining
backbone interactions of tife-turn$; were sequentially broken.

The force curve ifrigure 3.5.11bclearly shows that the collective rupture of
HP core | was the most difficult step. As | alreadgntioned, the disruption of this
region drives conformational changes in the sepdraackbone sequence intosan
helix structure, which is the stable conformatioran isolated state. Therefore, the

reverse process was assumed to be a part of th@ddloway. In other words, helix
+ ; . b == |
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in the > region of the docked /> peptide were unfolded to construct fhsheet
backbone and form HP core I. In addition, the regeprocess of the sequential
rupture of thes.-turn-f; is expected to occur before the unfolding of gadelix.
Figure 3.5.12shows second major pattern, which is differentnffeigure 3.5.11in
that sequential disruption occurred at both sidéshe salt bridge residues.
Trajectories of the major and the second majorunggpatterns are shown kingure
3.5.13 Table 3.5.2indicates that this difference was because otuifit pulling
rates.

Prediction of Docking Process by REMD Simulation Up to now, |
performed equilibrium simulations and identifie@ tability and detailed structure
of residue-residue interactions which form the lbacle geometry and hydrophobic
cores. Next, | performed pulling simulations toritfy interacting groups and their
disaggregation behaviors, from which | predictesl tiechanism of the lock phase
process. In this section, | performed REMD simolasi to study the docking
pathway of the B4, peptide to the protofibril motiFigure 3.5.14shows the overall
behavior of the B4, peptide monomer during the docking process. lutaled the
RMSD of the monomer with respect to the trigleenformation in order to monitor
the occurrence of low-RMSD (“Bke”) conformations; their positions are denoted
by the numbers (1) to (4) and the green windowBidure 3.5.14 | examined the
configurational features of these four S-like ateimmarized as follows.

(1) In an isolated state, S-like conformations arainly in a monomeric
conformational structure. As explained in the follog analysis, this ensemble
shares a common structural feature with an eaalgestconfiguration of the lock
phase. Thus, this monomeric ensemble could be deresi as an aggregation-prone

state. (2) When the monomer comes into contact théthydrophilic surface of the
+ ; . b == |
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fibril, it forms stable interactions by maintainiitg conformation in a manner similar
to that of the isolated structure, which also hagdrophilic surface. (3) When the
monomer comes into contact with the surface of dildobic residuegi. forms a
partial helix. This conformational transition allswclose contact between the
unfolded sequence @b and the hydrophobic surface of the fibril, whidays an
essential role as an anchor to initiate the locksph Additionally, it allows the
approaching of the C-terminus of the monomer toGkerminus of adjacent fibril
peptides in order to form salt bridge interactiq@$ When two C-termini are within
a certain distance because of the conformationahgds described above, the
formation off-sheet structure may occur transiently infgheegion.

It should be noted that the conformational chan@¢do (4) do not exactly
represent the docking pathway because only S-likdocmations were extracted
and monitored for this mechanism. For example,ha ¢arly stage of docking
between (1) and (2), the RMSD curve showed a cosbape, while the distance
curve showed a concave shape. This behavior camobe clearly seen iRigure
3.5.15 The RMSD curve ifrigure 3.5.14does not explain this behavior at the early
stage of the docking process. Interestingly, theadyics shown ifrigure 3.5.15a
are analogous to the motion of soft spheres aphilng@ach other. When they are
apart from each other, attractive interactions lecate docking, while a repulsive
force acts when contact becomes too close; this eventually leads to an equilibrium
distance. In addition, the RMSD of twgA chains (approaching chain + chain at
fibril surface) with respect to the tripfeconformation showed that this distance
change was correlated to the formation of fibrihfigurations Figure 3.5.15h.

To more accurately explain this, | calculated tis¢ashces from the fibril surface

and the secondary structure contentgsipp., andgs separately. The distance plots
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in Figure 3.5.16show that the concave shape described above \ingalg derived
from the dynamics of th& sequences, preserves a constant distance with the fibril
surface from the beginning of the contact peridae @istance betweegh and the
fibril surface consistently gradually decreased@rafte initiation of the contact. The
time evolution of thex-helix content Figure 3.5.1§ explains the behaviors of the
distance changes fgt andg.. In 1, a-helix content gradually developed until 50 ns.
The concave shape of the distance changg: afuring this time interval was
therefore induced by-helix formation in thef, sequence. That is, the transition of
the secondary structure of thig sequence from #-sheet-like to ana-helix
conformation induced an increase in the center agsrdistance between tfie
sequence and fibril surface. On the other handgthelix content off. sequence
developed rapidly to reach a stable state at tlginbimg of the contact, which
explains the shape of the distance curvg.ofFinally, thea-helix content in thes
sequence remained low throughout the simulatiod tla@ reason for the slope of its
distance plot was not clear. Inste&tjure 3.5.17shows that thg-sheet content of
thefs sequence dramatically increased after contacttiviliibril surface. Therefore,
the slope of distance plot iz (Figure 3.5.1§ was because of this conformational
change.

After showing that the behaviors of the distancanges and secondary
structures were correlated with fibril formationndynics, the docking pathway can
be accurately summarized using these observatioran isolated state, thef
peptide prefers an S-like conformation to optintigerophobic interactions. When
contact with the fibril surface occurs, th& sequence undergoes a rapid
conformational transition to adopt a partially fedticonformation, as indicated by

the changes in its secondary structurggre 3.5.16 and Figure 3.5_.13. This
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partially folded conformation plays an importanteran the initiation of the lock
phaseFigure 3.5.18shows a more detailed depiction of this changeartbe seen
in the secondary structure plothigure 3.5.18athat thes, sequence can be divided
into three parts: Glu22—Asn27, Lys28-Ala30, and31leGly33. When contact
occurs, helix begins to develop for Glu22—-Asn27 #e81-Gly33, but not for
Lys28—Ala30. This difference in secondary strucduesults in a specific geometry,
as shown irFigure 3.5.18b By adopting an approximate helix-turn-helix getme
P2 arranges the positions ff andps in the docked monomer to be in close proximity
to their counterparts on the fibril surface. In iéidd, the unfolded stretch gf
sequence (Lys28-Ala30) can maintain close contéhbtthe fibril and stabilize this
arrangement. This situation is shown in the distgplot inFigure 3.5.18c Finally,
the displacement of twgy stretches in close proximity leads to the forntatid as-
sheet structure by the formation of backbone hyeindgpndsFigure 3.5.19shows
that hydrogen bonding occurs at the C-terminuss Wil also lead to the formation
of a salt bridge between C-terminus and Lys28&. ¢tear that this final configuration

of the docking pathway would be the initial stag¢he lock phase.

3.4. Conclusions

The fibril structure of amyloids is an importanpio in the study of amyloid-
related disorders. In particular, their neuronaiidiby might be affected by their
structure and stability. Recent experiments revktile high-resolution structures of
the ABa, fibril; in this study, | performed MD simulations to study the structure,
stability, and equilibrium dynamics of the fibrih ian aqueous environment. In

addition, | applied two sampling methods, steerdd &hd REMD, to analyze the
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trajectories of aggregation and disaggregationha fibril motifs leading to the
predicted dock-and-lock pathway of thg.Afibril motif.

The structural features of the trigfamotif were strongly preserved throughout
the 10 us simulation. Particularly, core residues showeghllyi stable ordered
arrangements in both the backbones and sidechaiosghout the simulation. |
identified the detailed structure of backbone aéchain interactions stabilizing
the hydrophobic cores of the tripleshape &4, fibril motif. Two hydrophobic cores,
namely HP core | and HP core I, form@ggturns, and S>-turnys structures,
respectively, and HP core | was found to be compa$éwo sub-cores. Salt bridge
interactions and polar sidechain interactions pledi additional stabilization to
these structures.

In addition to the hydrophobic core structures, tehavior of relatively
unstructured N-terminal sequence was examined loylesion of RMSF and water
radial distribution functions. Relatively large R Salues of specific residues and
corresponding sidechains and backbone conformatibraages together with RDF
changes could partially provide an explanationhef itole of N-terminal flexibility
in polymorphic experimental ffibril structures.

Based on our analysis of pulling simulation trajeiets, | found that the two
hydrophobic cores each generate two residue iritenagroups. The larger group
corresponding to HP core | is disaggregated ciollelgt while the other group
corresponding to HP core Il is disaggregated setplyn The disaggregated region
of HP core | was observed to form a helix, conaisteith the results of docking
pathway analysis. In the docking pathway analysidserved that thg, sequence
forms a partially folded conformation, comes intmse contact with the fibril surface,

and guides the two helices @i and f; to their proper orientations. As this
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arrangement induces the formationgegheet in thes sequence, the lock process
might be propagated from thesheet formation offs to 2, and finally 51, by

unfolding their helices. This is exactly the rewepocess of disaggregation shown
by the pulling trajectory analysis. To confirm thigck phase mechanism, further

simulations or experimental studies will be needed.
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3.5. Figures and Tables
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Figure 3.5.1. Simulation structures of triple-f motif of A4, at (a) 500 ns and (b) 10
us. (c) Backbone RMSD plot of 10 us simulation. (d) Heavy atom RMSDs of core
sequence (residues 19-42, solid line) and N-terminal tail sequence (residues 11-18,
dashed line). RMSD of core sequence shows remarkably smooth plateau throughout
the simulation at ~3.4 A which reflects highly stable backbone and hydrophobic core

structures compared to N-terminal tail region.
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Figure 3.5.2. Structure of backbone and sidechain interactions of Af4, triple-f motif.
[-sheet regions are indicated by yellow color. Ala30 and Ile32 play pivotal roles to
form two sub-cores of HP core I (denoted by blue and yellow circles). Similarly,
Ile31 and Met35 form HP core II (light pink circle). Sidechain interactions between
residues are denoted by double-headed arrows. Hydrogen bond between Asn27
additionally stabilizes fi-turn-$, structure (HP core I), and salt bridge of Lys28 and
C-terminal carboxylic group stabilizes fr-turn-f3 structure (HP core II).

Identification of -sheet regions are calculated by STRIDE algorithm® using VMD®’.
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Table 3.5.1.Sidechain interactions in the tripbemotif structure from simulation.

Intra-Chain

Sidechain Interactions

Inter-Chain Sidechain Interactions

(inner chain—outer chain)

HP contac| Vall2—Leu34 Vall2—-Vall2
HP contac -
His14—lle32 Leu34—Leu34
HP core Ig Leul7—Phel9 His14—lle32| His14—-His14
Phel9—-lle32 |HP core Id Leul7-lle32| Leul7—-Leult
Phel9-Phe2 Phel9-Ile32
Phel19-Phelp
HP core I Phel9-Ala3( Phel9-Ala3(
HP core I
Phe20-Ala3( Phe20-Ala3( Phe20—-Phe2p
Phe20-Val24 |HP contac - Val24-Val24
HP contac
Phe20-Asn2 H-bond - Asn27-Asn27
lle31-Val39 Val39-lle31
HP core I HP core |l -
Met35-Val39 Met35-Val39
Val39-lle41| |HP contac| lle41-Lys28| lle4l-lle4l
HP contac
Lys28-lle41| [Salt bridgg C-ter—Lys28 -
Salt bridgq Lys28-C-ter
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B, 39-41 (MD)

" f3,36-40 (Exp)

B, 12-19 (MD) B, 22-33 (MD) B 39-41 (MD)

||||||||||||||||||||||||||||||||
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B, 12-18 (Exp) B, 24-33 (Exp) B 36-40 (Exp)

Figure 3.5.3. Comparison of triple-f motif between experimental and simulation
structure. In experimental structure (PDB ID: 2MXU), residues 12 to 18, 24 to 33,
and 36 to 40 form f-sheets (blue arrow). In simulations, residues 12 to 19, 22 to 33,

and 39 to 41 form S-sheets (yellow ribbon).
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Experimental Simulation

Figure 3.5.4. Comparison of triple-f motif between experimental (PDB ID: 2MXU)
and simulation structure. Residues shown in orange color have S-sheet geometry in
either one of experimental or simulation structure. Comparison of sidechain contact
for these residues shows that simulation structure has more compact hydrophobic
packing due to the presence of water. Additional sidechain contacts occur between

residues 1234, 14-32, and 32-39. (purple circles)

— 1
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— Four internal chains
— Two external chains

o T T T T T T T T

0 2 4 6 8 10
Time (us)

Figure 3.5.5.Backbone RMSD of the two external chains (red)lare larger than
the four internal chains (blue line) of tripkemotif. Two external chains are

relatively flexible compared to the four internhkins.
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\
1170 ns

3) 2500 ns
Figure 3.5.6. Conformational dynamics of triple-f motif through 10 us MD
simulation. (a) Conformational change of the four internal chains. Denoted numbers
are chain numbers. Two external chains are not shown. Residues 19-42 form stable
core of the structural motif for Af4 protofibril (gray ribbons). On the contrary,
residues 11-18 form unstructured N-terminal tail (green ribbons). (b)
Conformational change of the two external chains as represented by colored ribbons.
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Residues 21-29 and 38-42 are colored in blue ahdespectively and the rest are
in yellow. Four internal chains are representedthsy transparent gray ribbons.
Residues 21-29 and residues 38-42 are relativedyable compared to other
residues in core (19—-42). Residues 11-15 form wetstred N-terminal tail similarly

as in the four internal chains.

4 — 800-820 ns
— 3600-3620 ns
< 3 — 5650-5670 ns

0 T T T T T T T T T T T
12 15 18 21 24 27 30 33 36 39 42
Residue Number

Figure 3.5.7.RMSF of N-terminal sequence for 800—-820 ns, 3662083s, and

5650-5670 ns.
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5650 ns

Val12 . His13 | His14
0 5 10 15 0 5 1‘(1 5 0 5 10 15 20
r(A)

Figure 3.5.8.(a) Conformational changes of N-terminal residespecially Val12,
His13, and His14. (b) Changes of radial distributionctions (RDF) of water

according to conformational changes in (a).
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'90"; His14 {GInl5 { Lysl16

Leul7
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-90 — J000-3620ms 4 g 1 Phel9

0 51015 0 5 1015 0 5 10 15 20
Time (ns)
1802G1u11 1Vall2 1 His13
901 1 ]
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901 — 3600-3620 ns |
| — 5650-5670 ns | ]
-180+ ] ]
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Figure 3.5.9.Dynamics of backbone torsion anglesiy) of N-terminal residues in

triple-4 fibril motif.
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Figure 3.5.10. Force vs time curves (left column) and force vs distance curves (right
column). Each row has two representations of force curves for the same set of ten
independent simulation trajectories with constant pulling rate. As pulling rate is

decreased, deviation of peak heights among different trajectories is reduced.

L
80 " ,JL:[ 2T



Major Rupture Pattern (D(I")
1
backbone hydrogen bonds

inter-chain sidechain interactions

110-12N

13N-120
4Val12-5Val12

130-14N

15N-140
4His14-5His14 Sy
150-16N

18N-170
R : .
208190 <= collective rupture
4Phe19-5Phel9
21N-200
4Phe20-5Phe20
22N-210 10N
20230 LT 06

230-24N .
sequential rupture

25N-240
4Val24-5Vval24

28N-270
4Asn27-5Asn27

280-29N

b |
-
4Phe20-5Ala
g (a)
33N-320
340-34N
ege e [ 0.2
39N-380 Iy ’
4Met35-5Val39 T 1081 R i | B T T
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Figure 3.5.11. Structural change of Af4 triple-f motif during a pulling simulation.
(a) Major rupture pattern of backbone hydrogen bonds and intermolecular sidechain
interactions. ¢(r) = 1 when the interaction is formed, otherwise 0. Three boxes
enclosed by red lines indicate three groups in which the residues are disrupted
together. (b) Force extension curve corresponding to rupture pattern in (a). Large
peak at 0—3000 ns is due to the collective rupture in (a). Broad peak at 3000-6000

ns corresponds to the sequential rupture in (a).
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Table 3.5.2.Statistics of the logistic function profiles frasteered MD simulations.
Major pattern shown irFigure 3.5.11appears in 16 trajectories of the total 30
trajectories. Especially, most of the trajectovigth Kuing = 0.0005 nm/ps (8 among
10 trajectories) show the major pattern. Seconenrapture pattern denoted by *

in the table appears in 7 trajectories. The ret@patterns show minor contribution

and corresponding plots are not shown here.

Kpulling 0.002 nm/ps 0.001 nm/ps 0.0005 nmps total

major 2 6 8 16
a 3 3 1 7
a' 2 1 0 3
b 2 0 0 2
c 0 0 1 1

~ major 1 0 0 1
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Figure 3.5.12. Second major rupture pattern (pattern a in Table 3.5.2) is observed in

7 trajectories. Collective rupture and sequential rupture in residues 11-34 are similar

to the major pattern. On the other hand, interactions of residues 35—41 become

disrupted much earlier compared to the major pattern. The shape of the plot in the

second box (280-29N to 4Cter-5Lys28) seems to be symmetric with respect to the

350-36N, indicating that the disruption of HP core II occurs from the breaking of

salt bridge interaction between Lys28 and C-terminus. It drives the propagation of

simultaneous breaking in backbone hydrogen bonds from C-terminus to Met35 and

from Lys28 to Met35.
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Figure 3.5.13. Configurations corresponding to the trajectories of (a) the major, and

(b) the second major rupture pattern. In the major rupture pattern, C-terminus is the

last part to be disrupted. In the second major rupture pattern, C-terminus is disrupted

earlier than the major pattern as shown in blue dashed circles.
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Figure 3.5.14. Dynamics of single A4 peptide from isolated state to approaching
the fibril structure. RMSD with respect to the triple-f conformation is plotted which
shows the occurrence of S-shape conformations of single Af4 peptide during the
REMD simulation. Red curve is the distance between C, atoms of Ala30 in monomer
and outermost chain of the fibril. The moments of low RMSD values are denoted by
numbers (1) to (4) in order of time. Except for (1), they all happen for short
monomer-fibril distances as highlighted by green windows. Representative

configurations for these moments are also shown.
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Figure 3.5.15. (a) Center of mass distance between the outermost chain of protofibril
motif and Afs monomer. (b) RMSD of the combined system (outermost chain in
protofibril motif + monomeric Af4) with respect to the triple-f configuration.

Yellow curve shows the average plot of the original data (black curve).
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Figure 3.5.16. Docking pathway of Afs> monomer to preformed protofibril structure.
(Up) Representative structures demonstrating the configurational changes in docking
process. The zoomed-in view in square box shows backbone hydrogen bonds
formation in 3 region at the final stage of simulation. (Down Left) Center of mass
distances between monomer and fibril surface for B, 2, and S, respectively are
plotted. Thick yellow transparent lines show overall features of the graphs. (Down
Right) a-helix content of 5, B, and 3 sequences in Afs, monomer. Yellow arrow

highlights the monotonic increase of a-helix content in i sequence.
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Figure 3.5.17. (a) Time evolution of S-sheet content of each f sequence. f-sheet

character of f; and f» sequences is weakened as Af4» monomer forms a contact to

protofibril. On the contrary, f3 sequences shows increase of S-sheet content after

contact between monomer and protofibril. (b) Additional conformation of simulation

time range a in Figure 3.5.16. f, and p, sequences have partially helical

conformations. (c) Additional conformations of simulation time range b in Figure

3.5.16. p sequence shows structural change from partially helical to fully helical

conformation. 5, sequence maintains partially helical conformations.
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(a) Secondary structure of B, a-Helix
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1] \
IHIIIIIIIIIII\IIIIII
1L TG | |

0 50 100 150 200 250

B Turn M o-Helix ~ p-Sheet Time (ns)
B 3,,-Helix [ ] Coil

(b) ©

residues 22-27

{ ’j/~ = residues 28-30
1

residues 31-33
0 50 100 150 200 250
Time (ns)

Figure 3.5.18. (a) Secondary structure of > sequence of the monomer. It is shown
that Lys28, Gly29, and Ala30 have low a-helix content compared to other residues
which demonstrates partially unfolded geometry of 5> sequence. (b) Representative
structure for f> sequence of Afs monomer. Unfolded geometry of residues 28-30
(red ribbon) allows close contact to fibril edge compared to residues 2227 (black
ribbon) and 31-33 (green ribbon). (¢) Minimum heavy atom distance between the
outermost chain in protofibril motif and the center of mass of each region in f,. It is
shown that the distance of residues 2830 is around 4 A whereas residues 22-27 and

31-33 show longer distances.
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Figure 3.5.19. (a) f-sheet backbone hydrogen bonding formation in the C-terminal
tail of 3 sequence between Afs; monomer and fibril motif (b) N-O distances for two
hydrogen bonds shown in (a) designated by dotted lines and denoted by HB1 and
HB2. Formation of hydrogen bond can be identified by the N-O distance less than 4
A. For HB2, N-O distance curve frequently visits the threshold distance throughout
the simulation except for early stage. On the other hand, HB1 rarely visits 4 A until
200 ns. From this, it is suggested that the development of f-sheet structure in f3

sequence occurs in order of HB2 — HBI.
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Chapter 4. In Silico Investigation of the Structurd
Stability as the Origin of the Pathogenicity ofa-
Synuclein Protofibrils

4.1. Introduction

a-Synuclein is a presynaptic neuronal protein tHayga crucial role in the
etiology of Parkinson’s disease (PD). Monomasisynuclein is known to be
intrinsically disordered in aqueous phase and fonpastial helix on lipid
membrané? Its aggregated form is a major constituent ofanéuronal inclusions
called Lewy bodies (LBs) and Lewy neurites (LN&g tharacteristic hallmarks of
PD. LB is observed in the brains of PD patientpeemlly in the substantia nigra
(SN). Variousin vitro and in vivo studies have suggested that misfolding and
aggregation of-synuclein is a major pathogenic event in Dhe familial form of
PD is associated with specific mutationsee$ynuclein, whereas sporadic PD is
associated with elevated levelsse$ynuclein in the brain tissue or post-translationa
modification®® Both induce misfolded states @fsynuclein and the formation of
amyloid aggregates, including oligomers and fibriffie increase in aggregates
results in a decreased level of monomergynuclein in nerve cells, especially in
the synaptic terminal. Aa-synuclein is known to play a chaperone-like raie i
SNARE-dependent trafficking of vesicles through #ssociation with the
presynaptic SNARE complex, the loss of this funttiny decreased levels of
monomeric form, due to aggregate formation, catisesmpairment of neuronal
communicatior?® Therefore, understanding the principle of accéilegaaggregation
is an important issue for developing therapeutiatsgies to prevent aggregation.

In principle, the entire aggregation process cacdmsidered to proceed in two
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stages. The first is the early stage of fibril fatian, or in other words, the formation
of oligomer species. This stage is a kineticallytoolled reaction network that
consists of more than a single step, includingfdnmation of either on-pathway or
off-pathway oligomers. While recent studies indéctiiat off-pathway oligomers are
the most toxic species in PD pathogen&sishas been suggested that the early stage
in thea-synuclein fibril formation process consists of ta-pathway oligomers.
The second stage is the transition from oligomeos fibrils, which is
thermodynamically, rather than kinetically, confiedl because the thermodynamic
stability of the fibril structure is the major dig force of the process. Structural
information on the amyloid protofibril motifs atalatomic level can provide insights
into the thermodynamic stability of protofibril sttures. They can also be
considered as on-pathway intermediates and, threrefan be used as the starting
point for investigating the kinetics of the on-pa#ty amyloid formation process.
Thus, elucidating the structural featuresxedynuclein protofibrils is important for
developing disease-modifying therapies for PD.

a-Synuclein fibrils show polymorphism where diffetestrains have different
protofibril structures, in terms of backbone geaiest sidechain interactions, and
inter-protofilament interface®. These structural polymorphisms can result in
different cytotoxicities, speeds of cell-to-cellrspd, and seeding activities of the
corresponding strairfé.For example, in prion disease, it is referred $d‘Rrion
strain phenomena® Experimental studies have shown that differeslynuclein
fibrils preparedn vitro or in vivomay have different polymorph compositiofis-®°
Because each polymorph or strain makes distinctribomions to the biological
activities, different compositions may have diffgreeeding activities and toxicities.

Therefore, it is essential to characterize thedgigal function of each individual
B ] g
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polymorph to understand the pathological role esthcomplex polymorphic fibrils.
Recent experiments using ssNMR, cryo-EM, and TEMehavealed various types
of a-synuclein fibril structures, including wild-typfamilial mutants, and truncated
formg?9 101, 102,103, 10 rom this, it has been shown that two straindedabd and
twisterpolymorphs, are major constituentsiegynuclein fibrils®*-°% 1%n addition,
cytotoxicity tests and energy analysis suggestattdd polymorphs, having Greek-
key like protofibril kernel, would be a major pagemic strairy?: 101 103-105

Although high-resolution structures from recentemments provide valuable
information on structural properties that may citmiie to pathogenicit}* atomic-
level information on how the structure behaves iinamueous environment is
required to explain the pathogenicity of a certairain in association with its
structural features. In this study, | performed eealar dynamics simulations of the
two major polymorphs of wild-type-synuclein fibrils. By analyzing and comparing
their structural features, | investigated how thajan strain obtains its structural
stability in aqueous conditions, which might be atali for explaining its
pathogenicity. In particular, | aimed to describmvhthe residual packing of the
protofibril kernel and of the interface betweentpfibrils are efficiently shaped to
provide compact and energetically stable hydrophalure structure while the
relatively larger conformational fluctuations are tconsequent solvent accessible
surfaces are given to the peripheral parts ofitité $tructure, and thereby these two
structural counter aspects are combined to compiltariyy complete the structural
stability of amyloid fibril in agueous environmefithe results of the present study

would provide a basis for understanding the pathimgeehavior of diverse amyloid

strains in terms of their structural properties.
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4.2. System Preparation

ssNMR structure The ssNMRu-synuclein structure published by Tuttteal
was used, which includes residues 1-140 of theqee(PDB ID: 2NOA)'®* Six a-
synuclein fibril chains were taken from PDB andtmnstured residues (1-45 and
97-140) were removed (s€ggure 4.6.1). After neutralizing terminal residues, a
fibril consisting of sixa-synuclein chains with residues 46-96 was preparetl
solvated in a dodecahedron box containing 1387®outés of TIP3P watérwith
43 N& and 43 Cl counter ions to form a neutral 150 mM NaCl envinemt. The
CHARMM22/CMAP force field® was used fou-synuclein throughout this study.

Cryo-EM rod polymorph structure The cryo-EM structure of rod
polymorpha-synuclein published by lat al was used, which includes residues 38—
97 of the peptide (PDB ID: 6CU7J.0ne chain was copied and located parallel to
the outermost chain for both protofilaments, and tatminal residues were
neutralized. The paired protofilaments, which wevenposed of two hexamerie
synuclein chains with residues 38-97 (déigure 4.6.1), were solvated in a
dodecahedron box containing 48140 molecules of FIR&tef® with 145 N& and
181 Cr counter ions to form a neutral 150 mM NaCl envinemt. A single
protofilament system was constructed by removiregcthordinates of one of the two
protofilaments from the paired protofilament stwret and solvated in a
dodecahedron box containing 21529 molecules of F\Ratef® with 64 N& and 82
CI” counter ions.

Cryo-EM twister polymorph structure The cryo-EM structure of twister
polymorpha-synuclein published by lat al. was used, which includes residues 43—

83 of the peptide (PDB ID: 6CU8J.One chain was copied and located parallel to
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the outermost chain for both protofilaments, and tatminal residues were
neutralized. The paired protofilaments, which wesenposed of two hexametrie
synuclein chains with residues 43-83 (déigure 4.6.1), were solvated in a
dodecahedron box containing 48651 molecules of FIRatef® with 141 N4& and
153 Cr counter ions to form a neutral 150 mM NaCl envinemt. A single
protofilament system was constructed by removiregcthordinates of one of the two
protofilaments from the paired protofilament sturet and was solvated in a
dodecahedron box containing 21262 molecules of F\R&tef® with 62 Nd and 68

CI™ counter ions.

4.3. Simulation Protocols

Conventional MD simulations First, all prepared systems were minimized
using the steepest descent algorithm (10000 saégb)hen the conjugated gradient
algorithm (10000 steps). After minimization, thesms were gradually heated for
6.2 ns from 0 to 310 K with position restraintstbe backbone heavy atoms (force
constantk = 100 kJ/mol/nrf). For pre-equilibration, several 2 ns runs were
performed at 310 K with restraints of decreasirgdgeos of strengthk(= 100, 50, 30,
and 10 kJ/mol/nR). Each system was further equilibrated at 3101KlLfbns without
position restraints to obtain the initial conforiat for the product run. For all
heating and equilibration steps throughout this kwadhe isothermal—isobaric
ensemble (NPT ensemble) with a velocity-rescalmgrhosta and a Berendsen
barostat' were used. After equilibration, product runs weegformed for lus for
the ssNMR structure and the two single protofilatm@yo-EM structures, and 500

ns for the two paired protofilament cryo-EM struetsi The trajectories were saved
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every 2 ps for analysis. All product runs were perfed using the NPT ensemble
with a velocity-rescaling thermost&ta Parrinello-Rahman barostatand a 2 fs

time step was used with the LINCS algorifirfor the constraints of bonds related
to hydrogen atoms. The GROMACS 2020.4 pacK&geas used for all simulations.

S-sheet contents were calculated using the DSSPithlign”” in GROMACS!
Electrostatic potential maps of each structurdatsblvent accessible surface were
calculated by solving the nonlinear Poisson-Bolmmaquation using the APBS
Electrostatics plugi® in PyMOL'®. | used the single Debye-Hiickel boundary
condition, cubic B-spline discretization of poirttacges on grid, and smoothed
surface for dielectric and ion-accessibility cogffints at 310 K. Dielectric constants
proteir=2.0 andewae=78.0 were used and ion concentrations were 150fonNoth
Na' (radius=1.028) and Cf (radius=1.814).

Pulling Simulations Rod and twister structures are solvated with TIP3P
water® boxes with dimensions of 13.6 nm x 10.9 nm x 30rDand 11.6 nm x 9.0
nm x 30.0 nm, respectively. 150 mM of Nand CT counterions are added. Heating
and equilibration are performed in the NPT ensemisiing velocity-rescaling
thermostd and a Berendsen baroétaPulling simulations are performed in the
NPT ensemble at 310 K and 1 bar using velocityaksg thermostdf and a
Parrinello-Rahman barostawith a pulling rate of 0.0005 nm/ps.

Binding Free Energy Calculations | calculated the potential of mean force
(PMF) curves along with the pulling simulation &etories of rod and twister
polymorphs as the reaction coordinates by umbrsdiapling®® and weighted
histogram analysis method (WHAMY From pulling simulation trajectories,
starting configurations are taken for the umbrsdlepling windows. An asymmetric

distribution of sampling windows is used for incsiesy detail at smaller center of
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mass (COM) distance. For rod polymorph, window 8gaés 0.24 nm up to 4.63
nm COM separation, and 0.27 nm beyond 4.63 nm,wtdsulted in 39 windows.
For twister polymorph, window spacing is 0.25 nmtaf3.95 nm COM separation,
and 0.27 nm beyond 3.95 nm, which resulted in 28datvs. In each window,
equilibration is performed in the NPT ensemble gsielocity-rescaling thermostat
and a Berendsen baroétatifter the equilibration, MD simulations for umiiiee
sampling are performed in the NPT ensemble at 3h& 1 bar using velocity-
rescaling thermost&tand Parrinello-Rahman baro§taFor smaller COM distance
windows, 5 ns simulations are performed, and 18imsilations are performed for
larger COM distance windows. From these trajecspreighted histogram analysis

method (WHAM) calculations are performed to gereeRW¥F curves.

4.4. Results and Discussion

Tuttle et al identified a high-resolution structure of the dvil/pe a-synuclein
with a single protofilament of the Greek-k@gheet topology using ssSNMR and X-
ray spectroscop¥’ They added the fibrils to primary hippocampal wo&s and
observed the induction of insoluble inclusions. yraéso showed that the same
synuclein fibrils act as pathological seeds thay in#tiate a disease. Although the
ssNMR structure of the fibril has a single protaifilent morphology, it is possible
that the fibril exists as a pair of two protofilamig inside the neuronal cells. ¢t al
showed that than vitro generateda-synuclein fibrils have a dose-dependent
cytotoxicity and seeding activitj.Using cryo-EM, they found that the fibrils were
composed of two major populations, referred to ra&l™ and “twister”. The rod

polymorph also has a Greek-k@ysheet topology, which is very similar to the
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ssNMR structure identified by Tuttlet al However, the rod polymorph was
composed of a pair of two tightly matched protefients. Therefore, | postulated
that the rod protofilament with the Greek-k@sheet topology may exhibit high
stability, composing a major pathogenic strain. rationalize this in terms of
structural stability, | performed systematic sintigias of the experimental structures
(ssNMR, cryo-EM rod, and cryo-EM twister), and malégailed comparisons of the
structural features.

| performed simulations using two different initgtuctures with Greek-kest
sheet topologies. One was from the ssNMR struatatermined by Tuttlet al***
and the other was from the cryo-EM structure oetal®, which are denoted as
“rodssnvr’ and “rockye-em’, respectively. When compared with the paireddtrees,
| will denote the single protofilament rod polymbras “rodingie’ instead of “ro@yo-
em’. Figure 4.6.2shows the two structures before and aftes $simulations and the
changes in RMSD (Root Mean Square Deviation) valuhiging the
simulations. After ks of simulations in an aqueous environment, thedwiverged
structures had both common and different featBeth structures adopted compact
interior sidechain packing with steric zipper getmes. In contrast, the sidechains
at solvent-exposed surfaces adopted a more disat@erangement compared to the
initial configurations to maximize the solvent-assible surface area. Consequently,
the optimal backbone geometry in an aqueous enwieomh was formed in
compliance with simultaneous hydrophobic and hyHilap sidechain
rearrangements to achieve maximal structural $alfirough the most preferable
interactions with water. In other words, variousistural features of the-synuclein
fibril are formed in response to stabilizing intetfans with water. Therefore, the

differences and similarities in structural featubesween distinct fibril geometries
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and their relative stabilities in aqueous condgican be explained in the same way.
The f-sheet content of the radwr structure decreased after the simulation, as can
be seen irFigure 4.6.2 while the rodyo.-em Structure exhibited a slightly increased
area of the backbone withsheet content. Additionally, the rgd.em Structure had

a significant increase in disorder in the arrang#nw both C- and N-terminal
residues after the simulation, whereas theskad structure maintained an ordered
arrangement of terminal residues. These distinfferdnces between the two
apparently highly similar structures demonstrateat the interactions of the fibril
with water or other solvents delicately affect fiitaril conformation to achieve
maximal structural stability. It can be argued ttiat rodsnwr Structure may not be
favorable for aqueous environments because itsclséile arrangement and
corresponding backbone geometry are adapted toargtitions, while the rago-

em Structure, optimized for interactions with watemuld show high structural
stability in aqueous environments.

The experiments of Tuttlet al*** were successful in identifying the disordered
region (residues 55—62) and the core region (resid6—-54 and 63—-96). The RMSD
curves in Figure 4.6.2 show that the proposed disordered region of the
rodsssmr Structure exhibited large fluctuations. Howevére same region in the
rod.yo-em Structure had relatively low fluctuations, whichasvattributed to the
formation of a well-orderegh-sheet geometry. In the core region for both rod
structures, the well-arranggtdsheet backbone structure and the highly compact
sidechain packing structure of the hydrophobic aca®ulted in relatively small
fluctuations of the backbone and the inside sidieshavhile the outside sidechains
showed larger fluctuations. The fluctuations of thseide sidechains were even

smaller than those of the backbone, especiallyif@erod.y..em Structure, while the
B ] g
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fluctuations of the outside sidechains were sigaifily enhanced. These
observations suggest that the 4w fibril can maintain a highly stable structure
in an aqueous environment because of the cooperafiiects of the compact

sidechain packing of the hydrophobic core, the bank geometry of the maximal

pS-sheet contents wrapping the hydrophobic coretlamdolvent-exposed sidechains
with large fluctuations maximizing the solvationrepy.

Figure 4.6.3shows the simulation results of the rod polymoephsisting of
two interfaced rogho-em protofilaments, denoted as “rad. The most notable
change in the RMSD curves of the ggdstructure, compared to rgge (rotryo-em in
Figure 4.6.2, is that fluctuations of the disordered regioes{dues 55-62 in the
ssNMR structure) were reduced, while the core refjicctuations slightly increased.
This was attributed to the formation of an inteefdetween the two protofilaments.
An examination of the superimposed gadnd rodnge Structures revealed that the
backbone geometry of the region forming the intefdbecame flat, and such
conformational change propagated to adjacent seggesnd induced the overall
rearrangement of the backbone geometry. Consegueh# paired structure
provides additional stability, especially at theeiface region, by forming steric
zipper interactions and hiding the hydrophobicdess from water exposure. This
stable interface structure allowed a slight inceeiasfluctuations in the rest of the
structure, which provided additional conformatioaat solvation entropy.

The simulation results of the twister polymorphs osingle protofilament
“twistersingle’ @nd a pair of protofilaments “twisigr” are shown irFigure 4.6.4 The
twister polymorph had a less compact backbone gegrtiean the rod polymorph
with a highly compact Greek-kgisheet geometry. Therefore, twisigr exhibited

a more flexible and less stable backbgrsheet and hydrophobic core structures.
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Additionally, the twister polymorph had a differanterface structure compared to
the rod polymorph. The rod polymorph had a preNAGSYVHGVATVA s6)
interface, while the twister polymorph interfacerresponded to a NACore
(6sGAVVTGVTAVA 75). The NACore sequence was a part of the highlydptaobic
NAC (61-95) region, and both interfaces formedst@ppers for stability. However,
the linear backbone geometry and the orientatiobputify hydrophobic sidechains
with salt bridge interactions between E57 and Kitiweed the preNAC sequence to
form the crosg-sheet interface structure of the rod polymorphictviis more rigid
and stable than the bent shape NACore interfatieeafvister polymorph.

These differences in the interface structure, aleitig sidechain interactions in
hydrophobic core regions, indicated that the twigtglymorph, shown irfFigure
4.6.4a would be relatively less stable and more flexibl@queous environments.
In particular, the hydrophobic core and backbonefaonation may not provide
enough structural stability to counteract the ib#ity of the hydrophobic interface
region. Consequently, the backbghsheet planes, especially around the interface
region, were twisted along the fibril axis so thanore stable geometry is adopted
in an aqueous environment, which increases thedpilic surface and compacts
the hydrophobic core sidechain packikig(re 4.6.48. For the twister polymorph
with a pair of protofilaments, the formation of tgdrophobic steric zipper interface
solved the problem of instability observed in thegke protofilament, and the extent
of backbone helical rotation was apparently redutee reduced rotation would be
essential to form a helical structure of the twigtelymorph by adjusting the pitch
distance to be compatible with the persistent lefithe backbong-sheet structure.

The secondary structure contents were calculateg tise DSSP algorithm to

compare the geometries of the backbone structuresur simulations. The
B ]
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backbonegs-sheet content and structural patterns are showkigare 4.6.5 and
Figure 4.6.6 The secondary structure patternd=igure 4.6.6reveal that all five
structures of the different polymorphs mostly cehsifs-sheets and turns. In
particular, the rogi clearly exhibited distincp-sheet/turn-sheet arrangements.
Theg-sheet content of the twister polymorph was foundd higher than that of the
rod polymorph Figure 4.6.53, which suggested that the less compact backbone
structure would be advantageous for lgfggheet contents. However, it can be
argued that largg-sheet contents do not guarantee the stabilitiyeofibril structure,
even though thg-sheet backbone is generally preferred in aqueiavisomments to
form a hydrophobic core. Effective formation ofighly compact folding structure
for the hydrophobic core can benefit from the coapee effects of the solvent-
exposed surface of hydrophilic sidechains, tsheet hydrogen bonding, and the
flexible g-turn-f motif, instead of the extended lingasheet motif (sed-igure
4.6.58. Additionally, the relatively short length gfsheet stretches in theturn-
S geometry is beneficial for forming stable backbgrsheet hydrogen-bonding
interactions. For both the rod and twister polynimsrpthes-sheet contents of the
single protofilament structures were higher thavséhof the paired protofilament
structures. This was attributed to the formationirgér-protofilament interfaces
protecting the hydrophobic residues from exposuredter by forming hydrophobic
steric zipper structures. Tifesheet content of the sSNMR structure was the lgwes
indicating that this structure is relatively incoatiple with the aqueous
environment.

Previous analysis of thgsheet contents and RMSD have shown the overall
structural features and dynamic fluctuations ofouss experimentally identified-

synuclein protofibril structures. To analyze moretailled features of the
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conformational and dynamic behavior of these stmest, | calculated the RMSF
(Root Mean Square Fluctuations) of individual amicds Figure 4.6.7 and
Figure 4.6.9. The backbone (§ RMSF plot exhibited an alternating peak-and-
valley pattern, where the peaks and valleys coomdpto turns ang-sheet
sequences, respectively. figure 4.6.7, the locations of the peaks are denoted by
thick bars labeled by letters, (b, c, etc.). The large peaks of the sidechain RMSF
plots occurred at the turn geometriesa(ide of the rod polymorphs, arldlandc of
the twister polymorphs) because of the bulky sidathexposed to the solvent. The
low-sidechain RMSF regions (valleys) corresponthtosidechains participating in
the hydrophobic core packing or inter-protofilamenerface regionsrigure 4.6.8
shows detailed local structural changes in the pegions. By comparing these
structures and the corresponding RMSF values, dstigated the structural features
and fluctuations at the residue level, which cantgoute to the overall structural
stability of the corresponding polymorphs. For epém in the rod polymorph,
regiona corresponds to the interface and the RMSF valt#seaodinge are larger
than those of the rgg at this region. Regiob contains solvent-exposed bulky
residues such as E-K-K-Q and exhibits large peakisa sidechain RMSF plot. The
small RMSF peak of rgod:in regionc indicates a slight backbone rearrangement
owing to interface formation. In the twister polyrph, the regiom was located near
the N-terminus and it had large RMSF values. Regfioandc correspond to the
turns in which the solvent-exposed bulky sidecheaitsbit large RMSF values. The
low RMSF of the twistggin regiond may be attributed to the proximity of the
corresponding position to the interface.

So far, | have discussed the influence of the agsieenvironment on the

stability of the fibril polymorph in terms of therimation of the hydrophobic core
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and hydrophilic surface, as well as the residuelleonformational arrangements
and fluctuations. It was also noted that solventewaan affect the stability of the
fibril structure via direct interactions. One sutinect interaction arises from the
coordination of water molecules with the sidechaifihe polar amino acid residues
in the water channdkigure 4.6.9shows the structures of the water channels irthre
different fibril polymorphs. The raehmr polymorph has a water channel consisting
of three polar amino acid residues (E61, T59, an#) That form hydrogen bonds
with water molecules. This relatively small watdiannel allows only for the first
and second hydration shells with only few isolateder moleculesHigure 4.6.99.
Similarly, the twister polymorph also has the fiasid second hydration shells, but
with a narrower space (only two residues, E61 and, Participate in hydrogen
bonding with water), which is reflected by the lovpeaks of the radial distribution
functions Figure 4.6.99. In contrast, the rego-em polymorph has a water channel
with a relatively large space and four hydrogenebparticipating residues (E61,
T59, T54, and T75), which allows the formation loé third hydration shell (broad
RDF peak at > 5.5A ifigure 4.6.99. The hydrogen bonding network of the water
channel can provide additional structural stabbgypromoting coordination among
the internal sidechains.

The other direct interaction of solvent water ighvthe solvent-exposed surface
of the fibril polymorphFigure 4.6.10shows the electrostatic potential energy maps
of these solvent-exposed surfaces. In these mapsurfaces can be categorized as
unstable (high energy) and stable (low energy)dditeon to water channels. The
water channel of the rggdmr polymorph has a narrow ellipsoidal shape, whike th
roderyo-em has a round channel with a larger area, allowingemvater molecules to

enter. The solvent-accessible surface at the Nibatrsequence, which is adjacent
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to the interface sequence, had high electrostaitenpial energy values in the
rodsingle POlymorph. Therefore, the rod polymorph prefeesphired state to conceal
this surface from wateF{gure 4.6.1). In contrast, the large solvent-exposed pocket
at the C-terminal sequence is stabilized by hydndgmding between water and S87
residue (see RDF iRigure 4.6.13. In the twister polymorph, the hydrophobic
surface at the interface region can be stabilizefbbming a paired polymorph (see
Figure 4.6.10andFigure 4.6.13. The water RDF of V74 and V66 indicates that this
region highly disfavors interaction with waté&idgure 4.6.14.

To quantitatively compare the stabilities of the@ tawolymorphs and support the
results from the structural analyses, | performed additional calculations. First,
the interaction energies from the sidechain packingctures of the rod and twister
polymorphs were computed and comparégre 4.6.15, demonstrating how the
different sidechain interaction structures contigbio the thermodynamic stabilities
of the two polymorphs. The overall sidechain inté#icn energies of the rod
polymorphs were observed to be more favorablettiase of the twister polymorph.
The order of favorable contributions of the sideéchmteraction energies was
packingl > interface > packing?2 for the two polypits. The sidechain interaction
energies can be decomposed into in- and inter-langibutions Figure 4.6.15.

For the rod polymorph, the in-plane contributionsrevsignificantly greater
than the inter-plane contributions of the sidechiaiteractions of the interface.
Electrostatic interactions provide dominant conttitns to in-plane interactions,
which can be mainly attributed to the two salt bed (K45-E57) at the rod interface.
Inter-plane van der Waals (vdW) interactions prewvidlatively weak contributions
to the stabilization of the interface structurer Bee packingl region, both in- and

inter-plane interactions provide stability to theusture. Electrostatic interactions
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from the salt bridge (E46-K80) and hydrophilic cegs in the water channel
contribute significantly to the stability, wherea/V interactions contribute weakly
to stabilizing the packingl structure. For the agR region of the rod polymorph,
the in- and inter-plane vdW interactions slightbntribute to the stability.

For the twister polymorph, in- and inter-plane iatgion energies provide
relatively weak stabilization of the interface sture, mostly from vdW interactions.
Both the in- and inter-plane electrostatic inteatt were slightly repulsive. For the
packingl region, both in- and inter-plane intei@usi provide similar stability to the
structure, with the major contributions coming frebectrostatic interactions. For
the packing2 region of the twister polymorph, botdW and electrostatic
interactions from the glutamine ladder contribudethie stabilization of the inter-
plane region, whereas the in-plane energy consfatslatively small stabilization
due to vdW interactions and rather large repul§iom electrostatic interactions. In
brief, the Greek-key motif of the rod polymorphoalied more residues to participate
in stabilizing the packing structures. The rod puodyph exhibited stronger vdwW
interactions than the twister polymorph. Electrostanergies provided significantly
greater stabilization in the rod polymorph, owingthe presence of salt bridges in
the rod.

We also performed pulling simulations and examitedprocess of detaching
a singlea-synuclein chain from the fibril structure, whictopided a comparison of
the dissociation energies of the two polymorgtigre 4.6.16. Pulling simulations
demonstrated that the single-chain dissociationrggngintegrals of the force
extension curves) of the rod polymorph (2405.5 klywas greater than that of the
twister polymorph (1481.9 kJ/mol). The dissociatioh the sidechain packing

structures in each of the two polymorphs occumettiiee steps of collective rupture
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through different patterns. The rod polymorph cha#&s observed to be dissociated
in the following order: the interface and part atkingl (step 1, 0-3.97 ns), the rest
of packingl (step 2, 3.97-6.35 ns), and packing@p(8, 6.35-14.47 ns). The
dissociation energy of each step was 1506.3, 2@n@ 445.9 kJ/mol, respectively.
Dissociation of the twister polymorph occurredhe following order: packing2 and
part of packingl (step 1, 0-3.11 ns), remaindgyamkingl (step 2, 3.11-5.06 ns),
and interface (step 3, 5.06—7.65 ns). The dissonianergy of each step was 964.7,
175.1, and 217.4 kd/mol, respectively. The rod maisph was observed to require a
stronger pulling force and larger energy consunmdioo dissociation than the twister
polymorph.

In step 1 of rod polymorph pulling (0-3.97 ns), greNAC sequence (residues
45-57) participates in the formation of both theiiface and part of packingl, which
requires a significantly greater force to ruptums tstructure. In other words, the
Greek-key structure of the rod polymorph providedamye energy barrier for
dissociation. In particular, salt bridges at K45¢E8 the interface and E46-K80 in
packingl dominantly contributed to the stabilizatiof this structure. The twister
polymorph exhibited collective rupture of packingd part of packingl in step 1
(0-3.11 ns). The residues in packingl participatingater channel formation were
observed to be simultaneously dissociated with ipgk

We calculated the potential of mean force curvama@lwith the pulling
simulation trajectories of rod and twister polymuspas the reaction coordinates,
which is shown irFigure 4.6.17 The horizontal axis] is the center of mass (COM)
distance between the chain being detached andshpart of the protofilament. The
dissociation process is finishedét 7.6 nm for twister angd = 10.9 nm for rod

respectively. Relatively long COM distance for cdete dissociati(_)n for rod
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polymorph indicates that more complex kernel strreebf rod polymorph requires
more sidechain interactions. Therefore, we expbet both dissociation and
association process is more difficult for rod thaister polymorph. The binding free
energy calculated from the PMF curves is 527.4&bfor rod polymorph and

265.14 kJ/mol for twister polymorph respectivelyeTcolored circles below the
PMF curves indicate the COM distance values whétechain interactions are
ruptured through the pulling process. That is, eeicble represents the COM
distance of a single sidechain-sidechain interacatissociation. The colors of the
circles correspond to the sidechains of the sanh@sshown in the polymorph

structures inFigure 4.6.17 The circles of the same color indicate the grofip

spatially neighboring interactions. | can observat tsome of these neighboring
circles are clustered while other group of circhee sparsely distributed. The
clustered circles indicate that the correspondidgchain interactions are vulnerable
and therefore the disruptions occur in a row. Oa tther hand, the sparsely
distributed circles indicate that the correspondidechain interactions are more
persistent and require more energy to rupture.

In the rod polymorph, the rupture pattern of thistfcluster (red circles) shows
that the entrance of kernel and interface strustare weak and disrupted quickly.
The orange circles show more sparse rupture pattieich means the corresponding
interface structure is strong. The distant intebhetiwveen orange and green groups
indicates strong salt bridge interaction at theriiaice. The distant interval before the
cluster of purple circles indicates the compact statile backbong-sheet structure
due to the turn geometry formed by A76 residues. ioticeable that the PMF curve
keeps rising for almost 2 nm of COM distance utttiié disruption of the last

sidechain interaction. This is because backkbgleeet at C-terminal region is
% I 3 10 =l
108

—
v |



slightly tilted along the protofibril axis, whiclo¢ates the sidechain residue of the
last interaction buried from the outer surface arades it hard to being detached. In
fact, this slightly titled terminal backbopesheet geometry allows a long helical
pitch of rod structure.

In the twister polymorph, the kernel structure ilale compared to the rod
polymorph. The most contrast feature of the disga@m process of twister structure
compared to rod structure is, the kernel strucsi@mmpleted disrupted before the
dissociation of interface structure begins. Thd bbthe interface structure (green)
is the most persistent region while the rest Hdif€) is much weak. Therefore, | can
expect that the formation of single protofibriltefister polymorph is energetically
not preferable.

The results of the sidechain interaction analygesling simulations, and
binding free energy calculations clearly illustchtthat the rod polymorph has
stronger sidechain interactions and exhibits higllissociation energy (higher
kinetic barrier for dissociation) than the twispedymorph.

The Greek-key motif allows the formation of a comipsteric zipper interface
and the kernel of the compact hydrophobic corectira of the sidechains. In
addition, the K45-E57 and E46-K80 salt bridgesmsiip anchor the interface and
kernel structures, respectively. In contrast, thister polymorph has a less compact
steric zipper and kernel structure with no saltifpei. In APBS (Adaptive Poisson—
Boltzmann Solver) determination of solvation enesgiof the 4-layer paired
protofilament, roghir (—~1.7467 x 16kJ/mol) was observed to be more stable than
twistehair (—1.6428 x 106kJ/mol). In the case of a single protofilameng solvation
energy of roghge Was —8.9617 x FkJ/mol, which is lower than that of twistggie

(—8.5543x16 kd/mol). Therefore, the solvation structures af tbd polymorphs
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were more stable than those of the twister polyin®ip both the paired and single

forms.

4 5. Conclusions

In this study, | performed molecular dynamics siatiohs using the
experimentally identified structures of the two oxdjbril polymorphs of wild-type
a-synuclein. The results of the simulations suggethat the predominance of the
rod-type polymorphs with Greek-key kernel structumevarious experimental
studies can be rationalized in terms of their héfluctural stability in aqueous
environments, which may be attributed to the coafpes contributions of various
stabilizing features. RMSDs, RMSFs ghftdheet content analyses indicated that
highly stable structures in aqueous environmentsidcdbe maintained by the
combination of compact sidechain packing in therbgtiobic core, backbone
geometry of maxima#-sheet content wrapping the hydrophobic core, ahdeat-
exposed sidechains with large fluctuations maxingzthe solvation entropy.
Between the two major polymorphs, the twister payph exhibited more flexible
and less stable backbofiesheet and hydrophobic core structures, suggettisiy
the rod polymorph with a highly compact Greek-lesheet geometry would be
preferred in aqueous environments.

The paired structure of the protofilaments providadditional stability,
especially at the interface region, by formingisteipper interactions and hiding the
hydrophobic residues from exposure to water. Thiearal twister polymorphs have
different interface sequences: the preNAEGVVHGVATVA s6) sequence and the

NACore 6sGAVVTGVTAVA 75 sequence, which is a part of the highly hydrophiob
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NAC region (61-95), for the rod and twister polymlas, respectively. Pulling
simulation and binding free energy calculation hssshowed that the structure
concerning the interface sequence of rod polymohas relatively strong
dissociation energy compared to the twister polyhoihe Greek-key structure in
the rod polymorph allows the preNAC sequence ppete in both interface and
intramolecular sidechain packing (packingl), anel $hlt bridges thereby formed
both in interface and packingl provide strong etetatic energy.

It should be noted that all six familial PD mutaisaE46K, H50Q, G51D, A53E,
A53T, and A53V) were associated with the preNAC ussge. Familial PD
mutations might induce slight structural changes modify the relative stabilities
of the rod polymorphs of the wild-type-synuclein, which results in different
polymorphic fibril compositions and ultimately affe pathogenicity. There is
experimental evidence that familial mutants hawalar shapes to the wild-type rod
polymorph'*2 According to these observations, familial mutasiame not expected
to induce major structural transformations, suctodgto-twister conversion. Instead,
subtle perturbations at the interface caused bylitdmmutations could lead to a new
structure that is more prone to pathogenicity withhanced stability, while
maintaining the overall architecture of the predaemnit rod polymorph. A recent
high-resolution cryo-EM fibril structure of thesynuclein E46K mutant supports
this argument. Eisenbeeg al'® hypothesized that there is a deeper energy siate t
the wild-type rod polymorph structure, into whittetfolding pathway is kinetically
trapped by the E46-K80 salt bridge interaction. 46K mutation eliminates this
trap and unlocks a more stable pathogenic strucAltieough this structure is a
significant rearrangement from the wild-type rodisture, it looks more like a rod

than a twister structure. In fact, the protofilamieierface forms at residues 45-57
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for E46K, which is almost identical to the preNA€&gsence but does not overlap
with the NACore sequence. Eisenbetgal reported that the twister polymorph of
wild-type or mutanta-synuclein has not been observed in their cryo-BEdtlys
despite the predicted favorable interaction betwééhand E83 in E46K mutaht®
They speculated that the difficulty in reproducthg twister structure for mutations
or change in buffer conditions could be a stochastiure of the kinetic process in
the twister fibril formation.

From the calculations of sidechain interactions asualvation energies
calculations, the energy difference between theegand the single forms of the 4-
layered protofilament can be evaluated 8%y, gic-pairea = Esotw,paireda — 2 X
Esolv,single +4 X Einterface (Esolv,paired and Esolv,single are solvation energies
of the paired and the single forms, respectivély,;.,rqc. is the sidechain
interaction energy of the interface for the sinighger in paired protofilaments). In
our simulations AEin gie—pairea= —375.89 kd/mol and 621.65 kJ/mol for the rod
and the twister polymorphs, respectively. Thesaltesmply that the formation of
the paired rod polymorph is energetically favorgimecess while the formation of
the paired twister polymorph is energetically umfi@ble process. Therefore, it is
expected that the formation of the paired twistelymorph can occur in low
probability through a stochastic diffusion, whichdonsistent with the speculation
of Eisenberget al®® In this case, the solvation entropy of water gret#ic solvent
conditions (buffer condition, counter ions, etci)l wetermine whether the paired
twister polymorph can be stabilized or not.

It can be concluded that the rod polymorph maylakhigh structural stability,

comprising a major pathogenic strain of the wilgetg-synuclein fibril. | anticipate
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that the present study will provide insights fopkaning the pathogenicity of
variousa-synuclein fibril structures and other amyloid pées from the structural
perspectives. To achieve an overall understandirtgeomechanisms by whiak

synuclein and other amyloid fibril polymorphismspla role in the development of

pathogenicity, further experimental and computati@tudies will be needed.
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4.6. Figures
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Figure 4.6.1. PDB structures of ssNMR (PDB ID: 2N0A) and cryo-EM (rod: 6CU7,

twister: 6CUS) and the initial structures for simulations derived from PDB structures.
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Figure 4.6.2.(left) Experimental rod structures aefsynuclein protofilament from
ssNMR and cryo-EM experiments, and their convergedctures after lus
simulation in an aqueous environment. (right) RM&Dves from the simulation.
RMSD curves for whole sequence (residues 46—96¢,region (residues 46-54 and
63-96), and disordered region (residues 55-62)wishio black, red, and brown
colors, respectively. Core and disordered regioasdafined from ssNMR daf&
For the core region, RMSD curves for the backbgmey(, sidechains buried inside

(orange), and sidechains exposed outward (greergegrarately plotted.
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Figure 4.6.3. Structure of the rod polymorph consisting of paiend interfaced
protofilaments after 500 ns simulation (yellow) dahd corresponding RMSD curve.
For comparison, a simulation structure of singleotgfilament (green) is

superimposed.
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