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ABSTRACT

Substantial clinical and experimental evidence supportshé hypothesis
that amyloid -protein (A ) forms assemblies with potent neurotoxic prop-
erties that cause Alzheimer's disease (AD). Therapeutic tgeting of these
assemblies would be facilitated by the elucidation of the stctural dynam-
ics of A aggregation at atomic resolution. We apply theab initio discrete
molecular dynamics approach coupled with a four-bead pegé model to
study the aggregation of wild-type and Arctic-mutant (E22Q A 15 22, @
peptide that contains the A central hydrophobic cluster, Ley-{Ala ,;, that
plays an important role inA assembly. The aggregation of sixteen wild-type
A 15 22 peptides is studied systematically under solvent conditis incorpo-
rating: (i) e ective hydropathic and electrostatic interactions; (ii) no e ective
hydropathic interactions; and (iii) no e ective electrosatic interactions. We
nd that at physiological temperatures initially-separated peptides aggregate
into brillar units under condition (i). These units compri se multi-layered

-sheets with cross- structure and an antiparallel arrangement of -strands.
Under condition (iii), -strands are arranged either in a parallel or antipar-
allel manner, suggesting that electrostatic interactionsontrol -sheet orga-
nization. For condition (ii), no fully-formed brillar agg regates are observed,
only occasional antiparallel -strands. Fibrillar aggregates of Arctic-mutant
A 15 22 peptides have parallel as well as antiparallel -strands resembling
the aggregates of wild-typeA 15 2> peptides with no electrostatic interac-
tion. We nd that exibility of peptide backbone is an import ant factor
required for brillization. Arctic-mutant A 15 2, peptides oligomerize slower
due to negligible role of electrostatic interaction in driing oligomerization,
but brillize faster due to greater exibility and ease of rearrangement with
smaller volume and no charge of G22 than wild-type. It imple that elec-
trostatic interaction cooperatively drives initial oligomerization of A with
hydropathic interaction.

Keywords: Alzheimer's disease, amyloid-protein, discrete molecular dy-
namics simulations, cross- structure



Introduction

Neurodegenerative diseases such as Alzheimer's diseasB)(AParkinson's
disease, and prion diseases share certain features, inolgdprotein misfold-
ing and aggregation (1). AD is the most prevalent among thes#iseases and
is also the most common cause of late life dementia (2). Acdarg to the
revised amyloid cascade hypothesis (3), AD results from theberrant as-
sembly of the amyloid -protein (A ), leading to direct peptide-mediated
neurotoxic e ects as well as a cascade of associated injusophysiologic
events. The rst assembly process recognized in AD was amiygl@laque for-
mation (4, 5). Plaques comprise dense deposits of insolul#le, organized
into stable brils, and numerous other proteinaceous and nproteinaceous
macromolecules. Therapeutic e orts over the last century dve focused on
bril elimination and prevention. Recent studies of bril formation have re-
vealed an increasing number of pre brillar, oligomeric asgblies that are
potent neurotoxins and may be the proximate e ectors of AD naropathol-
ogy (3, 6{10). In fact, senile plague formation may be an enstage event
in AD, or may even be protective (11{13). Arctic mutation (E2G) of A ,
a familiar AD, cause early-onset of AD.n vitro studies have shown that
Arctic-mutant A exhibits faster proto bril and bril formation than wild-
type A (13{18). It is important to understand structural features of brils
and assembly mechanisms of wild-typ& and the reason why Arctic-mutant
A shows accelerated proto bril and bril formation at atomic resolution to
understand the toxicity of pre- brillar assemblies, and toprevent the forma-
tion of toxic intermediates.

Traditional all-atom molecular dynamics (MD) simulationsusing realistic
force elds in physiological solutions require immense cqutational power
and are thus currently limited to time scales ( 10 °s) insu cient to study ab
initio A aggregation ( 1s) (19). However, coarse-grained protein models
with simpli ed interactions can accelerate simulations oprotein folding and
aggregation without losing the ability to reveal key mechaistic features of
the process (20, 21). Coarse-grained protein models withsdiete molecular
dynamics (DMD) algorithms have been applied to the study ofotein folding
and aggregation (22{28). A two-bead protein model has beempgalied to the
study of the Src SH3 domain (26, 29), c-Crk SH3 domain (30), drA 1-40
peptide (31). A four-bead protein model has been applied tdhé study of
polyalanine (32) andA 1-40 andA 1-42 peptides (27, 28, 33). A coarse-
grained protein model with more side-chain details has beeapplied to the
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study of Trp-cage (34). A united-atom model, where all the ams except
hydrogens are modeled explicitly, has been applied to studlgiding events of
A 21-30 (35).

A 15 22 is a useful peptide for studyingA folding and assembly because
it is one of the shortestA fragments that forms brils in vitro and it contains
the central hydrophobic cluster, Ley;{Ala,;, that plays an important role
in bril formation by full-length A (36, 37). A 15 2 has been studiedn
vitro (38{43) andin silico (21, 44{56). Solid-state NMR reveals thalA 15 2
forms well-ordered, antiparallel brils under physiologtal conditions (38, 41).
A dock-lock mechanism forA 15 ,, brillization was suggested, based on
experimental evidence (39), and was shown by using computatal stud-
ies (54, 55). Hydrophobic driven coalescence followed byrganization due
to interchain hydrogen bonding interactions is proposed asnother mecha-
nism of A 15 2 brillization (56). Experimental evidence for the reorgan-
zation of -strands within A 15 > aggregates was reported (43), and a dry
steric zipper (57) was proposed as a major force to stabilidge association
of antiparallel layers of -sheets for amyloid brils (58).

All-atom molecular dynamics simulations of A, which have been used
to test the stability of structural models based on experim@al results (44),
would be an ideal tool for revealing how monomers aggregamga extended -
sheets comprising brils. However, due to their high compuattional cost, they
are limited to tests of stability (52) or small systems oA 15 2, (45{47), or
they require use of a brillar template (54, 55) (for a reviewof computational
approaches to A folding and aggregation, see (59)).

Recently, anab initio discrete molecular dynamics (DMD) approach was
introduced for studying A folding and aggregation (60). A DMD approach
combined with a four-bead protein model with backbone hydgen bond-
ing (32) and amino acid-speci c interactions due to hydropéay was shown
to capture the essential di erences between A 4 and A ; 4, oligomer for-
mation (27, 28). Here we apply the same approach with a fouread model to
study folding of wild-type A 15 2> peptide and aggregation of sixteen wild-
type and Arctic-mutant (E22G) A 15 2, peptides. In the four-bead model,
each amino acid is represented by up to four \beads," with tlae beads rep-
resenting the protein backbone and the fourth bead reprederg the amino
acid side-chain. We introduce a new scheme of implementingetamino acid-
speci c interactions among the side-chain beads by takingito account all
the side-chain atoms (except hydrogens) and their hydropait properties.
Consequently, an amino acid such as Lys will interact eleastatically with
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other charged side chains and also will be involved in attraee hydrophobic
interaction with other hydrophobic side-chains, such as lueand Val.

Methods

Discrete molecular dynamics (DMD)

When all interactions between patrticles in a system are sirigd to square-
well potentials or their combinations, a DMD algorithm can k& applied to
simulate the dynamics of the system. In DMD, each particle irthe sys-
tem only experiences \collisions" (elastic and/or inelast) at distances where
their interaction potential changes. Between consecutiveollisions at times
ti andt;, all particles move along straight lines with constant velaties. The
DMD algorithm keeps track of the state for each particle and mintains a
set of all possible collisions, a collision table, and theretermines the pair of
particles colliding rst. If the particles p and g collide at time t;, the states of
the two particles will change according to the laws of energgnd momentum
conservation, and the time will be set tatj. Then all the outdated collision
events related top and g will be updated for calculating the new possible
collisions involvingp or g. These new possible collisions will be inserted into
the collision table to nd the next collision event. Therefee, at each collision
event, only the velocities of the involved pair of particlesieed to be updated
to keep track of their new states while the rest of the systenemains intact.
(For reviews on details and limitations of DMD algorithm, se Refs. (60).)
The speed of the most e cient DMD algorithm is inversely promrtional
to N InN, whereN is the total number of atoms (61), and the speed de-
creases linearly with the number of square-well discontiities in the poten-
tial and the particle density. Combined with a coarse-graiad protein model,
the DMD algorithm is computationally more e cient compared to the tradi-
tional all-atom MD method because: (1) positions and velades are updated
only for particles experiencing collisions; (2) solvent igot explicitly present,
which signi cantly reduces the number of particles in the sstem; and (3) the
number of atoms in the peptide is reduced further through cese-graining.
We perform DMD simulations in the canonical ensemble (NVT).The
temperature T of a system is de ned by the kinetic energy of the system,
3 1 X mv2

kT § 5 (1)
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whereN is number of particles in the systemm is particle massy; is particle
velocity, and kg is Boltzmann's constant.

We use the Berendsen thermostat algorithm (62) to maintainte temper-
ature of the system, through coupling the system to an exteah bath. We
assume that the initial temperature of the system ig;, the nal temperature
(i.e., the temperature of the heat bath) isT;, and the heat exchange rate is
( =10 “in our simulations unless speci ed). We \update" the tempeature
at a regular small time interval t,

T(t+t) TO=[Te T()] t: (2)
The system will approach the nal temperature exponentiai:

Tt)=Ti +(Ti Ti)e ': (3)

Four-bead model and interactions

Four-bead models have been applied to the study of the foldjrof a designed
three-helix-bundle protein (63), the assembly of a tetrame -helical bun-

dle (24, 64), and the aggregation of polyalanines (25, 65,)6@ he four-bead
model used in this study predicts an -helix!  -hairpin transition (32), an

important step in bril formation. In recent studies of A dimer formation,

this model predicted several -strand-rich planar dimer conformations (33).
The four-bead model with amino acid-speci c interactions de to hydropathy

captures general features of the observeaa vitro oligomerization di erences
between the two predominant full-length forms oA found in vivo, A 1-40
and A 1-42 (27).

Geometry of the model protein

In the four-bead model, each amino acid in a protein is modeleby four
beads (32)|one bead each for the -carbon, C ; the amide nitrogen, N;
the carbonyl groupC? and the side-chain atomsC . The exception is Gly,
which lacksC .

Interactions

A backbone hydrogen bonding interaction is introduced bewen theC°bead
of one and theN bead of another amino acid. Because a hydrogen bond is
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directional, auxiliary bonds are introduced to model the agular dependence
of the hydrogen bond, as described in detail elsewhere (32he strength of
the backbone hydrogen bonding interaction isyg .

Amino acid-speci ¢ interactions are introduced into the far-bead model
according to Urbanc et al. (27). These interactions includan e ective hy-
drophobic attraction (hydrophilic repulsion) between pais of hydrophobic
(hydrophilic) side-chains. The e ect of surface area als® iconsidered. An
e ective hydrophobic attraction is modeled by a single attactive potential
well with an interaction range from 3.07A that is the sum of two hard core
radii to 7.5A.

To better model the complexity of individual side-chains, & de ne hy-
dropathic interaction strengths here in a di erent way than as de ned in
earlier work Urbanc et al. (27). For example, at physiologigpH, the N
amino group of Lys is positively charged, whereas the-butyl portion of
the side-chain is hydrophobic. The interaction scheme de#ied below ac-
counts for interactions among these di erent parts of the Ly side-chains and
hydrophilic or hydrophobic parts of other amino acid sidet@ins. Interaction
strengths between pairs of side-chain beads are de ned bynsadering indi-
vidual hydropathic strengths and of heavy side-chain atomg.e. all atoms
except hydrogens) composing the side-chain, as de ned inetiramework of
the united-atom protein model (67).

In addition to the e ective hydropathic interactions, we introduce e ec-
tive electrostatic interactions between two charged aminacids as a \short-
range" interaction considering the \screening" e ect of ptar water molecules.
We use a cuto distance 7.3 and model it by a double-well potential (60).
The interaction between two oppositely-charged amino aadis modeled by
an attractive double-well potential, whereas the interagcbn between two
identically-charged amino acids is modeled by a repulsiveable-well poten-
tial. N- or C-terminal charges are not implemented in this stdy. The maxi-
mal hydrophobic potential energy .. , which occurs between two isoleucines,
is set to 0.15 relative to ,, . Experimental values of electrostatic (ionic bond-
ing) interactions in aqueous solutions are 2-10 kcal/mol, lich is of the same
order of magnitude as the hydrogen bonding energy (68). Thedore, we set
the maximum electrostatic interaction strength to 1 relative to
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Energy and time units

We de ne the unit of energy as the energy of the backbone hydyen bond-
ing interaction. Time is measured by the number of collisianrather than
duration passed between two immediately following collisns. Thus, the
simulation time cannot be related directly to real time. Howver, the ther-
modynamics as well as the temporal sequence of events is necged.

Analytical methods
Contact map

Two beads are considered \in contact" if their centers of masare <7.5A

apart. To determine the strength of contact between two amim acids, the
number of contacts between all the beads of the two amino asiés counted.
The contacts between all the pairs of amino acids are visuadd in two di-

mension as a contact map. The values of the contacts are norimad so that

the most frequent is 1.0. To represent contact frequenciessually, the most

frequent contact is assigned the color red. Contact frequey then becomes
proportional to wavelength, so that the smallest contact #quency is blue
(the other extreme of our spectrum).

Heat capacity

The heat capacity has been calculated using the relationghi

_ ME2 h Ei?

Cv= (4)

wherekg is the Boltzmann constant, and T is the temperature.

Electrostatic and hydrophobic potential energies

In our implementation of DMD with implicit solvent, potenti al energies be-
tween two beads are pre-de ned as a function of distance. Felectrostatic

potential energy, contributions from all the possible pas of K and E are
summed. For hydrophobic potential energy, all the possibleairs of L, V, F,

A, and K are considered.



Average oligomer size

We de ne two peptides are in an aggregate to form an oligomef inter-
peptide distance of any two beads are within 74 PROTSVIEW software
developed in our group are used to get oligomer sizes for gyat of sixteen
A 16 22 peptides, then, average of oligomer sizes are calculatedagiven
time for a trajectory. Finally, average and standard error ee calculated for
10 trajectories that have the same set of parameters, but glitly di erent
initial positions and velocities.

Results and Discussion

We explore folding of wild-type A 16 2, peptide and assembly of sixteen
wild-type and Arctic-mutant A 15 », peptides initially spatially separated
in monomeric conformations with no pre-de ned secondary itcture. Back-
bone hydrogen bonding is implemented in all trajectories. df the bril-
lization study of wild-type A 15 2, peptides, we consider three di erent sets
of interaction parameters involving e ective hydropathic and electrostatic
interactions: (i) all interactions present (,, = 0:15, ., = 1); (ii) no hy-
drophobic interaction (,,, =0, ., = 1); and (iii) no electrostatic interaction
(. =0:15 and ., = 0). The rationale for exploring these three sets of
interaction parameters is two-fold: (a) to elucidate the rte of hydropathic
and electrostatic interactions in wild-type A 15 2 bril formation; and (b)
to investigate solvent e ects. For the brillization study of Arctic-mutant
A 16 22 peptides, we implement all interactions (,, =0:15, _, =1).

For each set of interaction parameters, 26 temperatures achosen from
the temperature range 0.05{0.30. At each temperature, 10d&jectories, ini-
tially characterized by sixteen random-coil-likeA 15 2 monomers with dif-
ferent initial atom positions and velocities, are simulateé for 10’ simulation
steps. In total, over 1000 aggregation trajectories are c@uted and ana-
lyzed.



Fibrillization of wild-type A 16 22 peptides with back-
bone hydrogen bonding and hydropathic and electro-
static interactions

Single or sixteen wild-typeA 15 2, peptides are placed in a cubic box of side
70A using periodic boundary conditions and a temperature rarggof 0.05{0.30
with an interval of 0.01. We acquire 10 trajectories of TOsimulation steps
each for each temperature with the backbone hydrogen bondir{ ,, = 1),
hydropathic ( ,, = 0:15), and electrostatic interactions (., = 1). The last

5 10° simulation steps are used for the calculation of the heat capity.

To compare the heat capacities of a monomer and a 16-mer on theme
scale, we normalize the heat capacity of the 16-mer by the nbwer of peptides
to obtain the heat capacity per peptide. Fig. 1 shows the temgrature de-
pendence of the heat capacity per peptide for a monomer and é-ther, and
the average number of backbone hydrogen bonds at the end oétsimulation
(107 steps).

Monomer conformational dynamics

The temperature dependence of monomer heat capacity showsgot peaks
at temperatures 0.07 and 0.12 [Fig. 1]. In temperature range < 0:07, a
monomer forms an -helix that has the lowest potential energy [Fig. 2(a)],
but bent structures also are observed in some trajectoriedgta not shown).

In temperature range between two peaks,07< T < 0:12, -hairpin struc-

tures are observed [Figure 2(b)]. In this example, a two-rielsie hairpin loop

is stabilized by two backbone hydrogen bonds (yellow dashé&des) between
Leul7 and Phe20. This strong contact is readily apparent irhe associated
contact map [Fig. 2(f)]. In temperature regionT > 0:12, a monomer is to-
tally extended [Fig. 2(d)] or forms a large loop-like struaire stabilized by a
contact between Lys16 and Glu22 side-chain beads [Fig. 3(@s con rmed

by the contact map [Fig. 2(9)].

Peptide assembly

Simulations with sixteen wild-type A 15 22 peptides with all interactions
(HB, HP, and EI) show that bril formation takes place in temperature range,
0:12< T < 0:21 where monomers mostly fold into large loop-like structes.
A typical brillar aggregate has multi-layers and antiparadlel -strands within
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a layer [Fig. 3(c)]. The averaged intra-contact map at T = 0.X shows the
absence of all contacts because each peptide in the brillaggregate is fully
stretched and only forms inter-peptide contacts [Fig. 3(¢) The averaged
inter-peptide contact map at T = 0.17 shows that an antiparalel orientation
between neighboring peptides is dominant [Fig. 3(k)]. Sinftianeously, there
is a strong inter-peptide contact between the positivelyharged Lys16 and
the negatively-charged Glu22 due to electrostatic interéions. The temper-
ature range within which a large number of backbone hydrogdyonds occur
[Fig. 1] corresponds to that within which brillization occurs, as expected.

Figure 4 shows a typical bril formation process. Initially, sixteen spatially-
separated peptides with no pre-de ned secondary structuage present [Fig. 4(a)].
At 10* simulation steps, some aggregates are formed that contaittlé -
strands. Individual peptides in the aggregates are streteld or bent [Fig. 4(b)].
At 10° simulation steps, an antiparallel layer of four -strands is observed
at the bottom of an aggregate and another -strand exists in the middle
[Fig. 4(c)]. At 2 10° simulation steps, a three-layered antiparallel brillar
aggregate is formed, on top of which a monomer peptide (red docked by
e ective hydrophobic attraction [Fig. 4(d)]. At 4 10° simulation steps, a
docked monomer (red) that was present at 2 1(° simulation steps becomes
\locked" at the end of the top layer [Fig. 4(e)], in agreemeniith recent re-
sults of Nguyen et al. (54). Until 18 simulation step, which is the end of our
simulation for this study, the structure of the bril is conserved [Fig. 4(f)].

We observe two stages oA 15 2, bril formation. In stage one, a glob-
ular aggregate with little -strand content is formed. Subsequently, some

-strands form a single layer within the aggregate, followeby the forma-

tion of another layer, until extensive hydrogen bonding exis throughout
the aggregate. Typically, 3{6 peptides form a layer for theystem of sixteen
peptides. At the second stage, one or more brillar aggreges exist, but not
all peptides yet exist within aggregates. At this stage, a \dck-and-lock"
bril emanation mechanism operates (39, 54, 55). The largeggregate in
Fig. 4(b) is illustrative of the rst stage. The peptide in red is docked to
the bril end in Fig. 4(d) and locked to it in Fig. 4(e). The ability of free
peptide monomers to add to existing bril ends in stage twoytpe reactions,
as opposed to a requirement for formation of an initial -sheet, explains
why seeding accelerates the growth process in experimensgstems and in
simulations (25).

The rst stage of bril formation requires that aggregates nitially lack-
ing -strand structures can rearrange themselves into confori@ns allowing
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backbone hydrogen bonding. Fig. 5 shows the number of backisohydrogen
bonds and the electrostatic and hydrophobic potential engies of sixteen
wild-type A 15 22 peptides, averaged over 10 trajectories at T=0.17, where
all of the trajectories form brillar aggregates. Electrogatic and hydropho-
bic potential energies reach constant levels after 4 10° simulation steps.
However, the number of backbone hydrogen bonds uctuatesoim 19{26,
indicative of a exibility that persists even when the aggrgate becomes b-
rillar. This plasticity of backbone hydrogen bonding enald@s the transition
from amorphous aggregate to bril, demonstrating the impaance of back-
bone hydrogen bonds in folding and aggregation, as suggesby Rose et al.
(69).

In temperature rangeT < 0:12 or T > 0:21, bril formation is not ob-
served. In temperature range @21 < T < 0:28, amorphous aggregates are
found [Figs. 3(d,h,l)]. Hence, the large peak in the heat capity per pep-
tide of 16-mer at T=0.21 [Fig. 1] illustrates the high cost ofenergy in the
conformational change from a brillar structure to an amorgous aggregate,
which is associated with hydrogen bond disruption. In tempature range
T > 0:28, no aggregates are formed because thermal uctuationseatoo
large to allow aggregation (data not shown). The smaller pk&an the heat
capacity per peptide of 16-mer at T=0.28 corresponds to a ctmrmational
changes from an aggregated to a disaggregated state [Fig. The aggregates
in temperature range 07 < T < 0:12 have signi cant amount of -strand
structure [Fig. 3(b)]. The aggregates in temperature rang& < 0:07 are
characterized by a bent intra-peptide structure stabilizé by a strong con-
tact between Leul7 and Phe20, but with no signi cant -helical or -strand
structure [Figs. 3(a,e)].

Fibrillization of wild-type A 16 22 peptides with no hy-
dropathic or electrostatic interactions

The heat capacities of a 16-mer as a function of temperaturdtiv either no
hydropathic (HP), no electrostatic (El), and with HB, HP, and EIl is shown
in Fig. 6. The predominant peak at T=0.21 with all interactions, which
corresponds to the conformational change from a brillar tean amorphous
aggregate, has been shifted to lower temperature. For theafectories with no
HP, some show -strand formation but none produce multi-layered brillar
aggregates. However, all trajectories with no El show forrtian of brillar
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aggregates in temperature range:03 < T < 0:17, on the left side of the
predominant peak at T=0.21. Fig. 7(a) shows a typical confanations with
no HP, and Fig. 7(b) with no EIl at temperature 0.15.

For brillar aggregates formed in the absence of El, but in tk presence of
HB and HP, both parallel and antiparallel -sheet structures are observed, in
agreement with ndings of Favrin et al. (48). Taken togetherwith the result
that antiparallel -sheet structures were observed in the presence of El, HB
and HP, we conclude that EIl strongly favors the antiparallebrientation of
the -sheetin the brillar aggregate. The antiparallel bril structure is asso-
ciated with salt bridge formation between Lys16 and Glu22.nlthe absence
of HP, but with HB and EI present, only antiparallel -strands are observed.
This result also supports the importance of El in antiparakl -sheet forma-
tion during brillization, in agreement with Klimov and Thi rumalai (45). We
do not observe both parallel and antiparallel -sheet with HB, HP and El, as
do Meinke and Hansmann (53), because the antiparalletsheets have lower
energy in our model than do the parallel -sheets and the system reaches the
lower energy state after 10 simulation steps in all trajectories.

Fibrillization of Arctic-mutant (E22G) A 16 22 peptides

A typical bril of Arctic-mutant A 15 2, peptides [Fig. 7(c)] has parallel
and antiparallel -strands as the bril with no El [Figs. 7(b)]. The reason
why we observe parallel -strands is due to decreased role of electrostatic
interaction in brillization of Arctic-mutant A 15 2, peptides since negatively
charged Glu is mutated as a non-charged Gly, therefore the ptede has only
one positively charged residue, K16. The similarity betwaeArctic-mutant
A 16 22 and wild-type A 15 2> with no El is also shown in heat capacity for
having the similar heat capacities at the temperatures lowehan 0.18, and
another bump at T = 0.2 for Arctic, and at T = 0.21 for no El [Fig. 6].

As for the kinetics of aggregation, we observe that initial well-separated
single peptides oligomerize, then brillize. Oligomerizgon usually happens
within 2 1C° simulation steps, while brillization takes 2 1 simulation
steps. To nd out wild-type or Arctic-mutant A 15 > peptides aggregate
faster, we analyze the time progression of average oligonszes, which is
shown in Fig. 8(a) for temperature 0.15. At 3 10* step, sixteen wild-type
A 16 22 peptides aggregate forming 16-mer in all of the 10 trajectes, while
the average oligomer size of Arctic-mutanf 16 », peptides is 7. Therefore,
we conclude that wild-typeA 15 2, peptides oligomerize faster than Arctic-
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mutant A 16 22, Which is true for other temperatures 0.13, 0.14, and 0.16
(data not shown). This result is consistent with the atomic érce microscopy
image by Cheng et al. (13) in which wild-typeA ; 4, oligomers are more
abundant than Arctic-mutant A ; 4, oligomers at 3 minute. Electrostatic
potential energy of Arctic-mutant A 15 ,, peptides is close to zero during
oligomerization [Fig. 8(b)], which suggests that the negjible role of electro-
static interaction in driving oligomerization is respondle for slower oligomer-
ization of Arctic-mutant A 15 2 peptides. It implies that oligomerization is
not simply hydrophobic driven, rather electrostatic inteaction takes part in
oligomerization cooperatively.

To compare wild-type or Arctic-mutant A 15 2, peptides brillize faster
guantitatively, we plot how many residues per peptide are agned as -
strand as a function of simulation step. Fig. 9 shows that, at 1 simula-
tion step, number of -strand residues per peptide reaches the nal value for
Arctic-mutant A 16 ,, peptides, but not for wild-type at temperature 0.15.
Therefore, we conclude that Arctic-mutantA 15 ,, peptides brillize faster
than wild-type A 16 2> peptides, which is consistent with many experimental
results (13, 15{18). Faster brillization of Arctic-mutant A 15 > peptides
is also observed at temperatures 0.13, 0.14, and 0.16 (datat shown). For
the reason why Arctic-mutant (E22G)A 16 2, peptides brillize faster than
wild-type, smaller volume, better exibility, and no charge of G22 residue
allow better plasticity required for brillization, and al so enable the rear-
rangement of aggregated peptides easier than in wild-type.

Conclusion

Implementation of an ab initio DMD procedure incorporating a modi ed
four-bead peptide model enabled us to visualize aggregatiof A 15 2, pep-
tides from spatially-separated random coil-like peptidesto structured, bril-
like units. These units consist of stacked -sheets, a result consistent with
the common cross- core structures determined for amyloid brils in X-ray
di raction studies (70, 71) and previous simulation work (4, 45, 48, 49,
54, 55). Within each -sheet, the peptides are in an antiparallel arrange-
ment, which is consistent with solid-state NMR results forA 1 2> brils
at pH 7.4 (38, 41, 72). The bril formation for wild-type A 15 2> peptides
occurs in temperature range 12 < T < 0:21, in which a single wild-type
A 16 22 peptide folds as a loop-like structure. Two stages of brildrmation
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are observed. First, monomers assemble into an amorphougepate, fol-
lowed by emergence of -strand structure, rst within one layer. Hydrogen
bonding then is perpetuated through the aggregate to prodeca bril-like
structure. At this stage, exibility of the peptide backbone is required to
form the backbone hydrogen bonds, as demonstrated by largectuations in
backbone hydrogen bond number. In a second stage, free momosn\dock"
with, and then \lock" into the preformed bril, in agreement with experi-
mental ndings by Esler et al. (39) and simulation results byNguyen et al.
(54), Takeda and Klimov (55). The locking step occurs afterhie rst stage
is complete because this later stage requires a preformedrilb The simu-
lation with no El, but with HB and HP, produces brils contain ing parallel
or antiparallel -sheets. In contrast, simulations with no HP, but with HB
and EIl, do not produce ordered brillar aggregates, but rater more dif-
fuse aggregates with some-strand structure. These latter results should be
testable experimentally by studyingA 15 22 bril formation at low pH using
an apolar solvent that would provide a strongly hydrophobi@nvironment.

We nd two peaks in our calculated heat capacity under the cagitions
where all three interactions (HB, HP, and El) exist. The pealat lower tem-
perature represents a conformational change from a brillsio an amorphous
aggregate. The peak at higher temperature represents a comhational tran-
sition from an aggregated into a disaggregated state. Whemsilated in the
absence of El or HP, the higher temperature peak disappeassfeature that
is particularly evident in the case of simulations without HP interactions.
Di erential scanning calorimetry was used to investigate hermal transitions
of type | collagen brils and the melting curves displayed tw pronounced
heat absorption peaks (73), consistent with this supposdn. Additional ex-
periments at low pH, as well as in apolar solvents, would prae further in
vitro testing of this notion.

Simulation of Arctic-mutant A 15 2> peptides show that their brillar
structure contains parallel and antiparallel -strands, which resembles the
brillar structure of wild-type A 15 22 peptides with no El. Comparison of
aggregation kinetics shows that Arctic-mutantA 15 ,, peptides oligomerize
slower, but brillize faster than wild-type A 15 2> peptides with all three in-
teractions (HB, HP, and El). Slower oligomerization of Arcic-mutant A 15 2
peptides is due to negligible role of electrostatic interéion because of G22,
while faster brillization is due to smaller volume, better exibility, and no
charge of G22 residue which allow better exibility and easef rearrangement
that are required for brillization.
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Figure captions:

Figure 1: Temperature dependence of heat capacity per peptide and
number of backbone hydrogen bonds for a monomer and a 16-mémald-
type A 16 22 peptides. The left y-axis shows heat capacity per peptiderfa
monomer (black) and a 16-mer (red), and the right y-axis shahe number
of hydrogen bonds for 16-mer (blue). Each value is the avemgver 10 tra-
jectories. Error bar denotes standard error between trajemries. STRIDE
software in the VMD package (74) is used to calculate the nuneb of back-
bone hydrogen bonds with a distance cuto of 3R and an angle cuto of 20.

Figure 2: Representative conformations and averaged contact maps fo
a single wild-type A 15 2 peptide at 10" simulation steps. Temperatures at
(a,e) 0.05, (b,f) 0.11, (c,g) 0.17 , and (d,h) 0.24 . Lys is deted in blue, and
Glu in red, and other residues in white in (a-d). Ball shows C atom, and
stick shows the backbone of a peptide. Hydrogen bonds are ded with
yellow dashed lines in (b). The strength of the contact map isolor-coded
following the rainbow scheme: from blue (no contact) to redtlje largest
number of contacts). Each contact map is an average over 1(ajectories.
The structural conformations are generated by the VMD paclge (75).

Figure 3: Representative conformations and averaged (e-h) intra- dn
(i-) inter- contact maps for 16-mer of wild-type A 15 -, peptides at 13 sim-
ulation steps. Temperatures at (a,e,i) 0.05, (b,f,j) 0.11(c,g,k) 0.17 , and
(d,h,l) 0.24. -strand is denoted in a yellow arrow for (a-d). Color coding
for contact maps is same as in Fig. 2.

Figure 4. Time progression of sixteen wild-type A5 2, peptides. Sim-

ulation step at (a) 0, (b) 1¢%, (c) 10°, (d) 2 1P, (e) 4 1P, and (f) 10’.

-strand is denoted in a yellow arrow. The peptide shown in reth (d) and
(e) is the same one. Temperature is at 0.17.

Figure 5: Potential energies and number of hydrogen bonds for sixteen
wild-type A 15 22 peptides. Electrostatic potential energy (black), hydropo-
bic potential energy (red), and number of hydrogen bonds (bé). Each value
is the average over 10 trajectories. Error bar denotes stamdl error between
trajectories. Temperature is at 0.17.
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Figure 6: Temperature dependence of heat capacity for sixteen wild-
type and Arctic-mutant A 15 > peptides. For wild-type, interactions are
controlled, (i) with hydrogen bonding, hydropathic, electostatic interactions
(black), (i) no hydropathic interaction (green), (iii) no electrostatic interac-
tion (blue). Heat capacity for Arctic-mutant is shown in red Error bar
denotes standard error between trajectories.

Figure 7: Representative conformations of 16-mer. Representativerc
formations with (a) no hydropathic (No HP), (b) no electrosatic interaction
(No El) for wild-type, and (c) for Arctic-mutant A 15 2, peptides. Temper-
ature is at 0.15.

Figure 8: Time progression of average oligomer size and potential ene
gies for sixteen wild-type and Arctic-mutant A 15 2, peptides during early
aggregation. Each value is the average over 10 trajectoridsrror bar denotes
standard error between trajectories. For (a) average oligter size, wild-type
is denoted in black, and Arctic-mutant in red. For (b) averag potential en-
ergies, electrostatic potential energy (PE) is denoted inl&ack, hydrophobic
PE in blue for wild-type. For Arctic-mutants, electrostatic PE is in maroon,
hydrophobic PE in red. Temperature is at 0.15.

Figure 9: Time progression of number of residues per peptide assigned
as -strand for sixteen wild-type and Arctic-mutant A 15 ,, peptides. Wild-
type is denoted in black, and Arctic-mutant in red. Temperatire is at 0.15.
Secondary structure assignment is done by STRIDE softwara the VMD
package (74). Error bar denotes standard error between tegtories.
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Heat Capacity
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Oligomer size
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