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Discrete molecular dynamics simulations of peptide aggregation
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We study the aggregation of peptides using the discrete molecular dynamics simulations. Specifically, at
temperatures above the-helix melting temperature of a single peptide, the model peptides aggregate into a
multilayer parallel 8-sheet structure. This structure has an interstrand distance of 4.8 A and an intersheet
distance of 10 A, which agree with experimental observations. Our model explains these results as follows:
hydrogen-bond interactions give rise to the interstrand spaciggsineets, while @ interactions between side
chains make3 strands parallel to each other and allBgheets to pack into layers. An important feature of our
results is that the aggregates contain free edges, which may allow for further aggregation of model peptides to
form elongated fibrils.
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[. INTRODUCTION four-helix bundles [11]. Recently developed off-lattice
Monte Carlo simulation$12] may also serve as an alterna-
Protein misfolding and polypeptide aggregation are a fotive methodology to lattice Monte Carlo simulations.
cus of interdisciplinary statistical physics because of their Here we study the aggregation of a large number of pep-
relevance to amyloid diseases such as Alzheimer’s diseastigles. We choose 40 amino acid amylg@dpeptide[ AB1 40
Parkinson’s disease, and Huntington’s disease. Even thoudi3], protein data bankPDB) [14] access code 1BA4vhich
polypeptides related to these diseases share no sequenceilssociated with Alzheimer’s disease, to construct model
secondary structure similarity, they can aggregate into inpeptides. Our results show that model peptides can aggregate
soluble fibrils which share some structural features. Thesato multilayer 8-sheet structures with free eddd$] which
fibrils are typically 100 A in diameter, and several thousandmay enable further fibrillar elongation. The computed dif-
angstroms in lengtfil]. X-ray diffraction studie$2,3] reveal fraction pattern of our simulated multilay@ sheet is con-
the common structural features for these amyloid fibrils: thesistent with experimental observatiojis,17.
presence of a 4.7-4.8 A interstrand spacing along the fibril
axis and a 9-10 A intersheet spacing perpendicular to the
fibril axis [4,5]. Although advances have been made toward
understanding the structural characteristics of the fibrils and A. Two-bead model
the mechanism of fibril formation, our knowledge of the de- _
tailed fibrillar structure and mechanisms of amyloid assem- 1. Geometry of model peptide: beads and permanent bonds
bly is limited. We model each amino acid in t#e3; _ 4o peptide by two
Computer simulation studies with coarse-grained peptidéeads—C, bead representing backbone atoms éndbead
models have been helpful to reveal the general principles q’fepresenting side chain aton(for g|ycine, CB is abser‘)t
folding and aggregation. Recently, lattice Monte Carlo simu-Each bead has an indéxindicating the position of amino
lations show that an increased proportiongtheets in the acid in the sequence starting from tNeterminus. The ge-
individual peptides promotes the formation of misfolded ag-ometry of the peptide is modeled by applying permanent
gregates in multipeptide systerf&]. However, lattice mod- bonds among these bedds]. These bonds include covalent
els may not be reliable due to the drastic reduction of theyonds betweel ; andCg , peptide bonds betwedd,; and
conformational space when entropies or local geometries;a(iﬂ), additional constraints betweeBg and C,-1),
play crucial roles in cases involving transition of secondaryand also betwee@ ,; and Cu(i+2) (Fig. 1. These additional
structures, such as the aggregation phenomena. Therefognstraints are introduced to model angular restrictions be-
off-lattice molecular dynamics provides a more realistic waytween side chains and the backbone.
to study the aggregation mechanism at the atomic level. All permanent bonds are realized by infinitely high poten-
Since the continuous all-atom molecular dynamics simulatial well interactions between the related beg8ls
tions with realistic force fields in a physiological solution are

II. METHODS

not fast enough to monitor a cqmplete aggregation process 0, Dij(1— i) <|ri—r1;|<Dj;(1+ o)
from monomers to fully formed fibrils, a discrete molecular Vit}ond: )
dynamics(DMD) algorithm[7,8] has been implemented to +o  otherwise.

study protein folding thermodynamics and protein folding

kinetics[9]. This computationally fast and dynamically real- HereD;; is the bond length between beddandj, andoy; is

istic simulation technique has also been applied to study ththe relative deviation of this bond length. The average
aggregation of a small number of Src SH3 domain proteingdengths for these bonds can be obtained from statistical
[10] and the competition of refolding and aggregation ofanalysis of distances within thAB;_4 NMR structures
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FIG. 1. Schematic diagram of two-bead model. Each amino acid 0 ¢ T ]
in the AB;_ 4 peptide is represented by two bea€ls; bead repre- 5 s L ]
sents backbone atoms a@g bead represents side chain ator@s; ( ® Ill'
is absent for glycine The geometry of the peptide is modeled by S2t .=i! 3
applying permanent bonds among these beads: covalent Guoids § Hol
lines), peptide bondgdash-dotted lineés and additional constraints KI5 " E" 7
(dashed and dotted linesnteractions between side chains are mod- "
eled by @ potentials betweel ; beads, and interactions between 0t .“. ]
backbone atoms are modeled by hydrogen-bond interactions be- 5[ " b
tweenC, beads. "
0 1 1 1 1 1 1 1
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[13]. Table | presents the average lengths and their relative Sequence i

deviations[19] used in our model.

_ FIG. 2. (a) The NMR structure ofAB;_ 4, peptide[13] used to
2. Interactions between g beads:Go model construct the two-bead model peptide witho Gootentials and
Typically the G potentials[7,20] are used to model pro- hydrog_en-bond interactions. The picture is created with the program
teins with well-defined globular native states. Side chaind/o!script[31]. (b) The contact map for structu(@). Note that the
which form contacts in the native staeative contactsex- ~ @helical region is formed by amino acids 15-@815-V36.
perience attractive Gpotential. HoweverAB; _ 4o peptide is ) ) ) _
“natively unfolded.” NMR studies suggest that in hydropho- For example, amino acids 16 gnd 19_) form a native contact in
bic environments theAB; ,, peptide assumes mostly the NMR' structur'e. Thus, amino acids at' 16 anq 19 of pep-
a-helical conformatiori13]. Figure 2(a) shows one of these t|de_ 1 W|I_I experience attractive @type |nteract|or_1 with
NMR structures. Therefore, we applyo@otentials to pre- amino acids 19 and 16 of the peptide 2, respectively. The
serve this well-defined, mostly-helical structure of the Strength of @ interactions is set to unity*=1.
AB1_4 peptide. In our two-bead model a native contact is
defined when twoC, beads are closer thab® =75 A 3. Interactions between ¢ beads: hydrogen bond

within the NMR structure of thé\S, _ 50 peptide. All theC For many globular proteins it has been observed that the
beads cannot be closer than the hard-core distdnGg  number of backbone hydrogen bonds for each amino acid
=4.5 A. In particular, the structure-specifico@otentials does not exceed tw21]. Also, whenever two hydrogen
make the side chains indexed bwithin the a-helix region  bonds are formed in a particular peptide block they are ap-
of AB,_4 peptide attract side chairis=2, =3, andi+4. proximately parallel to each other. In order to incorporate
Figure 2b) shows the native contact map for the NMR struc-these two facts in our model we introduce two criteria for
ture of AB1_ 4o peptide shown in Fig. ). hydrogen-bond formatiorii) that eachC, bead can form up

To study the aggregation we need to simulate also th&o two effective hydrogen bonds, afid) that the two hydro-
interactions between different peptides. We apply @aten- ~ gen bonds formed by the samex®ead must be approxi-
tials for C; beads in different peptides by an assumption thamately parallel.
two amino acids which interact with each other in a single We set the hydrogen-bond interaction range between two
peptide will interact in the same way in different peptides.C,, beads toD"®=5.0 A, and their hard-core distance to

_ Dii2=4.0 A. We use the following procedure in order to
TABLE |. Permanent bonds in the two-bead model. satisfy the criteria for the hydrogen-bond formation: when
two C, beadsA andB, come to a distancB"®, we check

Bond Bond lengtt{A) Deviation (%) for any existing hydrogen-bond partnersfdfndB. If both
Cui-Cpi 1.55 24 beadsA and B have no existing hydrogen partners they can
C.-C . 3.82 31 form a hydrogen bond automatically. If one of the beads, for

ai"~a(itl) . . .
Cpi-Cugien) 4.66 6.5 exampleA, already has one partngﬁ\l, _ar_1d the distance
Cai-Cuiz2) 565 148 between the bead; and the bead is within the range of

8.7-10 A (i.e., the angle between vectofsA; and AB is
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We chosex axis perpendicular to thg sheets, ang axis
along the fibrillar axis which is perpendicular to the
strands in the3 sheetqFig. 7(a)]. The incoming x ray with
1 A wavelength goes alongaxis and the diffraction pattern
is collected on -y plane behind the aggregate sample. The

H — TR W
AA; and BB, are shown in bold lines. When the beatisand B deflef:tlng ,ang',eﬁ_cos (k- ki /), ranges f_rom 0.05 o
come to a distance 5 A, a new hydrogen bdddtted ling may 0.25 in radians in order to detect the periodicity of 4—20 A in

form if the distancesA;B and B,A satisfy inequalites 8.7 A the aggregate structure. Since amyloid fibrils consist of
<A,;B<10.0 A and 8.7 A<B,A<10.0 A. If the bondAB is  bundles ofg-sheet chains which are twisted along thaxis,
formed, the auxiliary bonda,B andB;A (dashed linegsare formed  there is no preferred orientation in tkez plane in the x-ray
simultaneously. These bonds can fluctuate within the intervadiffraction experiments. We rotate the structure candidate
8.7-10 A and cannot be broken unless beadsd B move away  around they (fibrillar) axis n times by angle 2-/n and add

from each other to a distance 5 A. If the beatisand B have gl the diffraction intensities to obtain a final pattern. We take
enough kinetic energy to leave the hydrogen-bond attraction welln: 20 in the present study.

their velocities are changed in order to conserve energy and mo-

mentum, and the hydrogen bodB is destroyed simultaneously

with the auxiliary bond#\,B andB;A. The velocities ofA; andB;

do not change at the moment of forming or destroying of hydrogen lll. RESULTS FOR A SINGLE PEPTIDE
bondAB. Analogously, if one of the hydrogen bonds,A or B,B,
breaks before hydrogen boid, the corresponding auxiliary bond
A.B or B;A also breaks.

FIG. 3. Model of a hydrogen bond. Existing hydrogen bonds

As an initial test of our model peptide, we perform DMD
simulations of a single peptide to test whether a peptide with
random coil conformation recovers the observed NMR struc-

within the range 120°-180°), the be&dcan form another tre. The mo'del peptide !s SIC_)le cooled fr.oﬂh.zl..oo
hydrogen bond with beaB provided that either the beazi ~ (temperature is measured in units &5%°/kg), which is high

has no existing hydrogen bonds or its single hydrogen-bon&nough to render the peptide as a random coil, to different
partner, B;, has a distance with bead in the range target temperaturek = 0.60, (_).55. . ,.0.25..For gach target
8.7—10 A (see Fig. 3. If one of beadsA and B or both temperature we make ten trials starting with different initial
already have two hydrogen-bond partners, the pair will proconformations. WhenT;<0.40, the segment Q15-V36
ceed with a hard-core collision without forming a new hy- adopts ana helix or two pieces of left-handed and right-
drogen bond. When a new hydrogen bond is formed betweehandeda helices. This artifact is observed because our sim-
beadsA andB, new hydrogen-bond partners are recorded forplified two-bead model does not distinguish between differ-
these two beads, and whenever a bead gets two hydrogeent handedness. At.=0.40, theN terminus adopts mostly a
bond partners an auxiliary bond is formed between these twaandom coil conformation. A3,;<0.35, the model peptide
partners. Every auxiliary bond can fluctuate within the rangestarts to approach its ground state which isaanelix with a
8.7-10 A to keep two hydrogen bonds within the anglesingle handedness along the entire peptide chain. Therefore,
120°-180° and it cannot be broken unless one of the tw@s expected within a certain temperature range arobind
hydrogen bonds is broken. A hydrogen bond between beads g 49 during the cooling process the model peptide adopts

A andB can be broken when theBse two beads move away,rtia| o-helical conformation similar to the observed one in
from each other to a distance Bf'® and their kinetic ener- NMR experiments.

i i ,HB i _ . :
glez a:(e hlgtrrl]er th? " the?ha P;)ydr;sgendbé)ndhls formed \ye 4150 study the equilibrium behavior of a single model
8; derrotoenc’on:ervioghzs Oan de mgilen?nm SC cingt’r?alnthe eptide at different temperatures by measuring the heat ca-
L TV 9y um, su acity as a function of temperature. At each sampled tem-
kinetic energy increases or decreases by the veliife We ith d f : d
sete'®=3 as it was chosen in RdfL0] for Src SH3 domain perature we start with a ground-state conformation and per-
" form DMD for 10° simulation time units to equilibrate the

system, followed by additional 1Gime units for the calcu-

_ _ _ lations. The time unit igovVm./€%°, wherel,=1 A is the
_ For the typical conformation oAB; _ 4 peptide aggrega- unit of length and the mass of a carbon atomis the unit of
tion structure, we calculate the intensity of diffraction patternmass in the DMD simulations. Figuregatt and 4b) show
using the elastic diffraction formuld.0] in order to compare  the potential energy and heat capacity as a function of tem-

B. Computed diffraction

with experimental resultgl6,17. perature for a single model peptide, respectively. The melting
2 of a helix is noncooperative which can be concluded from
(ko) =2, exp[i(lzf—lzi)-Fj] , (2)  the broad peak betweeh~0.35 andT,~0.55 in the heat
]

capacity curvgFig. 4(b)]. Ty corresponds to the structural
R R transition from ana helix to a random coil for the first 14
wherek; is the wave vector of the incidental x ra, is the  amino acids starting from thd terminus, whileT,, corre-
wave vector of the outgoing x ra, is the position vector of sponds to the melting of the helix in the segment Q15-
jth bead, and the summation is taken over all@ieandC;  V36. T, is higher tharT because there are more attractions
beads in the structure. among the side chains in the segment Q15-V36.
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FIG. 5. DMD simulation of 28 peptides at temperature Qdb:
initially, all peptides in an original randomly oriented NMR confor-
0 : ! mation are placed on a gri¢h) An amorphous aggregate obtained
0 0.2 04 0.6 08 1 by DMD simulation at this temperature of 0.5. The numbers of
Temperature a-helical andB-sheet hydrogen bonds are 166 and 240, respec-

) tively. The simulation shows that part of thehelical segments are
FIG. 4. Temperature dependence(aff potential energy ant)  ,ocerved during the aggregation at this temperature.
heat capacity for a single two-bedq3; _ ., model peptide with G

potentials and hydrogen-bond interactions. The calculations are ) ) ) o
based on the DMD simulations of 1@me units for each sampled trate the setup of diffraction computation and in Fi¢)ave

temperature. The units for temperature, potential energy, and he&fesent the calculated diffraction pattern. The relative sharp
capacity are®/kg, €°, andkg, respectively. and intense 4.8 A meridional reflection corresponds to the

periodic packing of8 strands along the fibril axis, and the
IV. RESULTS FOR MULTIPLE PEPTIDES

perform simulations of 28 peptides in a cubic box with the
edge of 200 A and periodic boundary conditions. Initially,
all the peptides are placed on a grid and randomly orientec
[see Fig. 5a)]. Then we equilibrate the system at various
temperaturesT;=0.4, 0.5...,1.20.
At temperatures lower than the melting temperaflyeof

a single peptide, peptides in our model aggregate into amor
phous structures where individual peptides preserve part o.

thelr_a-h_ellcal segments a.s in Fig(t§. When the tgmpera- FIG. 6. DMD simulation of 28 peptides at temperature 0.90.
ture is higher tharT,,, peptides start to agg.regf':lte into more Initial conformation is the same as Figah After 500 time units all
ordered structures. When the temperature is higher than 1.10sntiges acquire random coil conformation characteristics for
there is no stable aggregaftihis threshold temperature de- 1-0.90 (data not shown (a) Intermediate conformation at tem-
pends on the peptide concentrajioft a temperature range perature 0.90 after #MD simulation time units(b) Three-layer
between 0.55 and 1.10, the model peptides can aggregat@rallel g-sheet structure formed after X30° DMD simulation
into multilayer B-sheet structures. Figuregap and Gb)  time units. Thisg-sheet structure contains free edges which may
show the time evolution of the conformation obtained fromallow for further aggregation of model peptides along thaxis,
DMD simulation at temperature 0.90. In Fig(a¥ we illus-  which is perpendicular to the plane of the figure.

In the study of aggregation of many identical peptides, we 2 M
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FIG. 7. (a) The setup of diffraction pattern computation for the -5000 ; : ' :
0.8 1 12 14 1.6 1.8

three-layerB-sheet aggregate formed by 28 peptides shown in Fig
6(b) at a different perspective. The scattering occurs alprgis

which is perpendicular to the plane of the figufb) Computed .
diffraction pattern collected on &y plane behind the aggregate. FIG. 8. The melting of the three-laygg-sheet structure of 28

The pattern is averaged over 20 patterns obtained by successiﬁ?g F;ﬁpt'd?i':'g' 6((;])]‘ (ta)' Time evo(;utlon Olf thle tt:mpertature wr:en
rotation of the aggregate arougdaxis by 18°.(c) Pair correlation e three-layers sheet is warmed up slowly from temperature

(&.90—2.00. The dissociation temperatureTig=1.20+=0.05. The

function for the same aggregate, where peaks around 4.8 A an ¢ th f i t diff t ti It t Not
10 A correspond to interstrand spacing and intersheet spacing, réﬂse s are the conlormations at diterent imes/temperatures. Note

spectively. And the peak around 5.7 A is mainly from the correla-:hat thde_ thlrd_onebs)h_[c_)r\:vsta compltetelyddlssoduated c]?nfc:rm?tllon n
tion between neighboring,, beads. ree dimensiong e temperature dependence of potential en-

ergy. The units for time, temperature, and potential energy are

weaker 10 A equatorial reflection corresponds to the distyyVm, /€%, €%/kg, ande®, respectively.

tance betwee sheets. In Fig. (€) we show the calculated

pair correlation function for the sam@-sheet structure. The sponds to experimental observatid2®,23 that in aqueous

peaks around 4.8 A and 10 A correspond to the average irsolution at physiological temperature&B;_,, peptides

terstrand and intersheet spacings, respectively. adopt mostlyB-sheet and coil conformations. The tempera-
In order to study the thermostability of this three-layerture of the 8-sheet dissociation 1.2 corresponds to 413 K.

B-sheet structure, we slowly increase the temperatur€ to Temperaturel =0.40 at which our model peptide acquires

=2.0 which is high enough to melt the aggregate. Figuresy-helical conformation corresponds to very low physical

8(a) and &h) show the time evolution of temperature and thetemperatures which cannot be observed experimentally.

temperature dependence of potential energy of the system

during melting and dissocigtion of the-sheet structure, re- V. DISCUSSION AND CONCLUSION

spectively. As temperature increases from 0.90, the aggregate

becomes less stable. At temperature arolindl.15+0.05, In the test of our coarse-grained modelfg®; 4o peptide,

aggregate starts to dissociate. At temperatures higher thame find that the model peptide most resembles the NMR

T4=1.20*0.05 the dissociation completes. structure ofAB4_ 4o peptide around™=0.40. The existence
We can assume that the temperature 0.9 at which the agf an optimal temperature range for protein refolding is also

gregation ofg sheet is observed corresponds to physiologi-observed in experimenf{24] and other coarse-grained mod-

cal temperature 310 K. At this temperature our single modeels [25]. Below T=0.40 theN-terminal region of our model

peptide exists in a random coil conformation, which corre-peptide mostly adopts aa-helical conformation. However,

Temperature
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in the present study of aggregation we are focused on temenergies due to the loss of native contacts and hydrogen
peratures above 0.40 as the peptides are generally partially bonds in between the twe helices of different handedness.
completely unfolded to initiate the aggregation prode. Also, due to the simplicity of the two-bead model, we do

In studies of multiple peptides, we demonstrate that pepnot account for specific structural features A8, _ 4o pep-
tides aggregate into amorphous structdféig. 5b)] around tides, such as the salt bridge between D23 and [RZ8 For
T=0.50 or multiple-layer B-sheet structuregFig. 6(b)] the same reason, we cannot expect to explain the differences
around T=0.90. In the amorphous structures, individual in aggregation pathways betwe&iB, _,o andAB;_ 4, allo-
peptides tend to preserve part of thehelical structure, forms[28], nor study subtle aggregation differences due to
while in the B-sheet structures th@ strands tend to be par- amino acid substitutiong29]. We show that the DMD algo-
allel. Since the @ interaction for anx helix favors the for-  rithm using a simplified peptide model can reproduce the
mation of contacts between amino acidsndi +3, the ag- formation of 3-sheet structures of 28 peptides with free
gregates with a parallel alignment have lower potentialedges for further fibrillization. Our study shows that it is
energies. possible to investigate in detail the aggregation of several

There are caveats due to the simplicity of the two-beadlozens of peptides using DMD simulations and the coarse-
model used in our study. Each amino acid is represented bgrained model for peptide structure. Both the number of pep-
only two beads, which do not allow for an accurate descriptides and the complexity of the modg30] can be signifi-
tion of the backbone. The backbone in this model is toocantly increased within realistic computational constraints.
flexible, which introduces some artifacts into conformationsThus, we regard this study as a first step toward developing a
of aggregates composed of small number of peptides at lowealistic model ofAB peptide aggregation.
temperatures, such as dimers, trimers, and tetramers.

An additional problem is that the chiral symmetry of each
amino acid is not considered in this model. As a result, we
observe twoa helices with opposite handedness. As the
AB1_40NMR structure consists of twa helices and a hinge We thank J.M. Borreguero, C.K. Hall, A. Lam, and S. Yun
in between, there are four low-energy states with combinafor discussions, and the Memory Ride Foundation for sup-
tions of different handedness within the regionaohelices  port. We would like to specially thank E.I. Shakhnovich for
at T=0.40. The conformations with mixed handedness aphis advice and discussions. N.V.D. acknowledges the support
pear with lower probabilities since they have higher potentiabf the UNC-CH Research Council Grant.
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