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Abstract: Recent studies suggest that soluble oligomers of amyloid-forming peptides have toxic effects in
cell cultures. In this study, the folding of three Alzheimer’s A 1622 peptides have been simulated with the
activation—relaxation technique and a generic energy model. Starting from randomly chosen states, the
predicted lowest energy structure superposes within 1 A rms deviation from its conformation within the
fibrils. This antiparallel structure is found to be in equilibrium with several out-of-register antiparallel 5-sheets
and mixed parallel—antiparallel g-sheets, indicating that full structural order in the fibrils requires larger
aggregates. Folding involves the formation of dimers followed by the addition of a monomer and proceeds
through a generalized mechanism between disordered and native alignments of §-strands.

I. Introduction compositiond, it is important to understand at an atomic level
the mechanisms responsible fof3 peptide assembly. These
efforts could lead to a more efficient design of new inhibitors.

It has been suggested, using circular dichroism spectroscopy
and electron microscopy, that intermediate oligomeric states with
a-helix character could be key intermediates in fibril assembly
of several 48142 and AB1—40 variants!®—12 Other studies, using
gel electrophoresis, size exclusion chromatography, light scat-
tering, and photoinduced cross-linking of unmodified proteins,

believed th | i . ds th h th indicate that the size of the nucleus is system-dependent within
elieved that polypeptide aggregation proceeds through they, nucleation-growth kinetic mod&14 Polymerization starts

formaﬂg_n r?f tran3|ebr|1t (_thermodynamtl)(lzallyl_unstable) mtermeflk with the formation of pentamer/hexamer units (paranuclei) for
?)tes Whlc assem ? _|nto Tore sétahe 0 |gonr:erfs (par?Eu_lc ?')'Aﬁl_n,l“ whereas the oligomer size distribution is a mixture
nce these paranuclel are formed, the growth of protofibrils is ¢ monomers, dimers, trimers, and tetramers in rapid equilibrium

rapid, followed, eventually, by a maturation into amyloid fibfils. for AB1_40t° and of dimers and tetramers in rapid equilibrium
Surprisingly, recent in vitro and in vivo studies indicate that for ABra_2a15

both soluble3 oligomers and insoluble Afibrils are cytotoxic
Since such soluble aggregates may also be involved in other
neurodegenerative disea%eésand apparently share a unique

common structural feature, independently of the amino acid

Alzheimer’s disease is characterized by the deposition of
amyloid fibrils sharing a common crogssheet structure with
p-strands perpendicular to the fiber axis ghdheets propagat-
ing along the direction of the fibérZ One of the major
components of the plaques is a small peptide known as
amyloid{3 (AB) peptide with 40 (AB1-40) or 42 (A 51-42) amino
acids, which is produced through endoproteolysis of the amyloid
B protein precursor, a type | integral membrane protdinis

Several simulations of amyloidogenic peptides have been
reported. Nussinov and collaborators studied possible multilayer
[B-sheet oligomer organizations of several peptides by high-
temperature molecular dynamics (MD) simulations in explicit
water. These peptides include the Alzheimer's fragments

T Information Geomique et Structurale.
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fragment of Syrian hamster prion protéfiTiana et al. extended  energy model (version 1.3), which includes solvent effects implicitly,
further this approach by calculating the free energies of dimers, is expressed as a function of three types of interactions: excluded-
tetramers, and octamers of th@A»g peptide!® These studies volume potential between all particles and quadratic potentials for

provide energetic insights into different arrangements but do maintaining stereochemistry (bond lengths and bond angles connecting
not explain the assembly process. all particles and improper dihedral angles of the side chains with respect

Harrison et aP° and Dima and Thirumala explored protein to the backbone), contact potential between side chains represented by

aggregation and self-propagation using Monte Carlo simulationsa 12-6 potential if the interactions are hydrophobic in character and

flatti . dels. Thev f dth hai | o by a 6-potential, otherwise, and backbone two-body and four-body
ot lattice protein models. They found that chain polymerization (cooperative) hydrogen bonding interactiéh& This generic force

IS .CQnS'Stent with template assemlbly’ with the dimer '?e'”g the field, optimized on the structures of short monomeric peptides but not
minimal nucleus. Gsponer et al. simulated the dynamics of the og, has been used in ART or another Monte Carlo-based method to
heptapeptide GNNQQNY from the yeast protein prion into predicting the native structures of small proteins adopting a wide range
trimers using the CHARMM force field and a solvent-accessible of topologies in solutiod®3335 These topologies inclugg-hairpin236
surface mode?? They found that the preferred pathway for a three-helix bundi& and twop-hairpins packed against a heliamong
trimer packed in a parall@-sheet conformation is not associated others.

to a downhill free energy profile because of the existence of ART is designed to explore efficiently the space of conformations
mixed parallet-antiparallels-sheets and parall@-sheets with while producing a physical trajectory composed of fully connected local
different hydrogen bond (H-bond) patterns. Finally, two folding minima separated by first-order saddle points; such a trajectory cannot
simulations on /8162, have yielded conflicting results on the be obtained by methods such as multiple tempering, for exathple.
nature of the intermediates. Obligatomyhelix intermediates ART focu;es on the activgted eyents which bring the protein frgm one
were found by all-atom MD simulations on the trimer in explicit  conformation to another, ignoring the time spent by the protein as it
solvent? However, the criteria used for assigning the secondary vibrates thermally around a me taStab.le minimtAS a result, ART
structural elements within the MD-generated structures were generates with the same efficiency simple or complex moves with low

t standard d th imulati d bias to facilitat or high energy barriers. A basic ART event consists of four stéps:
not stanadard, an € simulations used a bias 1o Taciitate starting from a minimum, the system is first distorted along a direction

mteractlons between the p_eptldes. .In contrgst, our work On &aen at random in the 3N-dimensional space. The distortion is slowly
dimer, based on the activationelaxation technique (ART) and  jncreased until the lowest eigenvalue in the Hessian matrix representing
the generic OPEP (Optimized Potential for Efficient peptide- the curvature of the energy landscape becomes negative. The system
structure Prediction) energy model, showed that there areis then pushed along the eigenvector associated with the negative
multiple folding pathways for dimer formation but that inter- eigenvalue, while the energy is minimized in the hyperplane perpen-
mediates containing 30%-helix are not obligatory#25 dicular to this direction until the total force on all atoms vanishes,

In this study, we perform ARFOPEP folding simulations indicating the convergence to a first-order saddle point. Subsequently,
of the trimer of AB16-25, Ac—KLVFFAE—NH, (i.e., blocked the system is pushed slightly over the saddle point and is relaxed
with acetyl and amide groups as done experimer®ligs (min_imi;ed) to a new _minimum_. Finally, the nevyly g_enerated config-
described in previous repoé2We recognize that the residues u.ratlon.ls accepted/rejected using the Metropolis criteffolll ART
30—35 and the length of the C- and N-termini are important simulations presented here were conductedigiepals = 600 K for
kinetic determinants for A peptides polymerizatioh2728 12 000 events. Since ART only considers conformations in their local-

. e energy minima, th&yvewopolisdoes not correspond to a real thermal bath,

Nonetheless, Bis—22 is one of the shortest fibril-forming

i . and the effective temperature is therefore significantly lower than this
f-amyloid fragments yet report&tand thus an ideal probe for  mper. Furthermore, we have shown on a 26-residue peptide model

understanding the early steps of aggregation at an atomic leveknat ART trajectories are very similar @yeropois Set to 300 and 600

by computer simulations. Furthermore, almost all occurring K, but the use of high temperature reduces the chance of being trapped
Alzheimer’s disease-causing mutations iAo cover the in a local minimum within the alloted number of ART evefts.

region 16-22, namely A21G, E22Q, E22K, E22G, and D23N;  The impact of the details of the OPEP force field on the ART
and several peptides derived from this region, e.g., KL¥FF trajectories and energy barriers crossed has been discussed else-
and LPFFD3:31 block amyloid fibril formation in vitro. where?53 Despite limitations in OPEP (side chains are represented
Il. Materials and Methods by sites an_d splvent is treated implicitly), previous tests on a heIix_modeI
and af-hairpin model have shown that the ARDPEP trajectories
follow closely those obtained by all-atom folding and unfolding
simulations using more complex and physically based energy models

(17) Zanuy, D.; Ma, B.; Nussinov, RBiophys. J2003 84, 1884-94. with explicit solvent, although no previous method had managed to
(18) Ma, B.; Nussinov, RProtein Sci.2002 11, 2335-50.
(19) Tiana, G.; Simona, F.; Broglia, R.; Colombo, &.Chem. Phys2004

ART —OPEP Simulations.For each chain, all backbone atoms are
included and all side chains are modeled by a [Fé&tThe OPEP

120, 830717. (30) Soto, C.; Kindy, M.; Baumann, M.; Frangione, Biochem. Biophys. Res.
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Figure 1. Initial structures for ARF-OPEP simulations. The N-terminal end of each chain is located by a sphere. Figures were produced using the MOLMOL
package? The structure is used (A) in runs U3-1 to U3-5, (B and C) in runs U2H-1 to U2H-5, (D) in runs N2H-1 to N2H-5, (E) in runs N2U-1 to N2U-5,
and (F) in the run N3. Here, the notation run X8¢ X2Y-i refers to theath run where the number of chains X (3 or 2) are U (unfolded) or N (native) and

the chain Y is U or H ¢-helical).

detect all pathway%:3® The ART-generated trajectories provide process of a trimer, which allows us to identify, among others,
therefore a detailed picture of possible assembly mechanisms.  the basic steps of oligomeric growth. Figures 2 and 3 show the
In this work, we have selected to run 21 ART simulations starting predicteds-sheet registries and atomic models of the trimer by
from six distinct states and using different random-number seeds. Theclustering the low energy conformations generated by all
starting structures include three unfolded.chams in ran_domly c_hosen simulations using the £root-mean-square (rms) deviation and
orientations (Figure 1A), two unfolded chains and enkelical chain pattern of H-bonds. The secondary structure composition of each

(Figure 1B and C), a-helix perpendicular to the native antiparallel df d ined usi h
B-sheet (Figure 1D), a disordered chain above the plane of the native ART-generated frame was determined using the DSSP pro-

antiparallel-sheet (Figure 1E), and the native or NMR antiparallel gram?? All patterns of intermolecular H-l_)OI:]dS are compared
S-sheets (Figure 1F). This ensemble of structures allows us to verify tO t_he NMR solid-state pattern of the fibril at pH 7%an
that the simulations locate the lowest-energy arrangements, indepen-antiparallels-sheet structure with a 16 k < 22 — k 5-sheet

dently of the initial orientations and conformations (random eoihelix registry, i.e., intermolecular H-bonds between residues-16
andg-strand) of the chains, and to determine the differences in folding and 22— k of adjacent chains, witk = 0, 2, 4, and 6, and the
mechanisms with a dimer formed. C=0...HN and NH..G=C H-bonds formed.

MD Simulations. Here, MD simulations were carried out to verify

the stability of three ART-predicted conformations. These were - - - . g g
three equienergetic antiparalj@lsheets with distinct registries
performed in the canonical NPT (number of partietpsessure- N g P Jel g

; of H-bonds. Theseg-sheets lie betweer-87 and—88 kcal/
temperature) ensemble at neutral pH for 20 ns using the program . . . .
GROMACS and the energy function GROMOS96Each all-atom mo_l. The first a_lllgnment (A1), referred to as native, is the NMR
model was solvated in a dodecahedric box with a 40 A side with00 solid-state antiparallgd-sheet structure with a 16 k — 22 —
SPC (simple point charge) water molecules and simulated using periodicK registry. The structures, obtained from the runs U2H-1 (two
boundary conditions. The temperature was kept close to 330 K, and disordered chains and one chain helical) and N3 (the NMR
the pressure, to 1 atm by weak couplings to external baths with standardsolution), deviate by 1.2 A rms from each other (Figure 2A).
constant times of 0.1 and 0.5 ps, respectively. This thermal bath The second arrangement (A2) consists of a dimer in its native
corresponds to the experimental temperature often used to inCUbateconfiguration with the thirg3-strand shifted by one residue in
amyloids. The SHAKE algo_rithm was used allowing an integration time the NH2 direction from native alignment. This non-native
step of 2 fs, and the Particle Mesh Ewald method was used with @ g gister of H-honds is attained in five runs starting either from
cutoff distance of 12 A for the electrostatics interactions. three disordered chains (runs U3-1 and U3-2) or a helical chain
IIl. Results and Discussion perpendicular to a dimer (runs N2H-3, N2H-4, and N2H-5).
The five predicted structures have a mean rms deviation of 1.6
A (Figure 2B). The third arrangement (A3), obtained from two
disordered chains and one helical chain (run U2H-2), ressembles
the native one, except that the thifdstrand is displaced by
one residue in the acetyl direction with respect to native
alignment (Figure 2C).

Analysis of the results shows that 35%() of the runs locate

In-Register vs Out-of-Register Antiparallel f-SheetsIn a
recent report, we have shown that the peptidéicls, is
disordered and essentially a random coil in its monomeric form
using OPEP and that thefAs2> dimer prefers an antiparallel
orientation?> We also found that the assembly of a dimer can
follow many paths, many of which involve a reptation of one

monomer with respect to the other, a mechanism also seen for Since there is no experimental e_vidence that a_three-c_hain A
a -hairpin, for exampl@s Here, we focus on the assembly P16 — 22 system would bes-sheet-rich structured in solution,
the three all-atom arrangements (A1-A3) were subject to 20-ns

(41) Berendsen, H.; van der Spoel, D.; van DrunenCBmp. Phys. Commun.
1995 91, 43-56. (42) Kabsch, W.; Sander, @iopolymers1983 22, 2577-637.
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Ac—KLVFFAE—-NH2 Ac—KLVFFAE-NH2 Ac—-KLVFFAE-NH2
m mw mnn m mw i n m m mn n
NH2-EAFFVLK-Ac NH2 -EAFFVLK-Ac NH2-EAFFVLK-Ac
mn mnn m n_n mmn n
Ac—KLVFFAE-NH2 Ac—-KLVFFAE-NH2 Ac-KLVFFAE-NH2

D)

RMSD (A)
oN A O @

Time (ns)

Figure 2. Lowest-energys-sheet registries formed byfA6—22, as predicted by ART simulations. The hydrogen bonding interactions are in blue within
the models and representated by double vertical bars in the registries. Structure A corresponds to the NMR pattern in the fibril (A1 arrangement), and
structures B and C refer to the non-native A2 and A3 arrangements. The superposed structures in parts A and B result from independent runs, as indicated

in the text. (D) The evolution of the RMS deviations (in A) of the all-atom arrangements A1, A2, and A3 from their minimized structures by 20 ns MD
simulations at 330 K in solution.

AC—lI(ILYIF::IAE—NH2 AC—II(IL\IJ:FEAFI—NHE AC—KhVﬁFﬁE—NHZ
NHZ-EAFFVLK-Ac NH2Z-EAFFVLK-Ac NHZ-EAFFVLK-Ac
m nu mn u m m u
Ac-KLVFFAE-NH2 Ac-KLVFFAE-NH2 Ac-KLVFFAE-NH2

Ac-KLVFFAE-NH2 Ac—KLVFFAE-NH2 Ac—KLVFFAE-NH2
n o n un NINZN/N
NH2-EAFFVLK-Ac NH2-EAFFVLK-Ac Ac-KLVFFAE-NH2
m n u m m n nm o n
Ac—-KLVFFAE-NH2 Ac—KLVFFAE-NH2 NH2-EAFFVLK-Ac

Figure 3. All-atom S-sheets of higher energies formed by¥6—22, as determined by ART simulations. Registries A to E are antiparallel in character,
whereas registry F mixes parallel and antiparallel strands. The superposed structures in A, B, and F result from independent runs.

MD simulations at pH 7 and 330 K in explicit solvent. Figure the time scale of these simulations is many orders of magnitude
2D shows theC, RMSD of the three models from their shorter than that in test tubes, but such a time scale is still
mimimized energy structures as a function of time. We see that beyond current computer facilities in explicit solvent. Taken
the native (A1) and non-native (A2) alignments remain stable together, these simulations covering 60 ns suggest thaf 4

and behave similarly within the 20 ns time scale, although one trimers are likely to be5-sheet ordered in solution at neutral
strand may momentarily unfold in A2 (peak at 16 ns). In pH.

contrast, the model associated with the non-native A3 alignment The other 13 simulations evolve over 12 000 ART events
shifts from a trimer to a dimer after 5.5 ns. We recognize that into organized structures that do not correspond to one of the

11512 J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004
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Figure 4. Analysis of the ART folding trajectory U3-2. (A) RMSD in A; (B) energy in kcal/mol; (C) orientatiorig) @f chains 1,2 and chains 2,3; (D)
end-to-end distances of the three chains in A; percentage of non-native H-bonds (E) and native H-bonds (F) between chains 1 and 2 and between chains 2
and 3; (G) percentage of native contacts between the chains; and (H) percentage of secondary structures. For clarity, the results are giveundtil the g

state is located. Only accepted events are shown.

three lowest-energy conformations. From tests, we know, antiparallels-sheets with 1Fk < 20- k registry at pH 7.4 vs
however, that these runs would eventually reach the three 174+k < 22- k registry at pH 2.42 Naito et al. found a pH-
equienergetic arrangements if they were contint¥eihese dependent antiparall@-sheet registry in fibrils formed by the
metastable conformations, lying betweemr9 (run U2H-5) and 32-residue human calcitonin, and that the fibril structure shifts
—85 (run U3-3) kcal/mol, consist of antiparall@-sheets with from antiparallels-sheets at pH 4.1 to a mixture of parallel
out-of-register H-bond interactions, mixed paralahtiparallel and antiparalleB-sheets at pH 3.3
B-sheets, and unfolded conformations. The out-of-register  Several Folding Trajectories but One Unique Mechanism.
antiparallel aggregates include one native dimer with the third The assembly process was monitored using several variables.
p-strand partially formed and displaced by two or three residues These are the total enerds, the G, rms deviation from the
(Figure 3A and B, runs N2U-4 and N2U-5), trimers where the lowest energy arrangements, the scalar proddigt between
central 5-strand has been moved by one residue (Figure 3C, the end-to-end unit vectors of chainandj, the end-to-end £
run N2H-2) or trimers where twg-strands were moved by  distances of each chaiDEi), the percentages of native contacts
several residues (Figure 3D-E, runs U2H-5 and U2H-4). The (QCij) and native H-bonds@HBij) between the chains, and
mixed 3-sheets £ = —85 kcal/mol) include one parallel strand  the percentages of non-native H-bonds between the chains. Two
packed against two antiparallel in- (or out-of-) register strands side chaing andl, of van der Waals radirk andRI,32 are in
(Figure 3F, runs U3-4 and U3-5). native contact if they deviate by less thek+ Rl + 1 A from
Overall the energy surface we find, with low-energy in- their positions in the native state. Since the 7-mer peptide
register and out-of-register antiparall@tsheets or mixed  contains LVFFA, QC follows essentially the formation of
parallel-antiparalle|3-sheets, ressembles that provided by recent hydrophobic interactions. In what follows, chain 2 is the central
MD analysis on a protein prion fragment, although the latter strand within the native state.
peptide prefers in-register paralj@isheets? These combined Figure 4 offers a detailed description of the folding trajectory
studies suggest that the energy gap among in-register, out-of-y3-2. Starting from disordered states (rms deviation 5 A), chains

register, and mixed alignments is rather small, independently 1 and 2 rapidly form an antiparallgl-sheet with non-native
of the exact amino acid composition and that external conditions

such as concentration, temperature, and pH can easily shift ong43) petkova, A.; Buntkowsky, G.; Dyda, F.: Leapman, R.; Yau, W.; Tycko, R.

: i o ; ; i J. Mol. Biol. 2004 335, 247-60.
pB-sheet registry to another. This is consistent vv_|th_NMR solid (a4) Naito, A: Kamihira. M.. Inoue, R.: Saito, Hdagn. Reson. Cherg004
state analyses. Petkova et al. showed that:A s fibrils adopt 42, 247-257.
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Figure 5. Analysis of the ART folding trajectory N2H-5. (A) RMSD in A; (B) energy in kcal/mol; (C) orientatidh2) of chain 1 with respect to chain

2, (D) end-to-end distance of chain K1) in A; percentage non-native H-bonds (E) and native H-bonds (F) between chains 1 and 2; (G) percentage of
native contacts between chains 1 and 2; and (H) percentage of secondary structures. For clarity, the results are given until the ground statnit$ locate
the variables associated with chains 2 and 3 are not given because the dimer 23 is native throughout the run. Only accepted events are shown.

H-bonds (Figure 4E), whereas chains 2 and 3 are parallel for Figure 5 reports the assembly process of run N2H-5 starting
almost 5000 eventsi23 = 1, Figure 4C). At event 2990, by a  from a dimer of chains 2 and 3 with the remaining peptide in
reptation move of one residue of strand 1 with respect to stranda helical conformation@E1 = 10 A, rmsd= 5.5 A,E = —62.6

2, dimer 12 adopts its native H-bond pattern (Figure 4¥}12 kcal/mol). Very similar results are obtained from N2H-3 and
and QHB12 increasing simultaneously to 80% and 100%, N2H-4. The helix rapidly relaxes to an unfolded state (event
respectively (Figure 4F and G). From 3000 to 5000 events, the 32, Figure 5H) and within 500 steps, a non-native trimeric state
system remains within the same basin of attraction, and thenis formed (Figure 5E). At event 500, chain 1 is neither fully
chain 3 starts to rotate with respect to the dimer. Between eventsextended DE1 = 9.3 A, Figure 5D) nor antiparallel with chain
5390 and 5619423 is 0, indicating a perpendicular arrangement 2 (d12= —0.5, Figure 5C) and makes four non-native H-bonds
of chains 2 and 3. This transition is made possible by the with the dimer. Then, at event 550, the reptation move of chain
cooperative motion of the three chains, as deduced by thel breaks the four non-native H-bonds (Figure 5E) and form
variation of the end-to-end Qdistances, and by the unfolding almost simultaneously the native pattern of H-bonds and side-
of chain 3 DE3 = 5.4 A at event 5551, Figure 4D). At that chain contacts. As seen in Figure 5F and @HB12, QC12)
point, the trimer is still not fully formed: 1 native H-bond is = (0, 20%) at event 555 vs (100%, 90%) at event 615. Finally,
formed within the dimer23 [between F20 of chain 2 and V18 the system finds its ground state at event 1585.

of chain 3] andQC23 = 20%. But, from there, the system Figure 6 shows some representative snapshots of the run
rapidly propagates the H-bonds in both directions and reopti- U2H-1 starting from chain 3 helical and two chains disordered
mizes simultaneously the interface within the dimer 12, as seen(Figure 6A). During the first 600 events, chain 3 remains helical
from the cooperative increase of &IC and QHB variables to (Figure 6F) and folding starts by the formation of dimer 12
their optimal values. Large variations in the assembly trajectories with non-natives-sheet registry (Figure 6B). Between events
can occur using the same initial conformation and a different 600 and 2500, chain 3 loses progressively its helical character
random-number seed. In run U3-1, the dimer 12 forms first as and makes non-native hydrogen bonds with the dimer (Figure
in run U3-2, but chain 3 goes directly to the antiparallel 6C). This non-native trimer is conserved until event 5530 where
configuration. This facilitates convergence to the ground state, the reptation move of chain 3 allows the system to explore the
and the optimal antiparallgl-sheet is reached at event 639 vs arrangement A2 (Figure 6D). This conformation is retained
5674 in run U3-2. between events 5530 and 11111, i.e., until the reptation move
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of chain 1 switches the trimer from the arrangements A2 to A1 Recently, it has been suggested by CD analysisatHatlical
(Figure 6E). The ground state is reached at event 11 398. conformations could be key intermediates in fibril assembly of
As expected from previous Monte Carlo simulations of lattice Several A81-s, and AB1—4o variants!®*2 This feature has also
amyloid-forming protein modeR9;2! discontinuous MD simula- ~ been advocated by biased MD simulations simulatfSry
tions and Langevin dynamics simulations of multiple chains following the secondary structure composition using the DSSP
favoring the native state with a Go-energy motfe# our program?? we find thata-helical intermediates are encountered
unbiased simulations follow one unique mechanism describedin the run U2H-1 (between 1550 and 1780 steps, as seen in
by monomers— dimers+ monomer— trimers. In addition, Figure 6) but not in the other 5 folded trajeCtOfieS and the 13
the template reaction (N2 U — N3) occurs on average more unfolded trajectories. This result raises questions regarding the
rap|d|y than the Spontaneous reaction (U»a\]3) Within this role of theseo-helical intermediates in ,@‘1*40' It remains
mechanism, however, our ART simulations show that the POssible that they are off-pathway, as it has been suggested for
folding routes involve non-native dimers during the &3N2 the soluble-rich oligomers during the assembly process of
+ U reaction and non-native trimers in the subsequent step. Prion proteins under destabilizing conditioffs.
The exchange between non-native and native dimers is rather )
fast, on average within 2500 steps. We emphasize that even'V: Conclusions
the 13 unfolded trajectories explore a native dimer. In contrast,  ypderstanding the mechanism by which amyloid-forming
the exchange between non-native and native trimeric alignmentspeptides form protofibrils is an important step toward designing
takes place rapidly in the folded trajectories but is not effective drugs. To address this issue, we have studied the
encountered in the unfolded trajectories within 12 000 events. fo|ding assembly of three chains of thed# »» peptide using
This finding suggests that the reptation move of one strand with ART—OPEP simulations. These are not biased toward specific
respect to the native dimer, i.e., the breaking of almost all-native stryctures and generate activated mechanisms responsible for
H-bonds at once in order to form the native H-bond registry, is the |ong-term dynamics of the system. Because of the ap-
the rate-limiting step during the assembly process. The observa-proximations in the chain and solvent representations, we do
tion of this reptation mechanism in a three-chain system is not ot expect the present trajectories to reproduce exactly the
totally surprising. It is a fundamental movement in polymer experimental reality, which requires several days in test tubes.

chains and fluorescence microscopy shows that myosin canngnetheless, our trajectories show several interesting features.
induce the reptation of actin filaments when adenosine tri- First one stable structure for trimers is related to the

plgosphe;tle dis_addﬁd.lnterestg?gly{ tr? Is m.OtiT has alsg g‘igg experimentally determined structure for fibrils, but full structural
observe qungt € assemuly 0 t e prion fragment Pr order in fibril requires larger aggregates. We find that the three-
122 in solution by isotope-edited infrared spectrosctpy.
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chain system cannot distinguish between the fully in-register existence of kinetically trapped alignmentsb$§trands during

antiparalle|s-sheet, as determined by NMR solid state, and out- the folding process, which can be surmounted by the reptation

of-register antiparalleb-sheets. move of one strand with respect to the others. The observation
Second, the existence of various antipargfledheets and of this mechanism between disordered and native alignments

antiparallet-parallel trimers help explain the observed depen- is consistent with a recent isotope-edited IR spectroscopy study

dency of3-sheet registries of several amyloidogenic peptides on a prion fragmeri# and might be a generalized process in

on pH conditiong’*#4 Furthermore, they are likely to provide the early steps of A aggregation.

an ideal pool of preaggregated material for larger oligomers and

thus may facilitate the formation of a rich variety of protofibrils. Acknowledgment. Stbastien Santini is supported by the
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by the addition of a monomer. Further analysis reveals the JA047286I

11516 J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004



