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Amyloid-fibril formation is often described by a polymerization-nucleation
process. Once a nucleus is formed (highest free energgjaturation into
fibrils is rapid. Often we see amorphous aggregates and antar species prior
to the formation of protofibrils.

Structural characterization of the early oligomers (eg tetramers and
dodecamers of A with the highest toxicity) is a challenging task from both
the experimental and numerical fronts.

They are transient and in dynamic equilibrium between vaious oligomeric
species . The lag phase is salt, concentration and segaefdependent, and
spans a time scale of hours unreachable by all-atom MD simations (1-2fs
timestep).

In the case of A8, monomer is described by random coils and the atomic
fibril model is still under refinement and depends on adiation (strains for
PrP), so standard pathway techniques cannot be used.

To better understand assembly through computer simulationswe must
resort to coarse-grained models.



Four issues using coarse-grained simulations on amytbforming peptides: KFFE,
AB(16-22),82m(83-89), A(11-25), NFGAIL (IAPP fragment), AB(1-40) and AB(1-42)

1. What is the dynamics of self-assembly and the free energy surfaces
for small oligomers (2- to 4-mers: building blocks for larger oligomers) ?

2. What are the mechanisms for oligomer growth and the paths from
random states to fibrils? (4- to 12-mers)?

3. What are the equilibrium structures of full-length AB dimers?

4. How do N-methylated peptides block fibrillogenesis?



Exploring conformations, phase space:

ART-Nouveau OPEP simulations
@ Activation :

* Bring a conformation outside its
minimum;

 Direction is chosen randomly (in a
3N dimensional space);

» Follow this direction until eigenvalue
becomes negative; )

» Push along the corresponding
eigenvector until total force is Malek, Mousseau, PRE, 2000:
approaching to zero (Saddle point); wei, Mousseau, Derreumaux JCP, 2002

@ Relaxation :
* Minimize with Steepest Descent

@ . Conformation is accepted/rejected by Metropolis criterion. not
real T, no time scale, but moves of any complexity, physical paths



MD-OPEP simulations

® \Molecular Dynamics at T constant:
e Berendsen bath (0.1 ps);
o timestep (1 — 2 fs); RATTLE

Derreumaux, Mousseau, J. Chem. Phys 126, 065101-7 (2007).



REMD-OPEP simulations

2ps 4ps 6ps

Dong, Derreumaux, Mousseau, in preparation



OPEP force field

(Optimized Potential for Efficient structure Prediction)

Coarse-grained off-lattice model

between Ca and all-atom representations
Generic model to be used
for structure prediction,
protein folding and protein
aggregation of any sequence: H, O @
and Sc included, parameters are not

tuned according to the problem,

rugged energy surface. @ @

Derreumaux: J. Chem. Phys: 1997,1998, 1999; Phys. Rev. Lett. 2000 ;
J. Chem. Phys. 2003, Structure 2004, JACS 2004, Proteins 2007



OPEP force field: implicit solvent, pH cannot be varied, no
electrostatic charges

Potential for stereochemistry Two-body Potential for one H-bond

- Harmonic terms for bond lengths, bond angles, and mnproper torsions o _ e T aie T 14 9
hh = Erp[D(—) " — 5(?,—) | cos® e
£

o

i

o the O..H distance and a;; the NHO angle.

near their equilibrium values: £y = ¥ K (g - a2,

- Excluded volume-potential @ wiyy v Fag ar, wag se B se

Pairwise Potential between side chains: 20AA, 210 terms Cooperative energy between two H-bonds ij and kl
A 12-6 potential if ;=0 and a 6-potential if ¢;<0 : ] ; n
Esny = eansexp(—(ri; — 0)°/2) exp(—(ri — 0)°/2)

ij and kI must satisfy a-helix and B-sheet patterns

: AN r0\ © ro\°
Escac =& (._ii) =) (j) H(ﬁi_r') &5 (_u) H(—e;)
Fij Fij Fig

How do we optimize the parameters: r® and q, (from structure
analysis), kq (from vibrational modes), the 210 Sc-Sc € terms and
the H-bond € terms (from decoys of 30 proteins with a, B8 and a/f

structures)



OPEP discriminates native from decoys
set | M L Number of Decoys cRMSd (4) Th-score o-helix | H-strand
MD I TH I GR I TOT | min I mar | min | max o o
Full Traming Set

1ABZ 1 a8 49 281 278 GOR 2.6 11.9 .14 (.58 £6.9 H.E2
Betanova A 20 347 299 2E3 930 .7 12.2 .01 0.59 10.36 2387
10V 0 1 45 118 209 275 G602 1.9 13.6 0.16 0.76 35.81 4.91
1E0M 1 ar 59 213 183 451 1.5 12.8 0.14 .82 17.14 17.33
10RC 1 fid 79 #O 262 430 1.9 13.6 0.22 0.92 26.69 20,00
IPGE 1 56 GT 179 289 a3a 1.9 36.9 n.12 0.92 26.57 20.41
1IPGBF 1 16 28 276 300 G604 0.2 11.1 .01 .99 10.31 15.05
LOHEK 1 47 59 LEG Ly 5325 3.3 31.1 0.13 0.7T8 24.22 10.03
15HG 1 57 41 G601 2EG 028 1.3 41.7 .12 (.85 16.99 21.98
1851 1 G0 a0 128 212 430 2.2 13.8 .19 (.85 39.77 4.49
1VII 1 36 45 | 250 | 270 265 1.G 10.9 .13 [.GHE ar.4l 4.33
22 £ G5 30 | 166 | 298 494 2.2 34.0 .11 08T 21.52 16.33
2CRO-fisal 3 ita) 25 - - 525 2.2 12.3 0.23 .99 G1.75 0.02

Full Validation Set
1BBEA - ImdaT 1 a6 - - 5 SO0 1.9 9.2 0.41 .82 47.33 (.00
1CTF - datatet 2 e a - 4 Gl6 0.5 12.5 0.24 .88 33,56 4.09
1CTF latticef 2 e G - - 97T A1 10.5 .25 .51 34.65 0.26
LOTF-Imds! 2 e G - - 489 3.3 15.1 .28 .68 51.28 2116
1CTF-semfoldt 2 e G - - 99a 4.4 9.2 .28 .59 50.70 0.63
1F41 1 45 11519* - “ 11519 0.1 36.9 .12 1.99 4.74 T.aT
1FSD 1 28 B4 | 319 290 G93 1.4 10.7 .13 .80 34.49 4.68
1KHM-semfoldt 1 73 G - “ 098 3.9 7.9 .32 (.58 44.31 2.22
1RE0 1 G3 T2 a9 281 452 0.1 277 .23 .99 46 .81 3.51
1RG9_4atatet 1 63 G - - GT0 0.8 11.4 .25 .94 36.63 0.36
1RGO rosettal 1 61 H = = 098 0.2 14.9 0.27 0.99 G3.13 (.00
1804 CASPat 1 110 a7 = = 213 (.6 565 015 .98 28.19 15.66
1TET-CASPat 1 103 18 = = A 1.8 J8.3 .18 (.88 2269 21.79
1UBLlmdav 27 1 TG Gl - - a6l 2.0 15.4 0.22 .81 15.64 30.44
2CRO-dstatel 3 6o 25 = - GOT 0.1 9.3 0.25 0.99 36.33 0.19
2CRO-Imd=t 3 it 25 - 525 0.1 12.9 0.25 .99 G385 0.06

OPEP and DOPE (Sali et al., IMB 2006) have similargrformances and outperform Rosetta
force field (Maupetit, Tuffery, Derreumaux, Proteins, 2007 in press).
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coarse-graining does not have an uniform
effect on all modes, increases the clock by
1-2 orders of magnitude.

derreumaux, Mousseau, JCP 2007.
M &5



Four examples of ab initio prediction

\_ &Q 1PGB(41-56)
(Wei et al., Proteins 2004)

2y 4

Family 11 AB(Z]_-SO) monomer

Agl @ (Chen et al., JCP 2006)
4 i

Figure 5. Final mean structures for the AR21-30) conformers. The
geometric averaps structure tor each family of the AB21-30) strug-
tures was determined vsing Analvsis {Insightll) and minimized using
Discover {Insightll). The entire hackbone {black) and all residue side
chains are shown. The side chains of residues Glu22, Val24, and
Lys28, are colored red, geay, and blue, respactively.

(Teplow et al., Protein Science 2005)



One local minimum for 6-chains of
AB(16-22): two-layer B-sheets
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Mousseau, Derreumaux, Acc. Chem. Res. 2006



Question 1. Thermodynamics and dynamics for

small oligomers
N

S —
‘—/' ‘E\ ‘K‘} dimer AB(16-22)

4 g

REMD-OPEP, 8 replicas, each
of 50 ns

7 clusters from parallel sheets,
cross conformations,
amorphous and antiparallel
sheets.

Boltzmann probabilities of A-
H: 59%, Pmax (state F) = 21%,
P(G+H)> P(B+A),

Overall 64% RC at 310 K

Wei, Mousseau, Derreumaux, Prion, 1:1-6 (2007)



4-mers of B2m(83-89)
20MD, each of 100 ns at 310 K +
REMD

-> 6 clusters. Amorphous
states share similar H-bond
and Sc-Sc contacts with
amyloid-competent states
(Boltzmann prob: 17%)

0,0 .
1 -> Annular disordered forms
I occur
o, e | .
4 -> Small free energy barriers
= 5.8
' .nmu

60 ‘02 o4 o6 o8 A0

Figure 1: Free enargy sutaces (mkecalmol) of fa2m (85250 at SI0E as a .

fiunction oft [a) movber of terpeptide side-chain cortacts and rmamber Song,Wei, Mousseau, Derreumaux,
of iter-peptide H-bonds, (b) fraction of native irter-peptide side-chain J. Chem. Phys. in revision (2007)
cortacts (Oe) and radois of gyraton (xg) of the backbone Co atoans.
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MD analysis:
10.20 ns 23 zﬁ s 23 04 ns Species are in dynamic equilibrium
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Figure 3. Three MD-OPEP simulations at 310 K starting from a
randomly chosen state (Run 1 and Run 2} or the ring-like state

generated by Run 1 (Run 3). Repressentative snapshots are shown J. Chem. Phys_ in revision (2007)
between 0 and 100 ns.

Song,Wei, Mousseau, Derreumaux,



open and closed ring-like
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Figure? Transitions and rates (in nel) between the four most populated
predicted topologies at 310 K. The [F-sheet composition 15 not constant
within each topology, and owerall the population of [-sheet for all
conformations 15 42% (ws. 28% of random cedl) by using the DESE
prograrm “® For simplicity, we only show the parallel bilaver P-sheet (but
orthogonal [7-sheets exst), and the monclayer P-sheet with parallel chains
(but  warious H-bond registries  and  mized parallelfantiparallel
orgamzations exst).

Timescales within 100-500 ns by all-atom MD



Question 2: Paths and mechanisms from random
to fibrillar-like states (3-mers to 12-mers).

Two elementary oligomer growth
mechanisms:

1. Reptation move.

2. Dock and lock.



1. Reptation mechanism

A) 2 el B) e )
Shaed Chain 1 / \ 2
D) a3
Rep-tation
chain 1 AB(16'22)
F)1o00 & ® © '(ij' | “i: '
% i T _
2 50 TR - -ll" Qi |“L’|1|H“'ﬁ"' J'WM Santini, Mousseau, Derreumaux
Ty iy \ IACS, 2004
oI, 1 -
0

4000 8000 12000
Event number

Reptation move observed by ART-OPEP consistent witlsotope-edited IR
spectroscopy study on B(16-22) (Petty and Decatur, PNAS 2005).



2. Dock and lock process

4AB16-22, MD-OPEP, timescale: ~100 ns
Derreumaux, Mousseau, JCP 2007.



A two-step aggregation mechanism

Closed B—hﬂl‘l'El Orthogonal
B-sheets

Random Amorphous f J’ } — -
‘ul\ ‘
' \

\‘
.

"“”“_NI\AL a _{; . I

} :
\ y,
* Rapid from B-barrel and > "h\‘

1 1 B > v \h‘\ﬁq“
slow from f-sheets L J‘ ‘#‘ - - \x""“
Parallel B-
Open B-barrels sheets

Fig.2 A generic aggregation picture derived from ART- and MD-OPEP simulations.
Starting from a randomly chosen state, the peptides form amorphous aggregates. From
there. the outcome changes with the oligomer size (OS) and chain length (L).

For OS <9 and L < 8, rapid aggregation proceeds directly to ordered (-sheets or
indirectly through E-barrels. The double arrows indicate reversibility. For larger OS or
L. aggregation into (-barrels and ordered p-sheets 1s very slow and rare.

Models: KFFE, A(16-22),82m(83-89), AB(11-25), NFGAIL from 4-mers to 12-mers.



B-barrel: a non-obligatory intermediate

7 chains of p2-microglobulin (83-89):
MD-QPEFE, 310K, 5 ;5 timescale~500 ns
This barrel intermediate has never been detected experiemtally. Question:

Impact of all-atom force field and explicit solvent? Next: GROMOS-SPC,
REMD, 16 replicas of 60 ns.



Figure 7. Representative structures of the sampling. a) elliptic barrels. b) open barrels. ¢} amorphous aggregates. d)
i-chains bamels. The main chamn is shown by sticks and cyan ribbons. Yellow Van der Waals spheres represeats the
hydrophobic residues.



The B-barrel is also found in equilibrium with the
steric zipper!!

Parallel B-sheets

Orthogonal [3-sheets

Figure 8. Steric zippers. a) Parallel beta-sheets. b) Orthogonal beta-sheets.

A. De Simone, P. Derreumaux, in preparation



Question 3: What are the equilibrium structures of
full-length AB dimers?

. FRET and gel filtration chromatography suggests sthle dimers
at low concentration (Glabe et al., JBC, 1997)

. Formation of the loop 23-28 might nucleate folding oAp
monomer (Teplow et al., Prot. Sci., 2005) and be thate-limiting
step in AB fibrillogenesis (Meredith et al., Biochemistry, 200%

Microscopie électronique RMN 13C 2D

Structure des fibres amyloides
D'aprés R. Tycko et al.
Curr. Op. Struct. Biol. 2004, 14:96-103




REMD-OPEP AB(1-42)
32 replicas between 300 and 700 K, 120 ns/replica

- 20 clusters with Prob between
0.10 and 0.02.

- Averaged B-sheet: 0.2, a-helix:
0.05 vs. exptl: 10-20%, <10%

- Probability of Glu22-Lys28 and
Asp23-Lys 28 contacts:

intra: 0.36 and 0.42,

inter: 0.14 and 0.24

—>These salt bridges formin a
minority of structures and can act
as a seed in higher-order species.

- But fibril formation requires Lys28
tobe buried. Tarus et al. estimated a
free energy cost of 7 kcal/mol.

FIG. 22 Dimers of AZ42. The four maost populated REMD-OPEP structures are essentially random 9 We p ropose th at th € form at IO n Of
a multimeric beta-sheet spanning

Asp22-Ser2f and a Fsheet at Ala2-Argh in both chains: (b} two parallel S-strands ab positions amino aCIdS 17_21 IS an ContrIbUteS

11-14; ie) two short parallel G-sheets 1o the terminal rezidues and (d) a short a-helx at pomitions to the rate_llmltlng Step

coil in character, but display local structures: (a) short a-helices at positions Glu23-Asn27 and

=1y 21-S2r26 in chain 1 and a thres—stranded parallzl Fsheet. Chain 1 15 in green, chain 2 in yellowr.
Besidues 2-5 are colored in blue, residues 17-21 in purple and residues 22-28 in red. The pomitions
of the side chains of Phel®, Glu2? and Lys28 are indicated by halls.

Melquiond, Dong, Mousseau, Derreumaux, Current Alzhaner Disease, 2007



Question 4: Inhibiting mechanisms of NME-A316-22
Ac-K-(NmeL)V(NmeF)F(NmeA)E-NH,

=
2
E“g, AB1s.22
fay ™
= 1 -
4 s 12 16 20
End-to-end distance
=
2
~.  1NMe-AB16-22
u-l=
= =
m1—|
=4
=
m'=
= ol ‘
::'l' -
4 8 12 16 20

End-to-end distance

Ultracentrifugation and CD suggest
NMe-AB(16-22) is monomeric
and a-strand (Meredith, 2001).

MD-OPEP : (RC, B-strand) % =
(75, 25) in wt and (10, 90) in inh

Figure 2. Histograms of the end-to-end distances of APz and Nhie-

APrgm at 300 K.



As a first step towards studying the dynamics of
the interactions between fibrils and inhibitors:

6 chains of B, ,,(Wt)

6 chains of 8,5, (wt) + 4 chains
of N-methylated 8, ,,(inh)
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Properties of the N-methylated chains
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15000
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30000

End-to-end distance Time (ns) Time (ns)

P2 (nematic order parameter) describes the orientdtowdar of the system
and discriminates between ordered and disordered contiomsa

N3, ok 1 .
Z_ ZI m —— Z. =end-to-endmoleculawector
. ? N =numbeiof molecules thesimulationbox

d =unit vecto definingthepreferredlirection

N
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Interaction sites




Conclusions

. Free energy surfaces of 4(-7) mers reveal all theansient oligomers reported
experimentally for large proteins. The low populationof fibril-like states indicates the
nucleus associated with fibril growth is larger than 4-(7¥mers for peptides. Sequence-
dependent must be however considered

. Fibril formation is a two-step mechanismdominated by both H-bonds and hydrophobic
interactions in the early steps (amorphous states) anithen by H-bonds in the late steps
(barrel or fibrillar-like).

. The region 23-28 does not drive folding of B42 dimers, formation of a multimeric sheet
at positions 17-21 is a very important factor contribding to the rate-limiting step.

. Simulations indicate longitudinal and lateral asso@ations between oligomers and
inhibitors blocking fibril extension, but destabilization of fibrils is a slow process.

We are currently studying tetramers and dodecamers of AP(125-231) 40 and AB42.
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