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Abstract: An increasing number of diseases, including Alzheimer’s, have been found to be a result of the
formation of amyloid aggregates that are practically independent of the original primary sequence of the
protein(s). (Eakin, C. M.; Berman, A. J.; Miranker, A. D. Nat. Struct. Mol. Biol. 2006, 13, 202—208.)
Consequently, the driving force of the transformation from original to disordered amyloid fold is expected
to lie in the protein backbone, which is common to all proteins. (Nelson, R.; Sawaya, M. R.; Balbirnie, M.;
Madsen, A. O.; Riekel, C.; Grothe, R.; Eisenberg, D. Nature 2005, 435, 773—778. Wright, C. F.; Teichmann,
S. A,; Clarke, J.; Dobson, C. M. Nature 2005, 438, 878—881.) However, the exact explanation for the
existence of such a “dead-end” structure is still unknown. Using systematic first principle calculations on
carefully selected but large enough systems modeling the protein backbone we show that the f-pleated
sheet structure, the building block of amyloid fibers, is the thermodynamically most stable supramolecular
arrangement of all the possible peptide dimers and oligomers both in vacuum and in aqueous environments.
Even in a crystalline state (periodical, tight peptide attechment), the 5-pleated sheet assembly remains the
most stable superstructure. The present theoretical study provides a quantum-level explanation for why
proteins can take the amyloid state when local structural preferences jeopardize the functional native global
fold and why it is a S-pleated sheetlike structure they prefer.

Introduction correct conditions, practically any protein investigated could be
trapped in a toxicf-layer form21011.12 Thys, the folding
propensities encoded by the protein side chains have apparently
little or no impact on the formation of the aggregé#é1Also,

as a recently proposed backbone-based theory of protein folding
emphasizes, the energetics of backbone hydrogen bonds domi-
nate the overall folding proceSseven for “normally” folded
proteins. Thus, strong backbonkackbone interactions (pri-
marily interchain hydrogen bonds) that are well pronounced in
pB-strands are expected to be the driving force of amyloid-like
aggregation, leading to a folding dead-end.

In this work the following three issues are addressejithé
stability of S-strand aggregates relative to other secondary
structure elements (e.g., aggregates of helicesyyliy 5-strand
aggregates are thermodynamically preferred, aiid ow
compact is a lattice or matrix formed from aggregates of
p-strands.

The primary sequence of a globular protein encodes its three-
dimensional structure related to its biological functiadow-
ever, growing evidence supports that an alternative, well
organized, but different 3D structure could exist for many
proteins? Dozens of ordinary proteins (e.g., SH32 micro-
globulin, lysozyme, myoglobid) tend to aggregate if misfolded
in abnormal cellular conditiorfsshowing an architecture similar
to that of the amyloid peptide, which is responsible for the
development of Alzheimer’s disea%&he conversion from the
globular form into an amyloid-like aggregate is the transforma-
tion of the physiologically “healthy” structure into a nonfunc-
tional, pathogenic conformer. Thus, understanding the molecular
mechanisms of such a transformation and deciphering the
underlying thermodynamic cause has wide ranging applications.

Amyloid and other threadlike aggregates share the common
building motif of multiple strandeg@-pleated sheets’89In the
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Figure 1. (A) Relative stability AE in %) of a folding or aggregation step of short polypeptides with respect to the formation of a DSAS, from its isolated
Extf units (detailed data shown in Table 1 and Table S1). Arrows connect selected intermediate conformers that are prevalent during the foldirsg of protein
(B) Complexity,—TAS, and stability (or destability)AG, measured in the hydrophobic environment1) of different secondary structure dimers. A 100%

of entropy change at 300 K and 100% of stability incre@s®, are related to the formation of the DSAS from two Exfor more details see Table S1).
Roman numbers and abbreviations denote the following structures: Hxhairpin with type 115-turn, (Il) hairpin dimer of type I3-turns, (Ill) intermediate
structure, (IV) DSAS with open ends, (V) singlegdelix, (VI) 310 helix dimer, (VII) repeated inversg-turns, (VIII) antiparallel repeated inverseturns,

(IX) parallel repeated inversg-turns; DSPS:double strandedparallel 5-sheet.

The present study provides theoretical calculations on care-theoretical explanation for several aspects of the protein folding
fully selected model systems to explore the thermodynamics problem?6.17.18
of amyloid formation. First principle calculations using relatively ~ Model selection for this study is also justified by the
small and simplified peptide models have already proved to Observation that aggregates are typically formed from protein
reproduce t_he therm_OdynamIC behavior of larger system_s _ana(le) Perczel, A.; Angyan, J. G.; Kajtar, M.; Viviani, W.; Rivail, J. L.; Marcoccia,
correlate with experimental structural data and so providing J. F.; Csizmadia, I. GJ. Am. Chem. S0d.991, 113, 6256-6265.
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fragments (e.g., A 1—42 and 6 residues long peptid8sand

the consideration that dimerization can be regarded as the

minimal model of aggregation.

Table 1. Relative Stability? (AE in %) of a Folding (or
Aggregation) Step as Function of the Lengths of the Polypeptide
Chain (for a Graphical Representation of the Data Associated with
Tetrapeptides, i = 4, see Figure 1)

Methods length of the polypetide chain, For-(.-Ala)-NH,
For all calculations the Gaussiarf®3oftware program was used. type;:::;ﬁ:(:m
Di-, tetra-, hexa-, and octapeptides and their aggredétes(L-Ala);- transformation =2 =4 i—6 i—g
NHz}; wherei = 2, 4, 6, ?..”anq =123 4} ig a hzdmphc’bi? X—y?b dipeptides ~ tetrapeptides  hexapeptides  octapeptides
environment § = 1) were fu eometry optimized at the B3LYP/6-
¢=1) y geomerry op : reference 100%  100% 100% 100%
31G(d) level of theory. For all optimized tetrapeptides and selected transition
additional models, frequency calculations (vibrational analysis) were Ext8 — DSAS
subsequently performed, with no imaginary frequency results. The IEF-  gxtg —| 2694 10% 3196 24%
PCM (integral equation formalism - polarized continuum model) method | —1I 53% 56% 49% 61%
was used in the solvent model with a dielectric constant set=at =1 NAf 20% 2% 2%
78.39 ando. = 1.282% 1 — v NA 252%) 152/0 12:)%
In case of Ac-(Gly3-NHCH; and Ac-(-Ala);-NHCH; the crystal IV~ DSAS NA 9% 7% 5%
. . . S Extb —V NA 9% 26% 39%
calculations were carried out with the PBC (periodic boundary \,__y, NA 250 17% 19%
condition) tool of Gaussian03 at the B3LYP/6-31G(d)//RHF/3-21G level v — DsSAS NA 66% 57% 42%
of theory. Extb — VII 18% 22% 25% 27%
For the di-, tetra-, hexa-, and octapeptides and their aggre{gates VIE— Vil 79% 66% 60% 57%
(L-Ala)i-NHJ}; wherei = 2, 4, 6, 8,.. and = 1, 2, 3, 4,} starting VIl — DSAS 3% 12% 15% 16%
: : : VII — IX 74% 53% 48% 45%
conformations were chosen to represent the ideal conformations of IX — DSPS 7% 19% 20% 19%
p-pleated sheets for B%t DSAS, and DSPS (for further information DSPS— DSAS 1% 6% 7% 9%

on the conformations of the secondary structure elements please see

ref 22). For V and VI the ideal conformation afhelices was chosen

a2 The reference transformation is the dimerization of DSAS, from two

as a starting structure. In the dimer more relative arrangements for theisolated Exf units (for more detailed, see Table S1X — Y stands either

helices were tried, and the most stable, parallel arrangement (with an

interhelical angle of 107 was kept. As the dimer was also fully
optimized, the interhelical angle was not constrained, either. For VII,
IX, and VIl subsequeny-turns were used, and in dimers the chains
were placed parallel and antiparallel to each other. In I, 1I, lll, and IV
- and y-turns were combined witl$-sheets. Although some more
structures were tried, we did not use any “random” configuration. This

for a backbone conformational change or for a dimerizafiéiar the dimers

of the different peptide conformers, [For-(Al&H;]2, relative stability is
provided in % with respect to that of th®Eg«s — AEpsas transition as
follows: 100% *|(AEz — 2 * AEgxg)/(AEpsas — 2 * AEgyg)| for structure

Z. 4 Percentage reflecting to destabilization (posithE values) are all with
italic type face © For the different conformers of a single stranded peptide
model, [For-(Ala}NHy]4, relative stability is provided in % with respect
to that of theAEg«s — AEpsas transition as follows: 100% ¥(AEz —
AEexp)/(AEpsas — 2 * AEexp)| for conformerZ. f Conformation transition

has two explanations: first that we tried only those secondary structuresnot applicable for dipeptides

that have intra- or intermolecular H-bonding, as this is thought to give

stability to the protein backbone. Second, those secondary structural

elements are thought to have high stability that occurs frequently in
proteins, and we have used all such elememntkélix, 5-sheet, ang-
andy-turns). The structures resulting after optimization are described
in more detail in Table S1.

followed by dimerization is shown in Figure 1A. The reference
structure transition of the present comprehensive analysis is the
total electronic energy decreas@AH) associated with the
dimerization of two extended polypeptide chains, namely the

For the calculation of Gibbs free energy we have computed not only formation of adouble strandedantiparallel f-pleatedsheet, or
the zero-point energy but also the electronic, translational, rotational, DSAS in short. For example, for tetrapeptides the dimerization
and vibrational contributions of the entropy. These entropic contribu- of For-(L-Ala)s-NH; into [For-(L-Ala)s-NHy], (adopting f
tions were only included in the Gibbs free energy. However, it must conformation) is favored by-31.13 kcaimol™! at B3LYP/6-
be noted that by definition the electronic entropy is zero, as all 31G(d) level of theory, set to be 100%. Common secondary
molecules are ground state singlets. The translational entropy is thestrcture elements of peptides and proteins, sual- a8 3;-
same for molecules having the same number of atoms (therefore forhelices,ﬂ-sheets, hairpine- and y-turns, etc., are known to
dimers and also for monomers). The rotational entropy depends_ on thehave inherent stability giving rise to the formation of the core
shape of the molecules, and even though the molecules are different, . o
their rotational entropies are nearly the same (it is 39ngal 1-K1 of globular proteins. Thus, all the above and add|t|onal backbone
for every dimer). Therefore the entropy difference between the models foId_s Were genera??d and allowed to form dimers, to compare
originates mainly from vibrational sources. their relative stability to that of DSAS. None of the usual
secondary structure elements can form dimers as thermody-
namically stable as thdouble strandedparallel orantiparallel
[-pleatedsheet, DSPS or DSAS (Table 1 and Figure 1). This
is well exemplified by the case of helices. Even though the
dimerization of aro- or 3;0-helix is energy favored (\*=> VI),
the overall stability gained is only (25 9)% of that of DSAS.
In other words, a typical dimer formed by3 or a-helices is
about 66% less stable than the appropriate DSAS is.
Calculations repeated for longer polypeptides, namely for
hexa- and octa-alanines, have resulted in a very similar stability
picture (Table 1). The appropriate stability ratios (Figure 1A)
related to hexa- and octapeptides support again the overwhelm-
ing stability of DSAS. For example, in the case of the

Results and Discussion

The folding of theexiended single strandggisheet confor-
mation, or ExB, into alternative secondary structure elements

(17) Perczel, A.; Gaspari, Z.; Csizmadia, . IGComput. Chen2005 26, 1155~
1168.

(18) Pohl, G.; Beke, T.; Borbely, J.; Perczel, A.Am. Chem. So2006 128
14548-14559.

(19) Sawaya, M. R.; Sambashivan, S.; Nelson, R.; Ivanova, M. I.; Sievers, S.
A.; Apostol, M. |.; Thompson, M. J.; Balbirnie, M.; Wiltzius, J. J. W.;
McFarlane, H. T.; Madsen, A. O.; Riekel, C.; EisenbergNature 2007,
447, 453-457.

(20) M. J. Frisch et. alGaussian03Gaussian, Inc.: Wallingford, CT, 2004.

(21) Cossi, M.; Barone, V.; Mennucci, B.; Tomasi,Chem. Phys. Lett1998
286, 253-260.

(22) Perczel, A.; Csizmadia, |. @HEOCHEM1993 105 75—85.
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Figure 2. TAS (energy difference derived from entropy) of a folding or aggregation step of short polypeptides with respect t¢ thritSxt

octapeptide models even the lowest energy dimers formed bygenerated ensembles of molecules. However, this intrinsic

3io-helices (VI— DSAS), parallely-turns (IX— DSAS), and
antiprallel y-turns (VIIl — DSAS) are less stable than DSAS
by 42%, (19+ 9)%, and 16%, respectively (Table 1). Thus,
the elongation of the interacting backbones when forming
different dimers is not expected to reshuffle their relative
stability order.

The construction of a supramolecular system, dimerization
and oligomerization of “monomers”, increases order which
results in informationl) accumulation within the system during
aggregationl(> lp and (/lp) > 1), quantified by changes in
entropy?

In(l/l)) = —(1/R)(S— &) = —(1/IRAS (1)
The complexity may be conveniently defined as
complexity= RT In(l/l;)) = —TAS (2)

The necessary entropy and free energy data both can b

entropy is a matching component of the intrinsic enthalpy and

for the intrinsic Gibbs free energy values, computed quantum

chemically. Consequently, the results of the present computa-
tions represent an important guide to what secondary structures,
as such, represent in a thermodynamic sense. Although, the
quantum chemical computations may well be regarded as
exploratory in nature, nevertheless the conclusion is significant,

at least at that level of theory.

All dimers composed of different secondary structure ele-
ments resulted in supramolecular complexes of equal or higher
complexity than that of DSPS or DSAS (Figure 1B and Table
S1). For example, the complexity of the dimers formed hy 3
helices (VI), paralley-turns (1X), and antipralley-turns (VI11)
are about the same or slightly higher as computed for DSAS,
namely 113%, 118%, and 130%, respectively (Table S1 and
Figure 1B). Thus, all dimers investigated here contain about

dhe same (or more) amount of complexity or “information” as

obtained by frequency calculations (see Methods). The quantumPSAS (or DSAS) does. This holds for the monomers also.

chemically computed thermodynamic functions eaternal or
intrinsic values characteristic to an isolated single molecule. It
does not include environmental interactions that may occur in
the living cell. This is also the case of the entropy calculations.
They yieldintrinsic entropy values. It does not include randomly

14962 J. AM. CHEM. SOC. = VOL. 129, NO. 48, 2007

Therefore the contribution of entropy to the Gibbs free energy
is in the same range for the monomers<0-7.2 kcatmol~1)(see
Figure 2) and for the dimers—(16.5 kcaimol™* — —21.8
kcalmol™1), giving the impression that it is not the entropy
change that selects between conformers. Even so, the DSAS
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Figure 3. Total electronic stabilization effecAE, kcakmol~?1) of the interchain hydrogen-bond network. For multiple stran@ealyers formed by{ For-
(L-Ala)i-NHg}; atj = 2, 3, 4 the stability increases with the increase of the length of the polypeptide chkaih, 2, 3, 4, 5, 6). AlIAEs are with respect

to the isolated and independent Extonformers of{ For-(L-Ala)i-NHJ}; wherej = 1 and 1= i < 6. The schematic diagram of a tetrapeptide tetramer
arranged as a four-stranded antiparghéayer ( = 4, = 4) is enlarged. The most stable S14 pseudo-rings are shaded, and the less stable S10 subunits are
brighter. (Structures depicted by gray circles contain an odd number of S10 substructures providing less internal stabilktif }JaBdthG functions show

a highly similar profile (for data see Table S1).

Figure 4. Schematic representation of the cross sections of the calculated nanoaggregates. (A) Multiple plangdayfe2§) thus 3D, with horizontal

hydrogen bonds only between strands. (B) A 3D aggregate where the horizontal hydrogen bonds are heading toward three directions dietito the 120
angle of the adjacent amide planes in the backbone. (C) A 3D aggregate where the horizontal hydrogen bonds are heading toward four perpendicular
directions due to the 9Qilt angle of the adjacent amide planes in the backbone.

Table 2. Measured and Computed Structural Parameters? of Ala to that of DSAS is only 20% and 6%, respectively. Furthermore,
Containing “Packed” 5-Sheets . . . . L
AG values associated with the dimer af-Bielices (VI) indicates

measured measured computed a strong destabilization: 869%AG = +10.04 kcalmol~1) (Table

SSTSAA SNQNNF (AAR), i .

peptidet peptide? peptide S1 ar_1d I:_lgyre 1B)._Thus, un!lke entropvid and cpnsequ_ently
o 3064003 294:013 281002 AG (-jlscn-mlnate quite extens.lvely.between thg different isolated
(H-bond length) or dlmgrlzed c.o.nformers, signaling unquestionably the over-
dca.ca 5.7940.33 7.60+0.22 7.01+0.0 whelming stability of both DSAS and DSPS.

(distance betweefi-layers)

Furthermore, stability calculations carried out by using a

aAll values are in AP Sawaya et a9 suitable solvent model, set up for an aqueous environment

mimicking physiologic conditions of protein folding, have

and DSPS have the smallest negafieS, meaning that the ~ l€d to the same qualitative results resulting in again the
smallest part of their enthalpy is needed for increasing their outstanding stability of DSAS and DSPS (Table S1 and
complexity. Figure S1). All monomer and dimer structures were fully

Therefore, the overall stability of double strandgdtrands ~ optimized in a hydrated environment & 78.39). Even the
measured in terms of free energy@) (Figure 1B and Table  lowest energy dimers formed byighelices (VI), double
S1) is always the highest. For example, the relative stability stranded parallet-turns (1X), and antiprallej-turns (VIII) are
expressed in Gibbs free energy for the dimers of double strandedess stable than DSAS by 38%, (22 10)%, and 20%,
antiparallely-turns (VIII) and parallel-turns (I1X) with respect respectively (Figure S1).

J. AM. CHEM. SOC. = VOL. 129, NO. 48, 2007 14963
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Table 3. Relative Stability of the Model Peptide Ac-(Xxx),-NHCH3; as a Function of Tilt Angle, 0, in an Alternative Crystal-like 3D Packing?

type of the lattice (structural properties of the aggregate)

constitution of 2D parallel 3D f-layer 3D packing 3D packing 3D e-layer
the building [-layer, 2D antiparallel untilted: H-bonds tilted H-bonds tilted H-bonds tilted
blocks (Xxx)s q=180° [-layer, g = 180° q=180° by g = 60° by g=90° by g=120°°¢
achiral —0.16 (2%} —1.82 (21%) —4.88 (55%) 0.0 (096) —1.48 (17%) —8.84 (100%)
(Xxx = Gly)
chiral —16.40 (93%) —17.57 (100%) —15.84 (90%) —4.78 (27%) —4.34 (25%) 0.0 (096)
(Xxx = L-Ala)

aThe appropriate tripeptide is periodically and endlessly repeated in the two-dimensional plane perpendicular to the polypeptide chain, getilegsa
3D structure? Relative energies are in kealol1. Values in parentheses represent the relative percentage with respect to the most stable crystalline form.
For [Ac-(Gly)s-NHCHj3] the calculation of the relative stabilities is the followingEg—x = 100%Es=x — Es=60)/(Es=60 — Es=120); for [Ac-(Ala)s-NHCHj]:
AEg—x = 100%Es—x — Ep=120)/(Eg=120 — Ep=180). ¢ Hexagonal arrangement resulting in a polyproline Il structure for the moletEes: —872.599 781 4
hartree® E = —990.523 442 6 hartree.

In conclusion, both in vacuum and in aqueous meftkaas The structural properties of the “AAA” [Ac-(Ala)NHCH;]
well as AH and AG forecast the vast stability gained when crystal was compared to the “SSTSAA” and “SNQNNF"
DSAS or DSPS is formed with respect to any other dimer hexapeptide of Sawaya et al (Table'2) he first was selected
structures. because its molecular arrangement in crystal is the same as the

B-strands or crosg-structured! can be considered as ag- arrangement of “AAA” in our calculated crystal. The second
gregates of two, three, or multipfestrands composed of very  was selected because it contains only small side chain residues
simple structural subunits designated as S10 and S14 forand has an interface between Ala residifda.the “SSTSAA”
antiparallel (Figure 3) and S12 for parallel systems. These crystal, where multiple interactions between side chain atoms
adjacent “lego” elements have different sizes and stabilities; S10is possible, the distance between fwayers is about 1.2 A
appears to be “neutral” while each S14 subunit adds an extrashorter than that computed for the oligoalanine model system.
stability of approximately 10 kcahol=! 23 to the molecular For the “SNQNNF" peptide the distance between fhlayers
system. A single S12 unit stabilizes a parafidayer by some is 0.6 A larger than that for the calculated AAA peptide, which
7 kcatmol=%. The formation of antiparalles-layers (e.g., ... can be due to the fact that the SNQNNF peptide possesses larger
S10S14S10S14-..) implies that the S10 and S14 subunits areside chains. The measured H-bond lengths are a bit longer than
incorporated in an alternating fashion, while the formation of our calculated ones; nevertheless the value for the “AAA”
parallels-layers means the incorporation of S12 units only. Due peptide stays in the error bar of the “SNQNNF” peptide. This
to the monotonically increasing number of favorable interactions indicates clearly that our computed “AAA” crystal has structural
between the polypeptide chains, the stability of the supramo- properties close to measured values.
lecular system increases as thiayer becomes longer and more The relative stability of tripeptides in endless crystal com-
extended for both the parallel and antiparallel supramolecular posed of either achiral glycines or chiral alanines was determined
system. A similar type of stability analysis was conducted by (Table 3). For achiral triglycines, [Ac-(GI¥YNHCHg], the
calculatingAH and AG measures for these complexes (Table greatest stability is gained whér—= 120° (Figure 4B, Table 3,
S1) and found again that, with the increase of the length of the and Table S2).

polypeptide chain as well as with the enlargement ofteyer, In this form of crystalline packing the stability gained for an
incorporating a higher number of-strands, the stability  “endless” tripeptide with respect to its most unstable form, where
increases monotonically. The total energy of multiple stranded 6 = 60°, is AEs=1o0 = —8.84 kcaimol™1. This most stable
parallel g-layers of{ For-(L-Ala)i-NH2}; wherei = 1, 2, 3, 4, form is a superstructure where a molecule has a polyproline I

etc andj = 1, 2, 3, 4, etc. decreases also in a very similar like backbone conformation which was also described by Crick
manner (data not shown) even though for selected oligomersand Rich?* However, the endless crystalline packing in such a
one or two extra H-bonds may appear providing some surplus hexagonal form is only favored when the polypeptide has no
stability. side chains at all (R= H)!

The optimum molecular packing of peptides in a crystal-like  For chiral peptides, which are typical of protein fragments,
form has yet to be determined. This is to tedt possible the hexagonal 3D arrangement described above (Figure 4B)
arrangements when peptide chains are oriented side-by-side anthecomes extremely disfavored. For these chiral systems, crystal-
are interconnected by H-bonding. With respect tquasi 2D line forms with horizontal H-bonds (whei®&= 18C°) are the
pB-layer where all interchain hydrogen bonds are within the most preferred molecular arrangement (Table 3, Table S2, and
p-layer (Figure 4A), tilting the angle of the adjacent amide Figure 3A), with the 2D antiparallel layer being the absolute
planes byd allows the formation of very compact 3D supramo- minimum. The small relative stabilization energy difference
lecular aggregates (Figure 4B and C), as the H-bond network between the two parallel crystalline packing arrangements with
no longer remains in the “horizontal” or inherent plane. The 6 = 180(°, 2D layer and 3D layerAAE = 0.56 kcaimol™?),
3D space can be endlessly filled by these repeated polypeptidesuggest that when forming an amyloid-like 3D aggregate, chiral
subunits only if the tilt anglé is any of 180, 12¢°, 90°, or oligopeptides such as1-Ala),- with almost no interaction
60° (Figure 4 and Figure S2). In this manner in each aggregate, between the side chain groups (methyl for Ala) located in
a peptide chain forms the same number of hydrogen bonds withdifferents-layers is expected. However, it is likely that for side
all donor NHs and all acceptor COs of the backbone bonded. chains other than methyl (e.g., bulkier and more hydrophobic),

(23) Perczel, A.; Hudaky, P.; Fuzery, A. K.; Csizmadia, [.JGComput. Chem. (24) Crick, F. H. C., & Rich, A. Structure of polyglycine INature176, 780~
2004 25, 1084-1100. 781 (1955)
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more intensive layetlayer interactions might take place, which  of low (30—40%) sequence homology in multidomain proteffhs,
may provide a tighter molecular packing with further stabiliza- or the application of a “negative design” for protection of all
tion energy to the system, as described by Nelson gtaal free edges-strandd’” seems essential to avoid protein aggrega-
Sawaya et al? for steric zippers. tion. In this way forestalling deposition diseases that are

Nevertheless, even for the smallest apolar side chain of Ala energetically the “dead-ends” of protein folding becomes
the -layer with @ = 180 is selected, the prototype or “seed” possible.

of an amyloid-like aggregate. )
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