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Transthyretin, �2-microglobulin, lysozyme, and the prion protein
are four of the best-characterized proteins implicated in amyloid
disease. Upon partial acid denaturation, these proteins undergo
conformational change into an amyloidogenic intermediate that
can self-assemble into amyloid fibrils. Many experiments have
shown that pH-mediated changes in structure are required for the
formation of the amyloidogeneic intermediate, but it has proved
impossible to characterize these conformational changes at high
resolution using experimental means. To probe these conforma-
tional changes at atomic resolution, we have performed molecular
dynamics simulations of these proteins at neutral and low pH. In
low-pH simulations of all four proteins, we observe the formation
of �-pleated sheet secondary structure, which was first proposed
by L. Pauling and R. B. Corey [(1951) Proc. Natl. Acad. Sci. USA 37,
251–256]. In all �-sheet proteins, transthyretin and �2-microglobu-
lin, �-pleated sheet structure formed over the strands that are
highly protected in hydrogen-exchange experiments probing amy-
loidogenic conditions. In lysozyme and the prion protein, �-sheets
formed in the specific regions of the protein implicated in the
amyloidogenic conversion. We propose that the formation of
�-pleated sheet structure may be a common conformational tran-
sition in amyloidosis.

Amyloid disease involves the conversion of a protein or
peptide from its soluble native state into insoluble amyloid

fibrils. There are many different human amyloid diseases linked
to a specific precursor protein or peptide (1–3), the most well
known being Alzheimer’s disease. The most aggressive forms of
amyloid disease tend to be linked to pathogenic mutations that
increase the buildup of amyloid in affected tissues (4). Transt-
hyretin (TTR), �2-microglobulin (�2m), lysozyme, and the prion
protein (PrP) are four of the experimentally best-characterized
proteins implicated in amyloid disease (Fig. 1). TTR deposits
cause senile systemic amyloidosis and familial amyloid polyneu-
ropathy (5); dialysis and hereditary renal amyloidosis is associ-
ated with �2m (6); lysozyme has been implicated in autosomal
dominant hereditary amyloidosis (7); and PrP has been linked to
transmissible spongiform encephalopathies, including
Creutzfeld–Jakob disease and bovine spongiform encephalopa-
thy (8). In addition, many nondisease-related proteins (9) and
homopolymers such as poly(L-glutamine) and poly(L-lysine) can
form amyloid and protein gels depending on solution conditions
(10, 11).

Given that many different sequences can form amyloid fibrils
of similar architecture, there may be some common structural
elements of the prefibrillar amyloidogenic intermediate. It has
been shown by synchrotron x-ray fiber diffraction that the final
structure of insoluble amyloid fibrils is composed of cross
�-pleated sheet secondary structure (12). Therefore, it has been
widely held that the formation of amyloid fibrils involves a
transition to �-sheet secondary structure in the amyloidogenic
intermediate. However, the mechanism of self-assembly at the
atomic level remains elusive. Another twist is that soluble
oligomeric intermediates, not the insoluble well-ordered fibrils,
are responsible for cellular toxicity (13). An antibody was

recently identified that is specific for these soluble oligomeric
intermediates, but not the insoluble fibrils nor the soluble
precursor protein (14). Furthermore, this antibody inhibits tox-
icity associated with the intermediates, implying a common
mechanism of toxicity (14). As this antibody is specific for the
soluble oligomeric species of many amyloidogenic proteins and
peptides [A�42, �-synuclein, islet amyloid polypeptide, poly(L-
glutamine), lysozyme, human insulin, and PrP peptide 106–126],
they may have a common structure. Based on these observations,
the authors (14) proposed that the oligomer-specific antibody
recognizes a unique conformation of the polypeptide backbone
that is independent of amino acid side chains. Another similar
antibody was found to bind specifically to insoluble amyloid
fibrils [TTR, islet amyloid polypeptide, �2m, and poly(L-
glutamine)] but not to the soluble precursor proteins (15). The
authors of this study (15) suggest that if the antibody recognizes
a unique polypeptide backbone conformation it must be differ-
ent from the edge strand �-sheet conformation of TTR, because
the antibody does not bind to the native state (15). Based on
molecular dynamics (MD) simulations, we propose an interme-
diate secondary structure in the amyloidogenic transition, the
�-pleated sheet. The �-sheet is a possible backbone conforma-
tion that may explain these observations.

Pauling and Corey proposed the �-pleated sheet structure, or
the ‘‘polar pleated sheet’’ (16, 17), before the parallel and
antiparallel �-pleated sheet structures (18). �-Pleated sheet
secondary structure is formed by regular hydrogen bonding
between adjacent strands in the ‘‘�-extended chain’’ conforma-
tion. Rather than being formed by average repeating (�,�)
angles, as with the �-helix and �-strand, the �-extended chain
conformation is defined by an alternation of residues in the
helical, �R, and the �L conformations. A feature of this sheet is
the alignment of peptide NH groups on one side of the sheet and
carbonyl groups on the other. The �- and �-pleated sheets have
the same meridonal repeat distance (4.75 Å) and the same
hydrogen-bond distance (2.3 Å). Pauling and Corey (16) pro-
vided the coordinates of three �-pleated sheets: one that was
flat, one with a 7° rotation, and another with a 20° rotation. They
concluded that �-pleated sheets would be less stable flat and
more stable with a slight rotation between sheets (18). �-Sheets
usually exhibit a 15° rotation between strands, both in protein
structures and the cross �-structure of highly ordered amyloid
fibrils (12). Flat sheets (1.0–2.5°) have recently been observed in
amyloid fibrils by using 3D reconstructions from electron crys-
tallography (19, 20). As �-pleated sheet secondary structure is
rare in protein crystal structures, it has not received much
attention since its original proposal by Pauling and Corey. Here,
we report the formation of �-sheet and �-extended chain
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conformations in MD simulations of four amyloidogenic pro-
teins (TTR, lysozyme, �2m, and PrP) under amyloidogenic
conditions (low pH).

Methods
All unfolding simulations were performed at low pH (Asp, Glu,
and His residues protonated) to simulate amyloidogenic condi-
tions. Simulations were performed at high temperature (498 K)
to accelerate the folding process. High temperature does not
appear to affect the overall pathway of unfolding, but it does
accelerate the process (21). All four of the proteins investigated
show similar conformational changes at room or physiological
temperature at low pH, and the behavior of PrP at low temper-
ature has been described in depth (22, 23).

Six MD unfolding simulations of TTR [Protein Data Bank
(PDB) ID code 1tta] (24) were performed at 498 K for 3 ns
each. For clarity, we will focus on a single, representative

simulation for comparison with the experimental hydrogen-
exchange data (25). Details of all six TTR unfolding simula-
tions, as well as 310-K simulations, will be presented else-
where. Six simulations of �2m (PDB ID code 1lds) (26) were
also performed at 498 K for 3 ns each. We focus on a
representative simulation for comparison with the experimen-
tal hydrogen-exchange data (27). In the simulations of �2m,
the native disulfide bond was left intact, as it is known to
remain oxidized during the formation of fibrils (28). A single
unfolding simulation was performed at 498 K for both WT
lysozyme (PDB ID code 1lz1) (29) and the disease-causing
variant D67H (PDB ID code 1lyy) (30) for 10 ns each. In the
simulations of lysozyme, the four native disulfide bonds were
intact, as they remain oxidized during the formation of fibrils
(30). A single MD unfolding simulation at 498 K was per-
formed for bovine PrP (PDB ID code 1dx1) (31) (including
residues 110–220) for 10 ns. For the simulation of PrP, the
native disulfide bond was intact, as it, too, remains oxidized in
PrPSc and is necessary for infectivity (32, 33). Control simu-
lations at 298 or 310 K at neutral pH were also performed for
each protein.

As another control, simulations of poly(L-Lys) were per-
formed at 276 and 323 K for 10 ns each. Both simulations of a
40-mer started from the ideal poly(Pro) II helix (PII) confor-
mation defined by (�,�) � (�79°, �149°).

All simulations were performed with the program ENCAD (34).
The protocols and force field have been described (35, 36).
Structures were saved every 0.2 ps for analysis.

Results and Discussion
TTR. In multiple unfolding simulations of TTR (Fig. 1), the
DAGH-sheet underwent a transition from �-sheet to �-sheet
structure, predominantly over the A and G strands. The average
local secondary structure of the native and intermediate states
is shown in Fig. 2. The �-sheet 3 �-sheet transition occurred
sequentially through individual transitions of backbone (�,�)
angles over 200 ps, rather than all at once in a concerted manner.
The transition occurred through the PII conformation (Fig. 3),
which is discussed in more depth below. A ‘‘peptide-plane flip’’
like this involves rotation of the peptide plane changing the (�,�)
angle of residues i and i�1, with only a minor change in the
orientation of the side chains (37). This domino-like effect began
on the AG strands and then moved to the H strand, with little
change in side-chain packing. In protein crystal structures this
transition was predicted in a recent study investigating possible
peptide-plane flips, but the most common was the interconver-
sion of the type I and type II �-turn (37).

�-Pleated sheet secondary structure is formed by regular
hydrogen bonding between adjacent strands in the �-extended
chain conformation. Rather than being formed by average
repeating (�,�) angles, as with the �-helix and �-strand, the
�-extended chain conformation is defined by an alternation of
residues in the �R and the �L conformations. The (�,�) angles
each residue sampled was used to calculate average (�,�) angles
over the �-pleated sheet structures obtained in 13 independent
TTR simulations at both 310 and 498 K: �L � (45 � 8°, 92 � 28°)
and �R � (�87 � 7°, �49 � 4°) (Fig. 3). The average (�,�) angles
do not correspond exactly to ideal values for the helical �L or �R
conformations. According to the program PROCHECK (38), our
�L conformation is in the ‘‘additionally allowed’’ region and our
�R conformation is in the ‘‘most favored’’ region. These angles
are not in ‘‘disallowed’’ regions of the Ramachandran plot; in
fact, they are in regions that are populated by many common
polypeptide conformations. A search of the nonredundant PDB
(39) was performed for examples of peptide segments (at least
four residues) that exhibit the characteristic alternation of
residues in the �L and the �R conformations. The search
required that all four residues be within �45° of ideal �-sheet

Fig. 1. MD-generated �-sheet intermediate structures for four amyloido-
genic proteins: transthyretin (a), �2m (b), D67H lysozyme (c), and bovine PrP
(d). (Left) The native structure. (Right) �-Sheet intermediates from unfolding
simulations. Regions shown in red convert to �-extended chain conforma-
tions.
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(�,�) angles: [(�,�) � (45, 90°)] and [(�,�) � (�90°, �45°)], and
�40 unique PDB entries were found to have this conformation
(data not shown). Another recent study of protein structures in
the PDB has shown that a short alternation of residues in the �R

and the �L conformations can create anion and cation binding
site ‘‘nests’’ in native protein crystal structures (40, 41).

For all six simulations, unfolding intermediates were identified
by using projections of the simulation into C� rms deviation
space, where clusters represent periods of time where there is
little change in the structure (42). The unfolding intermediates
were compared to the experimental hydrogen-exchange data at
pH 4.5 (25). An amide hydrogen is predicted to exchange with
solvent based on the percentage of simulation time that it
hydrogen bonds to water. The single intermediate that best
represented the experimental data is shown in Fig. 1a. This
intermediate correctly predicts the behavior of 89 of 117 amides
used as probes: it correctly predicts 13�14 amides that remain
protected at low pH (residues 12–22, 25, 107, and 111) and 10�13
that exchange at pH 4.5 but are strongly protected at pH 5.75
(residues 23, 30, 31–35, 42, 69, 71, 72, 93, and 95). �-Sheet
structure provides a unique explanation for the high protection
observed in the A and G strands via both the orientation of
amide groups in the �-sheets formed between the AG strands
and the high frequency of �-sheet structure between the AG
strands in the ensemble of intermediates at low pH.

�2m. In the unfolding simulation of �2m, the ABED-sheet
underwent a transition from �- to �-sheet structure over a period
of 0.1–0.2 ns. Very stable �-sheet structure formed over the B,
E, and D strands (Fig. 1). Again, the �-sheet3 �-sheet transition
occurred sequentially through individual transitions of backbone
angles. The �-sheet hydrogen bonding between the B and E
strands in this simulation was long-lived. The �-extended chain
conformation was also observed with high frequency in either
the F or C strands, but there was less hydrogen bonding between
these strands. The average local secondary structure of the
native and intermediate states is shown in Fig. 2.

The conformational properties of the amyloidogenic interme-
diate of �2m has been studied experimentally by hydrogen
exchange (27), in which 11 residues were strongly protected
against urea denaturation at pH 3.6. The simulated amyloido-
genic intermediate in best agreement with the data correctly
predicts 46�57 amides and is shown in Fig. 1. This intermediate
correctly predicts 10�11 amides (residues 22, 23, 26, 61, 64–68,
77, and 88) that remain strongly protected and 36�46 that
exchange. Similar to the TTR hydrogen exchange data for the A
strand, the �-pleated sheet structure provides an explanation of
the high protection observed for residues 61–68 on the E strand
of �2m. In the �-pleated sheet, the amide hydrogens from the E
strand are strongly protected by hydrogen bonding between the
B strand. In all of our unfolding simulations of �2m, the A and
G strands are unstructured and predicted to exchange with

Fig. 2. Average local secondary structure by residue. (a) Average over the first nanoseconds of the native simulation of TTR at 310 K. (b) Average over the �-sheet
unfolding intermediate of TTR. (c) �2m at 310 K. (d) �-Sheet intermediate of �2m. (e) �-Sheet intermediate of WT lysozyme. ( f) �-Sheet intermediate of D67H
lysozyme. (g) Bovine PrP at 298 K. (h) �-Sheet intermediate of bovine PrP. A residue was classified in a particular conformation if its (�,�) angles were within �
30° of the average values that follow: �R � (45°, 92°); �L � (�87°, �49°); �-structure (both parallel and antiparallel) � (�165° � � � �83°) and (89° � � � 169°);
and PII � (�79°, 149°). Using these definitions there is some overlap between � and PII.
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solvent, in agreement with hydrogen-exchange data for the
monomer. Hydrogen exchange has also been investigated in the
intact �2m amyloid fibril (43), which shows that residues 20–87
exhibit much greater protection than the A and G strands,
suggesting that they are not incorporated into the fibril. Prote-
olysis of ex vivo �2m amyloid fibrils also agree with this obser-
vation and indicate that proteolytic cleavage occurs between
residues 1–20 and 87–99, leaving an intact core comprised of
residues 20–87 (44).

Human Lysozyme. Hydrogen-exchange experiments monitored
by NMR and MS indicate that the D67H mutation alters the
stability of the �-domain and the C-helix of lysozyme (45). The
rate of hydrogen exchange was �10 times that of WT in
the region of residues 39–100 (45). Our unfolding simulations
of WT lysozyme compared to the D67H variant are in good
agreement with this observation. The D67H simulation pre-
dicts much less protection in the region of 39–100 (data not
shown). The C-helix was moderately stable in the WT simu-
lations, but was significantly unfolded for the D67H variant
(Fig. 1c). In both simulations, there was a complex equilibrium
in the unfolded conformations of residues 39–100, giving rise
to short segments of �-helix, �-strands, PII, and �-extended
chain conformations (Fig. 2). The intact disulfides between
residues 65–81 and 77–95 provided a significant constraint to
the available conformations in this region. In the unfolding
simulation of WT lysozyme, a small �-pleated sheet interme-
diate formed between residues 65 and 95, although the C-helix
did not fully unfolded.

There was much more formation of �-pleated sheet in D67H
when the C-helix was unfolded (Fig. 2). �-Sheet formed first
between residues 65 and 95, similar to the WT �-sheet (residues
82–87, 74–80, and 65–70). In the D67H �-sheet intermediate
there was extensive formation of �-extended chain structure
(Fig. 1c). The segments in the region of residues 39–62 were in
dynamic, disordered �-extended chain conformations. In these
regions, regular �-extended chain structures would be inter-
rupted by residues in the PII or �, or �-helical conformation (the

helical conformer is shown in Fig. 1c). In the WT simulation,
there was a large population of �-helical conformations over
residues 39–60 over the 10-ns average. The formation of these
helical segments in residues 39–60 may occur in the unfolded
conformational ensemble for the WT protein. Cooperative
formation of �-helical structure in the WT protein in unfolded
states may protect the protein from amyloid formation, and
exchange between �-helix and �-sheet was observed in D67H. A
recent study of WT lysozyme with Raman optical activity
spectroscopy detected a large population of PII structure in the
disordered, unfolded conformations of residues 39–100 under
amyloidogenic conditions of 57°C and pH 2 (46), in agreement
with our simulations. Fourier transform IR spectroscopy of
D67H under physiological amyloidogenic conditions revealed a
predominance of �-structure and loss of some helical structure
relative to the native state (30).

Bovine PrP. Prion diseases are caused by the conversion of the
normal cellular form of the protein, PrPC, to the misfolded
protease-resistant isoform known as PrPSc (8). PrPC undergoes
a pH-mediated conformational change in the region of pH
(4.4–6), with a loss of helix and a gain in �-structure (47). Both
CD and Fourier transform IR spectroscopy studies have shown
that PrPC is highly helical, whereas PrPSc contains a large
amount of �-structure (48, 49). Acid-induced unfolding inter-
mediates have been observed for the recombinant human
fragment of residues 90–231 (47). The N-terminal region of
the protein has been implicated in conversion to PrPSc, as
residues 90–120 are antigenically accessible in PrPC but are
masked in PrPSc (50–52). Hydrogen-exchange studies have
shown that for the recombinant human protein the most
protected amide hydrogens are on the B- and C-helix in the
vicinity of the disulfide bond (53). We have previously de-
scribed MD simulations of the hamster, bovine, and human
forms of PrP (22, 23, 54), and we have reported conversion of
the 109–129 region into disordered �-structure at low pH.

In the unfolding simulation of bovine PrP, disordered
�-pleated sheet structure formed in an early unfolding interme-
diate (0.3–0.6 ns) (Fig. 1d). This disordered sheet was defined by
residues 112–117, 119–123, 126–132, and 158–164. The region of
residues 109–129 in the bovine prion was similar to lysozyme
(residues 39–100), in that there is a complex equilibrium be-
tween short segments of �-helix, �-strands, PII, and �-extended
chain conformations (Fig. 2). The largest population of repeat-
ing �-extended chain structure was found in residues 126–129
(Fig. 2h). The longest and most persistent segment of the PII
segment was within residues 135–139, perhaps because residue
137 is a proline. Amyloidogenic mutations in the N-terminal
region of the protein may perturb the equilibrium between
segments of PII and �-extended structure. It is interesting that
Pro 3 Leu mutations at residues 102 and 105 cause disease in
humans, suggesting that the Pro-associated PII structure may be
protective.

Poly(L-Lysine). Vibrational Raman optical activity (ROA) spec-
troscopy of a �-sheet-rich, reduced isoform of PrP shows that it
contains flat sheets not �-helix (11). The amide III region of the
ROA spectra was similar to the unusually f lat �-sheet of the
protein Con A (55), but the amide I and amide II regions are
different from normal �-sheet proteins (11). The flat sheets in
PrP were also found in the ROA spectra of poly(L-Lys) at pH 11
and 50°C, where �-sheet structure is the dominant conformation.
If the ionic strength of a solution of poly(L-Lys) is high enough,
it will also form protein gels and amyloid fibrils (11).

At high pH, there is a temperature-dependent �-helix 3
�-sheet transition in poly(L-Lys). At low temperatures and
neutral pH, it populates PII conformations (56). Here, we have
performed two simulations of a 40-mer of poly(L-Lys) starting

Fig. 3. Peptide plane flip in the transition from �- to �-sheet structure in TTR.
Blue points represent the distribution of (�,�) angles for the entire chain in the
TTR �-sheet intermediate. Red dots are the angles sampled for Lys-15 on the A
strandduringthetransitionfromthe � tothe�R conformation.Greendotsarefor
the adjacent residue, Val-16, during the same transition as it converts from � to
�L. These residues pass through the right-handed PII and the left-handed PII

conformations, respectively. Black dots represent average (�,�) values for: �par

(�119, 113), �anti (�139, 135), �R-helix (�57, �47), �R-extended (�87, �49),
�L-helix (47, 57), �L-extended (45, 92), PII(R) (�149, 79), and PII(L) (�79, 149).
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from the ideal PII conformation, one at 276 K, where �-helix and
PII are more favorable, and one at 323 K, where disordered
structure and �-sheet are more favorable. A comparison of these
two simulations demonstrates the temperature dependence of
the equilibrium between the PII, �-strand, and �-extended chain
conformation (Fig. 4). At 276 K there is much more repeating
PII structure as expected (56). At 323 K there is less PII structure,
accompanied by a complex conformational equilibrium between
PII and �-extended chain structure, and as shown for TTR (Fig.
3), PII is an intermediate in the conversion of �-sheet3 �-sheet.
At 323 K there is much more disorder in the chain under
conditions where sheet is preferred, and the conformational
equilibrium is similar to the unfolded conformations in lysozyme
(residues 39–100) and PrP (residues 110–142). This effect is not
limited to polyLys; the importance of the PII conformation is
becoming increasingly appreciated (57–61).

We hypothesize that flat �-sheets associated with amyloid
emanate from segments of �-extended chain through an �-sheet
intermediate. The general temperature dependence of the for-
mation of repeating �-extended structure (favored at higher
temperature) compared with repeating PII structure (favored at
low temperature) may provide another interpretation, in addi-
tion to the hydrophobic effect, for the temperature dependence
of nonspecific aggregation.

Implications for �-Pleated Sheet Intermediates in Amyloid Disease.
The most noticeable characteristic of �-pleated sheet structure
is the alignment of the carbonyl and amide groups participating
in hydrogen bonds between the strands forming a ‘‘polar pleated
sheet’’ (Fig. 5). This particular alignment of peptide groups also
nicely explains the hydrogen-exchange protection observed for
TTR and �2m, as well as the lack of protection observed for
many amides that should be protected if the protection were
caused by �-sheet formation. We have also investigated MD-
generated structures of normal globular proteins (chymotrypsin
inhibitor 2, protein A, barnase, catechol O-methyl transferase,
�-lytic protease, barstar, and the engrailed homeodomain) un-
der similar conditions. In contrast to the amyloidogenic proteins
presented here, these normal proteins do not form extensive

extended �-sheet structure, although occasional isolated
stretches of �4 residues form (data not presented). The unique
alignment of peptide bonds in �-sheet suggests a mechanism for
self-assembly into amyloid.

Arnsdorf and coworkers (62) proposed that proteins build up a
molecular dipole upon encountering low pH conditions, giving rise
to attractive forces for linear self-assembly during amyloidosis. The
�-pleated sheet structure is a polypeptide backbone conformation
that may explain this general dipole model for linear self-assembly.
Fig. 5 shows how the partial charges from the peptide backbone
create two complementary charged interfaces of opposite charge.
As the molecular dipole builds up, individual peptide groups
undergo peptide plane flips and align with the overall molecular
dipole to form �-pleated sheet. In contrast to �-structure, the
peptide groups in �-sheet structure share a similar orientation, as
with the �-helix. As described by Worcester (63) and Pauling (64),
the diamagnetic anisotropy of the planar peptide groups in an
�-helix contributes to a greater total magnetic anisotropy for
�-helices compared with �-sheets. The diamagnetic anisotropy (63,
64) of the peptide groups in the �-sheet structure may explain why
amyloid fibrils grow more efficiently and in an ordered orientation
in the presence of a magnetic field (65, 66). Both amyloid fibrils (65,
66) and �-helices (63, 64) orient with the helical axis parallel to the
magnetic field.

We propose that as an amyloidogenic protein unfolds under
mildly acidic conditions �-sheet structure facilitates self-
association into amyloid protofibrils. Once the soluble proto-
fibrils are formed via an �-sheet intermediate, the transition
from �-sheet to f lat �-sheet becomes increasingly more fa-
vorable as the protofibrils undergo a transition from the
cytotoxic soluble phase to insoluble more highly ordered
amyloid fibrils (Fig. 5). Several recent solid-state NMR studies
suggest that these amyloid fibrils are composed of �-sheet (67,
68). Yet the �-sheet conformation in TTR also reproduces the
experimental chemical shifts and atomic distances determined
by solid-state NMR of an TTR peptide amyloid (R.S.A.,
D.O.V.A., and V.D., unpublished work). In addition, the
�-pleated sheet appears to be the only backbone conformation
that can explain the differential binding of antibodies to
soluble oligomeric protofibrils, soluble native structures, and
insoluble amyloid fibrils (15).

Although individual amino acids have different propensities for
�-sheet structure, the main-chain configuration presented is very
similar. The experimental observation that specific peptide frag-
ments are more amyloidogenic than others suggests that there is a
sequence propensity for amyloid formation. For TTR, �2m, ly-
sozyme, and PrP, we have observed the formation of �-sheet
structure over regions corresponding to the most amyloidogenic
peptide fragments. The most amyloidogenic peptide fragments
from TTR have been mapped to the A strand (residues 10–19) (69,
70) and G strand (residues 105–115) (71), although peptides derived
from the �-helix and the DE loop are also amyloidogenic under
certain conditions (72). Amyloidogenic peptide fragments of �2m
have been mapped to the B strand, residues 21–31 (73), residues
20–41 (74), and the C-terminal 28 residues (75), which also show

Fig. 4. Average local secondary structure for poly(L-lysine). (a) At 276 K. (b)
At 323 K. Definitions are provided in the legend for Fig. 2.

Fig. 5. �-Sheet intermediate model for self-assembly into amyloid. A main-
chain model for an �-sheet is shown with partial charges on the interface (red
for negative, blue for positive charges).
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some tendency toward �-sheet structure (Fig. 2). The most amy-
loidogenic fragment of lysozyme (residues 49–64) (76) is from the
�-domain, which has been specifically implicated in amyloidogenic
conversion. For PrP, amyloidogenic peptide fragments have been
mapped to residues 106–147 [residues 106–126 (77); 106–147 (78);
118–135 (79); and 113–120 (80)]; this region is also implicated in
conversion to PrPSc. Consideration of �-sheet structure may pro-

vide an improved understanding of the sequence propensity for
amyloid formation.
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