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The relationship between amyloid deposition and cellular
toxicity is still controversial. In addition to fibril-forming olig-
omers, other soluble A� forms (amyloid �-derived diffusible
ligands (ADDLs)) were also suggested to form and to present
different morphologies andmechanisms of toxicity. One ADDL
type, the “globulomer,” apparently forms independently of the
fibril aggregationpathway. Even thoughmany studies argue that
such soluble A� oligomers are off fibril formation pathways,
theymay nonetheless share some structural similarity with pro-
tofibrils. NMR data of globulomer intermediates, “preglobu-
lomers,” suggested parallel in-register C-terminal �-sheets,
with different N-terminal conformations. Based on experimen-
tal data, we computationally investigate four classes of A�
dodecamers: fibril, fibril oligomer, prefibril/preglobulomer
cluster, and globulomer models. Our simulations of the solvent
protection of double-layered fibril and globulomer models
reproduce experimental observations. Using a single layer A�
fibril oligomer �-sheet model, we found that the C-terminal
�-sheet in the fibril oligomer is mostly curved, preventing it
from quickly forming a fibril and leading to its breaking into
shorter pieces. The simulations also indicate that �-sheets
packed orthogonally could be the most stable species for A�
dodecamers. The major difference between fibril-forming olig-
omers and ADDL-like oligomers (globulomers) could be the
exposure of Met-35 patches. Although the Met-35 patches are
necessarily exposed in fibril-forming oligomers to allow their
maturation into fibrils, the Met-35 patches in the globulomer
are covered by other residues in the orthogonally packed A�
peptides. Our results call attention to the possible existence of
certain “critical intermediates” that can lead to both seeds and
other soluble ADDL-like oligomers.

Amyloid aggregates can be related to neurodegenerative
diseases, including diabetes type II (1), Alzheimer disease

(AD)2 (2), and prion (“mad cow”) disease. Amyloid � (A�) pep-
tide oligomerization is believed to be a major mechanism lead-
ing to neuronal cell death (3). Although increasing evidence
indicates that soluble oligomers of amyloidogenic proteins are
responsible for amyloidosis (4, 5) and that they are the toxic
agent (6–8), the question of the mechanism through which
amyloids lead to cytotoxity is still a major challenge (9–13).
Similar to folding, nucleation and kinetics depend on the
sequence, peptide length, and environmental conditions, such
as temperature (14), concentration, pH (15), metal ions (16),
and whether aggregation takes place on a surface and, if so, its
properties. Together, these lead to one of the most difficult
questions related to aggregate polymorphism (17): the agg-
regates are likely to have different preferred architectures
depending on such physical factors. The problem is to figure
out the polymorphic range, preferred aggregate states, path-
ways leading to these states, time scales, and their mechanisms
of toxicity. According to the energy landscape theory, all con-
formations and self-assembly states pre-exist (18, 19); condi-
tions only lead to shifts in their relative populations. Conse-
quently, figuring these factors out is of crucial importance for
understanding the disease etiology and the pharmaceutical
strategy.
Experiments indicate that polymorphic A� oligomers can

differ in their toxicity mechanisms. Although the data increas-
ingly suggest that small oligomers play critical roles in ion
channel formation (20), the relationship between amyloid dep-
osition and cellular toxicity and the similarity to bacterial pore-
forming toxins (21) are still unclear. Moreover, a range of solu-
bleA� forms has also been observed. Among these, the amyloid
�-derived diffusible ligands (ADDLs) were proposed to have
different morphologies and to exert their toxicity through dif-
ferentmechanisms (22). ADDL aggregates were proposed to be
highly ordered, to bind to a subset of postsynaptic proteins, and
to impair synaptic plasticity and associated memory dysfunc-
tion during the early stages of AD. In addition, another form of
globular amyloid �-peptide (23) was observed in the brains of
patients with AD and in A�1–42-overproducing transgenic
mice, with the water-soluble 60-kDa “globulomer” form
reported to have 12 A� peptides and to apparently form inde-
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pendently of the fibril aggregation pathway (24). Although sim-
ilar toADDLs, it also relates to earlyAD; unlikeADDLs, it binds
specifically to dendritic processes of neurons but not glia in hip-
pocampal cell cultures. A yet additional soluble form, A�*56,
which is smaller than the 60-kDa globulomer, causes memory
deficiency inmiddle-agedmice (25). Finally, “amylospheroids,”
which are larger soluble oligomers (26, 27) with higher mass
(more than 100 kDa), were reported to have sizes of �10–15
nm. These spherical A� assemblies were detected in AD and
Lewy body brains.
This polymorphic range raises the questions of themajor path-

ways through which they form, the conditions favoring each, and
the presence of certain intermediate states that could be targeted.
Although studies argue that soluble A� oligomers such asADDLs
are off fibril formation pathways, the pathways and the extent of
the different structural characteristics leading to the fibrillar and
ADDL states are still unclear. The lattice of soluble fibrillar
oligomers differs from that of the fibril, even though fibrillar oli-
gomers eventually mature into fibrils (28). Nonetheless, soluble
oligomers and fibrils could share some structural similarity with
protofibrils, for example, all may have parallel �-sheet structure
(29). An NMR study of the intermediates of globulomer forma-
tion, the so-called preglobulomer, pointed to parallel in-register
�-sheets in the C-terminal region, even though the N-terminal
region presented different conformations (30).
In this study, we computationally investigate the structure,

energy, and solvent interaction of four classes of A� dodecam-
ers, including fibril, fibril oligomer, prefibril/preglobulomer
cluster, and globulomer models. With the goal of understand-
ing why fibril oligomers do not seed fibril formation directly
(28), we compared the fibril and fibril oligomers. We found
that the C-terminal �-sheet in the fibril oligomer is mostly
curved, impeding its fast conversion to, or the seeding of, a
fibril that has a highly complementary C-terminal �-sheet
conformation. Based on this observation, we constructed
structural models with different interaction patterns in the
C-terminal �-sheet that differ in the hydrophobic Met-35
patches. We found that the major difference between fibril-
forming oligomers and ADDL-like oligomers (globulomers)
is in the exposure of these patches. Although the patch is
necessarily exposed in fibril-forming oligomers to allow
their maturation into fibril, in globulomers it appears
shielded by other A� peptide residues.

EXPERIMENTAL PROCEDURES

Model Construction—We have simulated the double-layered
fibril structure of A�42 with an organization similar to that of
A�17–42, which was previously characterized based on NMR
(3, 31) and molecular dynamics (MD) simulations (32–34).
Based on the two possible turn types in the fibril structures of
the A� amyloid, two initial structures were constructed by add-
ing the N-terminal region in a parallel �-sheet organization,
continuing the main region of A�17–42 (F1; Fig. 1A) or
A�10–42 (F2; Fig. 1B). Essentially, the F1 model has the turn
structure as in the experiment-based coordinates (hydrogen
exchange data, EM, andmutational data (3); Protein Data Bank
code 2BEG), whereas the F2model has the turn proposed by us
(33) and experimentally by solid state NMR (31, 35). Wu et al.

(28) have observed that the height of A�42 fibrillar oligomers
(FO) is only approximately half of the A� fibril and suggested
that the FO is a single layer unit of theA� fibril. Consistent with
this notion, we simulated the A�42 dodecamer with the 12
A�42 monomers extended in an ideal one-layer organization,
with two independent runs starting from conformations taken
from simulations carried out with different minimization and
heating times (FO1 and FO2; Figs. 2 and 3). Prefibril/preglobu-
lomer clusters and globulomer models are constructed from
experimentally observed secondary structures and other struc-
tural information. The details are presented under “Results.”
Molecular Dynamics Simulations—The peptide oligomer

was solvatedwith a TIP3Pwater boxwith amargin of at least 10
Å from any edge of the water box. Sodium ions were added to
make the overall system neutral. MD simulations were per-
formed using the NAMD package (36) and the CHARMM 27
force field (37), with constant pressure ensembles at 1 atm and
temperature at 330 K. The time step was 2 fs with a SHAKE
constraint on all bonds with hydrogen atoms. Productive MD
runs were performed after 5,000 steps of minimizations and
three 150-ps heating and equilibration runs. The long range
electrostatic interactions were calculated with the Particle-
Mesh-Ewald method (38). Hydrogen bonds, root mean square
deviation (RMSD), and solvent interactions are calculated
using the Corman module in the CHARMM 35 program. A
hydrogen bond is defined by the atom pair of a backbone
carbonyl oxygen atom and an amide hydrogen atom, with a
distance of less than 3.0 Å. The RMSDs are calculated with
respect to the averaged structure from the 60-ns trajectory.
We also calculated the average number of water molecules in
contact with the backbone amide hydrogen atom (NH solva-
tion factor), which reflect the protection factor correspond-
ing to the D/H exchange ratio observed in experiments. Thus
we calculate the backbone amide solvation for each residue,
averaged over the total 60-ns simulations. The distance dis-
tributions were also averaged over the 60-ns trajectories.
The calculated NH solvation factor is expected to corre-
spond to the lower D/H exchange protection factor.
Energy Landscape and Monte Carlo Simulations—Monte

Carlo simulations were used to estimate the population proba-
bilities based on conformations obtained in the last four nano-
seconds of the MD simulations. Using the CHARMM 27 force
field (37) andGeneralized Bornwith themolecular volume (39)
implemented in the CHARMM package, each conformer was
first minimized 1,000 cycles, and then the conformational
energy was evaluated by the grid-based Generalized Born
with the molecular volume. The minimization does not
change the conformations obtained from the MD simula-
tions and only relaxes the local geometries because of the
thermal fluctuations that occur in the simulations. In the
Generalized Born with the molecular volume calculation, no
distance cutoff was used, the dielectric constant of water was
set to 80, and the Debye-Huckel ionic term was 0.2 to reflect
the salt effect. A total of 4,400 conformations (400 for each of
the 11 oligomer models examined) were used to evaluate
population probabilities. Starting from a randomly selected
conformation i, another conformation i � 1 was randomly
selected from any of the 11 models by a Monte Carlo algo-
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rithm. After 1 million steps, the conformations visited for
each model were counted. The relative probability of model
j was evaluated as follows,

P j � Nj/Ntotal (Eq. 1)

where Pj is the population, Nj is the total number of conforma-
tions visited for bindingmode j, andNtotal is the total number of
steps.

RESULTS

Structure and Relative Energies of
the A�42 Fibrillar Models—During
the 60-ns simulations at 330 K, both
fibril model structures F1 and F2
exhibit excellent stability in the core
region, with the N-terminal region
having large flexibility (Fig. 1, C and
D). The RMSD from the averaged
structure for the core region (resi-
dues 20–42) is only 2 Å, whereas
that of the N-terminal region (resi-
dues 1–9) fluctuates�4Å and occa-
sionally reaches 8 Å. Overall, the
hydrogen bonds between the �-
strands are well preserved during
theMD simulations, except that the
edge strands have relatively large
fluctuations. The distances between
two C-terminal regions (from two
layers) are similar for F1 and F2,
with the F1 model presenting
slightly tighter associations (Fig.
1E). As can be seen in Fig. 1E, the
distance distribution between the
two C-terminal �-sheets for the F1
model peaks at 10 Å, indicating
complementarity, whereas for the
F2 model, the distance distribu-
tion is a little more diffuse. Never-
theless, the F2 model still has tight
matches between the two C-termi-
nal �-sheets. When the A� peptide
forms a �-sheet with an in-register
parallel arrangement, the Met-35

residues form a continuous patch in each �-sheet layer, as
shown by the colored surface in Fig. 1 (both A and B). In the F1
model, the patches of Met-35 from one layer form the closest
contact with theMet-35 patch on another layer, with a distance
peak of 5–6 Å (Fig. 1A). In the F2model, the distances between
the two Met-35 patches are larger (Figs. 1B). In both models,
the Met-35 patches are in close contact with the C terminus of
another layer (Fig. 1F). Consistent with our previous observa-
tion of equal populations of the two turns in the p3 amyloid
(34), our current calculations also show that both conformers
have close effective potential energy (Table 1).
Comparing the NH solvation factors with experimental D/H

exchange protection ratios (40–42) provided insight into amy-
loid structural features. Qualitatively, our results are mostly
consistentwith a fibrillar A�42 state, with limited solvent expo-
sure of the Tyr-10 to Phe-20 and Ile-31 to Ala-42 regions (Fig.
2A). Quantitatively, both F1 and F2 models failed to correlate
with the A�42 D/H exchange protection factors (supplemental
Fig. S1). Instead, we observed that the F2model correlates with
structural features of A�40 (r � 0.71; supplemental Fig. S1D),
which was prepared under conditions similar to those of A�42
(41).We then calculated theNH solvation factors for A�40 and

FIGURE 1. The structure and dynamics of two A� fibril models (F1 and F2) indicate the importance of the
Met-35 patch in fibril formation. Each model consists of two hexamers organized in parallel that are packed
together to yield a dodecamer. Each hexamer is a layer. The monomer has the well accepted U-shaped con-
formation. In the figure, the two U-shaped �-sheet layers are depicted in red and green ribbons. The Met-35
surface patches are highlighted (yellow balls are sulfur atoms, and red balls Met-35 are backbone oxygen). The
coordinates are taken at the end of 60-ns simulations. A, the F1 model with turn structure based on the Luhrs
structure (3). B, F2 model with turn structure based on Tycko’s and our models (31, 33). C and D, the RMSD from
averaged structures for both F1 (C) and F2 (D) show a flexible N-terminal and stable core structure. E, the
distribution of the distances between the C� atoms of the C-terminal residues 31–39 of two layers. F, the
distribution of the distances between the heavy atoms of Met-35 with the heavy atoms in the C terminus of
the next layer. The distance distributions for profibril oligomer P2 are also reported in E and F for comparison.

TABLE 1
Effective energy and relative population of A�42 dodecamers

Dodecamer
models Classification Energy Population if in

equilibrium

kcal/mol %
F1 Fibril-like �12095 � 230 11.6
F2 Fibril-like �12137 � 237 12.2
FO1 Fibril oligomer �12269 � 236 13.8
FO2 Fibril oligomer �11876 � 274 8.5
P1 Prefibril oligomer �11111 � 192 1.3
P2 Prefibril oligomer �11448 � 216 3.6
P3 Preglobulomer oligomer �11767 � 201 6.8
P4 Preglobulomer oligomer �11485 � 220 3.9
GO1 Globulomer �12264 � 242 14.0
GO2 Globulomer �12149 � 242 12.4
GO3 Globulomer �12106 � 218 11.7
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compared with those of F2 and confirmed that they are corre-
lated with the experimental D/H exchange protection ratio
(supplemental Table S1).
Electron cryo-microscopy suggested that A�40 and A�42

may have similar protofilament structures (43). However, the
amide solvent protection analysis demonstrated that A�40 and
A�42 may form different fibrillar structures under identical
conditions (41). Apparently, polymorphic structural variations
not included in our simulated fibril model lead to the low quan-
titative correlation of computed NH solvation factors with
experimental D/H exchange protection ratios for A�42. An
alternative conformation highlighted by Olofsson et al. (40),
initially proposed by Petkova et al. (35), may represent a popu-
lated polymorphic form of A�; however, it does not correlate
with the reported D/H exchange protection ratios for A�42. A
possible explanation is that the A�42 fibril used for experimen-
tal D/H exchange protection measurement is a polymorphic
assembly of fibrillar and globulomer organizations (see “Search
for Possible Structures of the A-� Globulomer”).
The Axial Growth of A�42 Fibrillar Oligomers Is Limited—If

the FO is a one-layer unit of the A�42 fibril (28), it is
expected that the FO could have behavior similar to that of

the double-layer fibril structure. We simulated two FOmod-
els (FO1 and FO2; Figs. 3 and 4). However, both simulations
showed that the A�42 FO does not retain an “ideal” half-unit
structure as in the A�42 fibril. Extensive conformational
changes occurred in both simulations. We observed two
characteristics of the conformational dynamics of a single-
layer fibrillar oligomer: the highly hydrophobic C terminus
tends to “wrap” to minimize the exposed hydrophobic sur-
face, and there is a fracture in the middle of the fibrillar
oligomer (Figs. 3 and 4). In the fibril model, the highly hydro-
phobic C-terminal residues are buried. However, in the FO,
these regions are exposed. Therefore, the FO tends to mini-
mize exposure of hydrophobic surface area by bending in
Gly-37 and Gly-38 (Figs. 3 and 4C), leading to C-terminal
deviation from a planar �-sheet conformation. As can be
seen in Fig. 3, part of the Met-35 patch is buried by Val-39,
Val-40, Ile-41, and Ala-42. The bending is uneven for the
U-shaped �-sheet strands with the edge strands presenting
larger bending. This uneven bending to cover the exposed
C-terminal hydrophobic surface causes stress in the single-
layered FO structure. As a result, the �-sheet breaks up in the
middle of the oligomer. In the FO1 simulation, the break

FIGURE 2. Comparison of simulations with experiment: the simulated amide hydrogen protection factor (NH solvation on the y axis) versus the
experimental H/D exchange NMR observations (x axis). On the x axis, the residue number and type are listed, and the H/D exchange NMR factors are also
indicated following reference (30). The black circles indicate highly protected residues, and the white dots show the decreasing protection; the dashes indicate
no protection. A, fibril (F1 and F2) and fibril oligomer (FO1 and FO2) models. B, prefibril (P1 and P2) and preglobulomer (P3 and P4) models. C, globulomer
models.
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occurs between strands six and seven (even break; Fig. 3A).
In the FO2 simulation, strands five and six partially separate
(uneven break; Fig. 3B).

These conformational changes
reveal the mechanisms of (i) A� FO
fracture and (ii) the barrier to
directly convert the oligomer to A�
fibril by simple “dimerization” of the
half-unit. In the experiments of Wu
et al. (28), the incubation of FOs
does not lead to increasing length.
Rather, FO incubation tends to yield
an increase in the number of pieces,
indicating that longer FOs break
into shorter fragments. It is clear
from our simulation that when the
growth of the FO reaches a certain
length, the stress build-up in the
single layer�-sheet will break it into
two pieces. Even though each frag-
mented piece can recruit more
monomers leading to extension,
they do not easily dimerize, mainly
because the Met-35 patch is par-
tially buried. Thus only a few popu-
lated FOs with extended C termini
can associate and form fibrils. Such
a mechanism is consistent with a
recent model for conversion of
A�42 neurotoxic oligomers into
fibrils, which suggests that bending
in the Gly-37 andGly-38 region also
occurs in small oligomers (44).
The energies of the FO models

fluctuate significantly. Although the
more ordered form (FO1) is more stable than the double-lay-
ered fibril form, the less orderedmodel (FO2) ismuch higher in

FIGURE 3. Single layer fibril oligomer models have different structure and dynamics as compared with fibril models. The fracture and C-terminal
distortions are in the middle of the �-strands. A, FO1 model. The panel on the left provides a view from residues 10 –24, showing the even fracture. On the right
is the view from the C-terminal (residues 20 – 42) side, showing that Met-35 patch is partially covered. The yellow balls are sulfur atoms. B, FO2 model. On the left
is the view from the side of residues 10 –24, showing the large uneven fracture. On the right is the view from C-terminal (residues 20 – 42) side, showing that the
Met-35 patch is partially covered. C, RMSD for the FO1 model. D, RMSD for the FO2 model.

FIGURE 4. This figure summarizes the essence of the paper from the mechanistic standpoint: the C-ter-
minal distortions and �-sheet fracture explain why a fibril oligomer cannot directly convert to fibril.
A shows the fibril model represented by two U-shaped �-sheets associated via the C-terminal regions. Ideally,
the fibril can be formed through binding of two ideal U-shaped �-sheets as represented in B. However, exper-
iments indicate that B to A conversion is not straightforward. In our simulations, we found that the ideal “fibril”
oligomer (B) is not stable in solution. Instead, the ideal fibril oligomer is better represented as the “real” fibril
oligomer shown in C, with a fracture in the middle of the oligomer and nonplanar C terminus, in which Met-35
patch is covered. The longer structure of C would break into short pieces as indicated in D, which in turn either
recruit more monomers or slowly convert to fibril in A. It is difficult to convert a longer fibril oligomer as in C to
A because of the distortion of the C terminus.
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energy than the double-layered fibril models F1 and F2 (Table
1). Interestingly, the dynamics of the N and C termini are cou-
pled. In the fibril models, the C-terminal region is completely
buried between two layers, whereas the N terminus is more
flexible. However, in the one-layer FOmodel where there is no
C-terminal interaction between the two layers, the N terminus
is relatively stable with small RMSD (Fig. 3, C and D).
The Prefibril Oligomer and Preglobulomer May Have Differ-

ent C Termini Interactions with Respect to the Met-35 Patch—
Yu et al. (30) have characterized the partially structured olig-
omers before they are converted to globulomers. Compared
with the FO, these preglobulomers have similar C-terminal
associations but differ in the 17–32 region. Because these spe-
cies are expected to be very flexible and donot havewell defined
structure, it is difficult to construct a representativemodel.One
would expect that there are a large number of possible arrange-
ments for the prefibril or preglobulomer oligomers. The struc-
tural information of the preglobulomer reported by Yu et al. is
the only one available experimentally. It is conceivable that (at
least some of) the structural features observed in the preglobu-
lomer could be shared by prefibrillar oligomers, at least in the
parallel �-sheet C-terminal region.
We build four dodecamer models using the constraints of

the experimentally observed �-sheet and �-hairpin patterns,
mainly to compare these prefibril oligomer or preglobulomers
with other fibril or globulomer models. We hypothesize that
the major difference between the prefibril oligomers and the

preglobulomers could be the ways
that C termini from two layers asso-
ciate. In the prefibril oligomer, theC
terminus may either have Met-35
patches exposed or already associ-
ated in a similar way to that of the
double-layered fibril. For the pre-
globulomer oligomers, the Met-35
patches are not available for fibril-
like interactions. Thus we tested
two major ways by which the C ter-
mini can associate: the first resem-
bles that in the fibrillar structure
with the Met from different layers
associated (P1 and P2 in Fig. 5); the
second resembles that in the fibril-
lar structure with Met-35 wrapped
into intrasheet interactions with
residues 1–32 and not involved in
the interlayer association (P3 and
P4; Fig. 5). Conceptually, the P2 pat-
ternmay easily allow the conversion
to a fibrillar structure, whereas P3
and P4 have to go through more
substantial rearrangements. The
C-terminal �-sheet stabilities for all
fourmodels are similar (with similar
counts of hydrogen bonds in the C
termini; Fig. 5B). However, the dis-
tance distribution between the C
termini for the prefibril oligomer is

broader than for the fibril (Fig. 1, E and F). The preglobulomer
oligomers (P3 and P4) have higher total hydrogen bond counts.
Both the prefibril oligomermodel P2 and preglobulomermodel
P3 could have stable antiparallel intrapeptide �-hairpins (Fig.
5D). The energetic stabilities of the four models follow the
order of the hydrogen bond counts (Fig. 5C), with P3 showing
the lowest energy among the four tested models (Table 1).
To compare with H/D exchange NMR spectroscopy experi-

ments, we calculated the solvent exposure ratio of backbone
amide hydrogens (Fig. 2B). The P3 model shows good agree-
ment in the region near Phe-4 and the C terminus (residues
30–42) but not around the intrapeptide �-hairpins (residue
20–30). It seems that these intrapeptide �-hairpins are not iso-
lated in experimentally observed preglobulomers, suggesting
higher solvation protection. Model P3 still has stable peptide
�-hairpins with larger solvent exposure, because these �-hair-
pins aremostly isolated. Thus the experimentally observed pre-
globulomersmay resemble P3, but they aremore compact than
the P3 model around the intrapeptide �-hairpin region.
Search for Possible Structures of the A� Globulomer—Based

on the hypothesis that the globulomer may derive from pre-
globulomer while retaining strong C-terminal interactions, we
seek experimental observations to probe a possible stable
globulomer structurewith highly ordered�-strand interactions
and well defined sizes. We focused on three possible clues:
(i) although it is well established that lipid bilayers catalyze par-
allel and anti-parallel fibrillar formations, the observation that

FIGURE 5. The arrangement and secondary structure stabilities of prefibril oligomers (P1 and P2) and
preglobulomer (P3 and P4). A, the differences in Met-35 patch interactions. In each model, the Met-35
patches are shown in a surface representation with the yellow balls representing sulfur atoms. In the top row, six
�-strands are represented as red ribbons, and another six as green ribbons, for comparison with Fig. 1. In the
middle, there are two ways of arranging the C-terminal Met-35 patches as illustrated by block arrows. In models
P1 and P2, the Met-35 patches are available to be associated as in fibril (Fig. 1). However, in P3 and P4 the
Met-35 patches are not available, because they are covered by residues 1–20. In P3 and P4, the C terminus can
be associated without Met-35 patches. The orientation of the C-terminal �-sheets can be parallel (P1), antipa-
rallel (P2 and P3), or with an angle up to 90 degree (orthogonally, P4). In the bottom row, only four core strands
are shown for clarity. B, the backbone hydrogen bond in C-terminal region along the simulation trajectories for
the four models. C, the total number of backbone hydrogen bond. D, the number of hydrogen bonds in the
hairpin region of residues Val-18 to Ile-32.
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fatty acids also induce globulomer formation (23) raises the
possibility that globulomers could have some resemblance to
lipid-binding proteins, and it is possible that globulomers have
orthogonal �-sheets, similar to a dominant structural motif in
lipid-binding proteins; this is consistent with the possible
orthogonal �-sheets in the P4model above. (ii) Lys-28 is highly
protected in globulomers (23), which is similar to Lys-28 in the
U-shaped �-sheets that have the Asp-23 to Lys-28 salt bridge
buried in the turn; it seems reasonable to assume that matured
globulomers could share the U-turn shape observed in fibril
structures. (iii) Finally, globulomer sizes appear to favor 12
monomers, with some reaching 14 (23). The structural models
illustrated in Fig. 6 (A and B) satisfy these experimental obser-
vations. TheU-turn region is plastic (34), and at least twomajor
turn forms were observed experimentally (3, 31). In model
GO1, we retained the experimental turn structure from Lys-28
to Ala-42. This turn (the “Luhrs turn” (3)) structure can allow a
maximum of 12 �-strands (two sets of six strands) to interact
orthogonally (Fig. 6A). In the second model GO2 (Fig. 6B), the
region of Lys-28 to Ala-42 is fully extended, corresponding to
our turn structure (45) experimentally observed by the Tycko
lab (35). TheGO2model, with a slightly longer Lys-28 toAla-42
stretch, would allow up to 14 �-strands (two sets of seven
strands) to interact orthogonally. Here we still use a dodecamer
for the GO2 model, comparable with other structures. The
third model GO3 (Fig. 6C and supplemental Fig. S2) was con-
structed with all of the �-strands in anti-parallel associations.

Even though this model is not con-
sistent with the suggestion of par-
allel �-sheet in spherical oligomers,
it represents possible anti-parallel
interactions. We note, however,
that it is conceivable that other
polymorphic conformational vari-
ants with different organizations
could allow different sizes.
After 60 ns of MD simulations at

330 K, the C-terminal orthogonal
�-sheets hold very well. TheMet-35
patch in the GO1 model aligns near
the edge of the �-sheet (residues
10–22; supplemental Fig. S2A). In
the GO2model, theMet-35 patch is
covered by �-sheet residues 10–22
(supplemental Fig. S2B). For the
GO3 model, the Met-35 patch is
covered because of anti-parallel
�-strand constraints (supplemental
Fig. S2C). For the GO1 and GO2
models, even though residues 1–9
are still associated in a �-sheet, they
fly around together, presenting very
large RMSDs compared with the
average structure, whereas residues
20–42 are stable (Fig. 6, D and E).
Residues Asp-1 to His-14 are com-
pletely random in the model GO3.
If we assume that the highly flex-

ible residues 1–9 cannot be observed by EM, the remaining
parts of all three models could have round shapes like the
globulomer “spherical” particles (Fig. 6, G and H). Among the
three models, GO1 has the best average energy (Table 1),
whereas GO3 has the highest energy. The energetic stability of
GO1 is very close to that of FO2, indicating that both oligomers
could have similar populations and that their formation is con-
trolled by kinetics.
Surprisingly, we found that the computed NH solvation fac-

tors for the GO3 model correlate with the experimental D/H
exchange protection ratios for A�42 (r � 0.73; supplemental
Fig. S1E). The correlationwithA�40 ismuch lower, and there is
no correlation between the GO1 and GO2 models with the
A�40 and A�42 fibrils. There are several possible explanations.
It is possible that the A�42 fibril used in the experimental D/H
exchange protection measurement is an ensemble of fibrillar
and A�42 globulomers. Alternatively, A�42 fibril may have
structural features similar to those of the GO3 globular model.
The correlation indicates that our globulomer model with
orthogonal �-sheets could exist.

DISCUSSION

How the A� peptides assemble and form toxic entities and
what is the mechanism of toxicity are major questions in
Alzheimer research. To address such questions, it is essential to
have working structural models of small A� oligomers. Struc-
tural features of A� have been increasingly revealed by solution

FIGURE 6. The structure and dynamics of the globulomer models. The two sets of six �-strands are repre-
sented as red and green ribbons. Lys-28 residues sit in the turn regions and are represented as balls. Met-35
patches are represented by surface patches, with sulfur atoms in yellow. A, the starting conformation for GO1
model, showing that with the Luhrs turn, two sets of six �-strands can fit exactly into an orthogonal C-terminal
interaction, forming a dodecamer. B, the starting conformation for the GO2 model, showing that alternatively,
two sets of six �-strands can also form an orthogonal C-terminal interaction with room for an additional strand
in each set to form oligomer with 14 �-strands. C, starting conformation for the GO3 model with two sets of
anti-parallel �-sheets (each with six strands), which also can form orthogonal C-terminal interactions. D–F,
RMSDs of all three models exhibit large fluctuations of the N-terminal and stable core structures. G and H,
surface model of residues 10 – 42 in the globulomer model, under the assumption that the flexible 1–9 region
is not observable in EM.
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NMR (3, 30), solid state NMR (31, 46, 47), cryo-EM (48), and
biochemical studies (23), leading to increased understanding of
polymorphic A� fibrillar states in small A� oligomers. Among
these small A� oligomers, double-layered and single-layered
fibril oligomer structural models may provide pivotal insights,
allowing further probing of elusive nonfibril oligomers. Our
simulations of solvation protection of F1 and F2 models have
reproduced experimental observations of A� fibrils (30) in sev-
eral respects, including the observation that the three residues
around F4 are structured. This observation is also consistent
with another study that shows the higher stability of F4 in the
A� amyloid (40, 41). Our dodecamer models of the A� fibril
present higher flexibility of residues Gly-37 and Gly-38, which
is also reflected by H/D exchange experiments (42).
The A� globulomer models (GO1 and GO2) satisfy experi-

mental observations, and the simulated solvation protection
factors for GO1 present good agreement with the experiment
(30). Our simulations also indicate that the GO1 model could
be the most stable species for A� dodecamers. The correlation
of the NH solvation factors of the GO3model with experimen-
tal D/H exchange protection ratio for the A�42 fibril may sug-
gest that the globular model studied here has a biological role.
The major difference between the structures of the A� fibril

and the globulomer centers on how the C termini of two
�-sheet layers interact. Our results suggest that in the globu-
lomer they pack together orthogonally, whereas in the fibril
their interaction is antiparallel. Although theMet-35 patches in
the A� fibril form highly complementary interactions between

the two layers, in the globulomer
they are buried intrasheet. These
differences make it difficult for the
globulomer to extend into a fibril
(Fig. 7). The exposure of theMet-35
patchmay be a key structural differ-
ence between the fibril- or ADDL-
forming pathways.
What are the missing links

between the ADDL and protofibrils
(49)? Our proposed mechanism for
the formation of the fibril and
globulomer points to the �-sheet of
the highly hydrophobic C-terminal
region, consistent with the NMR
study of the preglobulomer (30). As
illustrated in the box of Fig. 7, after
the formation of the C-terminal
�-sheet, there are two ways for it to
interact: the first is by using the
Met-35 patch surface, which leads
to fibril formation, and the second is
using the surface without the
Met-35 patch, which would favor
globulomer formation. Because the
formation of a C-terminal�-sheet is
critical in both pathways, it may
constitute a “critical intermediate.”
We further note that because the
ensemble of oligomers reflect popu-

lation shifts on a rugged energy landscape (16, 17), a change in
the environment can easily shift the population toward a spe-
cific pathway and outcome.
The broad A� oligomer variability presents a problem in AD

drug design and in planning other therapeutic approaches. Tar-
geting toxicity in an AD late stage may miss the reservoir of
polymorphic forms. If common links among polymorphic
states can be established, then targeting the bottleneck would
bemore effective. Among these, critical intermediates could be
such AD targets.
Targeting the Met-35 patch to inhibit A�42 and A�42 tox-

icity has already been attempted (50). Met-35 oxidation fre-
quently occurs in vivo and has been suggested to be involved in
A�-induced oxidative damage (51). Based on our current study,
we propose that Met-35 oxidation might decrease both ADDL
and fibril formation caused by increased polarity of oxidized
Met-35. Oxidized Met-35 will increase the tendency to be
exposed to water and decrease the propensity of ADDL forma-
tion. However, because of the polymorphic nature of the A�
protofibril, fibril formationmay be less affected. Consistently, it
has been found that Met-35 oxidation decreases paranucleus
formation (21) and reduces A�42 toxicity (52).

In a transgenic ADmouse model (with an M631L mutation)
where Met-35 was mutated to Leu, oxidative stress damage
would be prevented, and A�-immunoreative plaques can be
expected to be reduced. Instead, small punctuated immunore-
active nonplaque areaswere still found (53). This could relate to

FIGURE 7. The box illustrates that the fibril- and ADDL-forming pathways may share common critical
intermediates and subsequently diverge into different structures. The key step may involve the formation
of critical intermediate (CI) with a C-terminal parallel �-sheet. The subsequent association of the critical inter-
mediate may underlie the divergence of fibril and ADDL pathways. If the critical intermediate associates,
leaving the Met-35 patches available, the fibril may eventually form. If the critical intermediates interact oth-
erwise with Met-35 patches covered by other parts, ADDLs may be formed. The ribbon models (with six strands
in red and six strands in green) highlight that critical intermediate interaction without Met-15 patches can
mature into globulomer with orthogonal C-terminal interaction, with no conversion to fibril.
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increased ADDL population, which favors lower exposure of
hydrophobic Leu.
Mutations near the Met region also impede fibril formation,

likeG33L andG37L (50) andG33V andG37D (54, 55). Kim and
Hecht (56) systematically studied 20 mutants at 17 positions in
A�42. It would also be interesting to switch the Gly-33 and
Met-35 orMet-35 andGly-37.Althoughwemay expect that the
dimer interfacewould be less affected than theADDL, the path-
way population may also change.
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