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ABSTRACT: Oligomers of the β-amyloid peptide Aβ have
emerged as important contributors to neurodegeneration in
Alzheimer’s disease. Mounting evidence suggests that Aβ
trimers and higher-order oligomers derived from trimers have
special significance in the early stages of Alzheimer’s disease.
Elucidating the structures of these trimers and higher-order
oligomers is paramount for understanding their role in
neurodegeneration. This paper describes the design, synthesis,
X-ray crystallographic structures, and biophysical and biological properties of two stabilized trimers derived from the central and
C-terminal regions of Aβ. These triangular trimers are stabilized through three disulfide cross-links between the monomer
subunits. The X-ray crystallographic structures reveal that the stabilized trimers assemble hierarchically to form hexamers,
dodecamers, and annular porelike structures. Solution-phase biophysical studies reveal that the stabilized trimers assemble in
solution to form oligomers that recapitulate some of the higher-order assemblies observed crystallographically. The stabilized
trimers share many of the biological characteristics of oligomers of full-length Aβ, including toxicity toward a neuronally derived
human cell line, activation of caspase-3 mediated apoptosis, and reactivity with the oligomer-specific antibody A11. These studies
support the biological significance of the triangular trimer assembly of Aβ β-hairpins and may offer a deeper understanding of the
molecular basis of Alzheimer’s disease.

■ INTRODUCTION

In Alzheimer’s disease, the β-amyloid peptide Aβ assembles to
form a multitude of soluble oligomers as well as insoluble
fibrils.1,2 The Aβ oligomers have emerged as neurotoxic agents
that lead to neurodegeneration in Alzheimer’s disease. The
heterogeneity and metastability of the Aβ oligomers presents a
tremendous challenge in understanding the molecular basis of
Alzheimer’s disease. Specifically, the lack of homogeneous
oligomers precludes detailed correlation of the biological
properties of Aβ oligomers with their structural and biophysical
properties.
To reduce the heterogeneity among assemblies of the Aβ

peptide, researchers have prepared and studied Aβ oligomers
that consist of Aβ monomers linked by chemical cross-links.3−9

These studies have helped determine the importance of
different residues in Aβ oligomerization and have demonstrated
that Aβ40 and Aβ42 form different types of oligomers. Cross-
linked oligomers have been found to be toxic toward rat
pheochromocytoma (PC12) cells and to inhibit long-term
potentiation in rats, providing evidence for the role of Aβ
oligomers in neurodegeneration in Alzheimer’s disease.
Although cross-linking Aβ decreases the heterogeneity of Aβ
oligomers, cross-linking has not yet produced structurally
homogeneous oligomers. The high-resolution structures of the
cross-linked oligomers that have been generated thus far,
through either a single disulfide bond or through photoinduced
cross-linking of unmodified proteins (PICUP), remain
unknown.
In the past couple of years, our laboratory has identified and

elucidated hitherto undiscovered modes of supramolecular

assembly of macrocyclic β-sheet peptides derived from
amyloidogenic peptides and proteins.10−13 We previously
reported the X-ray crystallographic structures of two homolo-
gous trimers formed by two macrocyclic β-sheet peptides
derived from Aβ17−36.

10,14 These peptides contain Aβ17−23 and
Aβ30−36 β-strands covalently linked by two δ-linked ornithine
(δOrn) turn mimics and are designed to mimic an Aβ17−36 β-
hairpin.15 Figure 1 illustrates these peptides, 1 and 2, and shows
their relationship to an Aβ17−36 β-hairpin. The δOrn that
connects residues D23 and A30 replaces the Aβ24−29 loop; the
δOrn that connects residues L17 and V36 reinforces β-sheet
structure.16 We incorporated ornithine (α-linked) as a
hydrophilic isostere of methionine at position 35 to improve
the solubility of the peptides.14 Peptides 1 and 2 both contain
an N-methyl group to block uncontrolled aggregation: peptide
1 contains an N-methyl group on G33; peptide 2 contains an N-
methyl group on F20.
X-ray crystallography revealed that peptides 1 and 2 fold to

form β-hairpins that assemble to form oligomers. In the X-ray
crystallographic structures of peptides 1 and 2, three β-hairpins
assemble in a triangular fashion to form trimers, which are
stabilized by hydrogen bonding and hydrophobic interactions
between monomers (Figure 2). At the three corners of each
trimer, the main chain of residue V18 on one macrocyclic β-
sheet hydrogen bonds with the main chain of residue E22 on the
adjacent macrocyclic β-sheet. Clustering between hydrophobic
residues at the corners of each trimer provides additional
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stability. In the crystal lattice, the trimers further assemble to
form hexamers and dodecamers. The trimers, hexamers, and
dodecamers formed by peptide 1 are morphologically identical
to the trimers, hexamers, and dodecamers formed by peptide 2.
The oligomers formed by peptides 1 and 2 are labile and

dynamic in aqueous solution, making it difficult to correlate
their biological and biophysical properties with their X-ray
crystallographic structures. In the current study, we aimed to
covalently stabilize the trimers formed by peptides 1 and 2
through chemical cross-linking, with the goal of investigating
the biological significance of this triangular assembly (Chart 1).
This paper describes the design, synthesis, and study of cross-
linked trimers 5 and 6 (Figure 3). Peptides 3 and 4 are
generated as cysteine-containing homologues of peptides 1 and
2 and are cross-linked to form trimers 5 and 6. The X-ray
crystallographic structures of trimers 5 and 6 are determined
and the higher-order assemblies that they form are elucidated at
high resolution. Trimers 5 and 6 are also shown to form higher-
order oligomers in aqueous solution that are toxic toward the
human neuroblastoma cell line SH-SY5Y.

■ RESULTS
Design and Synthesis of Peptides 3 and 4 and Trimers

5 and 6. The X-ray crystallographic structures of the trimers
formed by peptides 1 and 2 revealed a strategy for cross-linking
these peptides into stable trimers. At the three corners of the
triangular trimers, the side chain of residue L17 of one monomer
subunit packs against the side chain of residue A21 of another
monomer subunit. We hypothesized that mutating both L17 and
A21 to cysteine would allow cross-linking the peptides to form
covalent trimers containing three disulfide linkages. The
resulting C17−C21 cross-links would be almost isosteric with
L17 and A21, maintaining a similar level of hydrophobicity and
not altering the charge of the trimer.

We synthesized peptides 3 and 4 by similar procedures to
those we have developed for other macrocyclic β-sheet
peptides: synthesis of the corresponding linear peptide on 2-
chlorotrityl resin, followed by cleavage of the protected linear
peptide from the resin, solution-phase macrocyclization, and
global deprotection of the resulting macrocyclic peptide.10−13,17

We purified peptides 3 and 4 by reverse-phase HPLC (RP-
HPLC) followed by lyophilization of pure fractions. Typical
syntheses on a 0.1 mmol scale afforded ∼55 mg of peptides 3
and 4 in ≥95% purity. We rigorously purified peptides 3 and 4
to minimize off-target products in the subsequent oxidation
reactions.
We anticipated that oxidation of peptides 3 and 4 to form

trimers would be challenging. The peptides have the potential
to form complex mixtures of monomeric, dimeric, trimeric, and
higher oligomeric oxidation products. Five different oxidation
products of trimer size or smaller are possible in the oxidation
reactions of peptides 3 and 4: (1) a monomer that contains an
intramolecular disulfide bond between C17 and C21, (2) an
antiparallel bis-disulfide cross-linked dimer, (3) a parallel bis-
disulfide cross-linked dimer, (4) an asymmetric tris-disulfide
cross-linked trimer, and (5) a symmetric tris-disulfide cross-

Figure 1. Chemical structures of an Aβ17−36 β-hairpin and peptides 1
and 2. The Aβ24−29 loop region of the Aβ17−36 β-hairpin is shown in
blue to illustrate its relationship to the δOrn that connects D23 and A30
in peptides 1 and 2.

Figure 2. (A) X-ray crystallographic structure of the triangular trimer
formed by peptide 1 (PDB 4NTR). The three ordered water
molecules in the center of the trimer that form hydrogen bonds with
the main chain of F20 are shown as small red spheres. In the inset, the
N-methyl groups on G33 are shown as spheres. (B) X-ray
crystallographic structure of the triangular trimer formed by peptide
2 (PDB 4NW9). In the inset, the N-methyl groups on F20 are shown
as spheres.
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linked trimer (Figure 4). The desired trimers 5 and 6 are
symmetric tris-disulfide cross-linked trimers.
We developed a two-step procedure for preparing trimers 5

and 6 from peptides 3 and 4. In the first step, we allow peptides
3 and 4 to oxidize at relatively high concentration of peptide (6
mM) in 20% (v/v) aqueous DMSO for 48 h.18,19 In the second
step, we dilute the reaction mixture with water to a low
concentration (∼250 μM) and allow the oxidized peptides to
equilibrate over 48 h. Through this procedure, peptides 3 and 4
cross-link to form substantial amounts of the desired symmetric
cross-linked trimers 5 and 6. In the oxidation reaction of
peptide 3, we observe three major products: trimer 5, a cross-
linked dimer, and the disulfide monomer (Figure 5A).20 In the
oxidation reaction of peptide 4, we observe two major
products: trimer 6 and the disulfide monomer; we do not
observe appreciable amounts of either possible cross-linked
dimer (Figure 5B). We purified trimers 5 and 6 by RP-HPLC
followed by lyophilization of pure fractions to yield ∼15 mg of
trimer 5 and ∼20 mg of trimer 6, each with ≥95% purity, from
a 0.1 mmol scale synthesis of peptides 3 and 4.
X-ray Crystallographic Structure Determination of

Trimers 5 and 6. We elucidated the structures of trimers 5
and 6 by X-ray crystallography. One of the challenges in X-ray
crystallography is determining the X-ray crystallographic
phases. Doing so often requires incorporation of a heavy
atom, such as selenium, bromine, or iodine, through covalent
modification.21 In previously solving the X-ray crystallographic
structures of peptides 1 and 2, we prepared homologues
containing p-iodophenylalanine. In solving the X-ray crystallo-
graphic structures of trimers 5 and 6, we employed two
techniques for X-ray crystallographic phase determination
that have not been widely used for peptides: sulfur
single-wavelength anomalous diffraction (S-SAD) and
postcrystallization incorporation of iodide ions into the crystal
lattice.
We used S-SAD to determine the X-ray crystallographic

structure of trimer 6. The intrinsic anomalous scattering of the
sulfur atoms in the asymmetric unit provided sufficient data to
determine the X-ray crystallographic phases. We collected five
data sets from a single crystal of trimer 6 using an X-ray

diffractometer equipped with a rotating copper anode, and we
merged the data sets to increase the strength of the anomalous
signal from sulfur.22,23 We then used the X-ray crystallographic
structure generated by S-SAD (PDB 5SUS) as a search model
for molecular replacement to solve the X-ray crystallographic

Chart 1. Design of Trimers 5 and 6

Figure 3. Chemical structures of peptides 3 and 4 and trimers 5 and 6.
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phases of a higher resolution data set collected using a
synchrotron radiation source (PDB 5SUR).
We used iodide ion incorporation and conventional SAD

phasing to determine the X-ray crystallographic structure of
trimer 5. To incorporate the iodide ions into the crystal lattice
we soaked a crystal of trimer 5 in a mixture of crystallization
buffer and aqueous potassium iodide (KI).24 The X-ray
crystallographic structure of the KI-soaked trimer 5 (PDB
5SUU) was used as a search model for molecular replacement
to determine the X-ray crystallographic phases of a higher
resolution data set of unsoaked trimer 5 collected using a
synchrotron radiation source (PDB 5SUT).
X-ray Crystallographic Structure and Supramolecular

Assembly of Trimer 5. The X-ray crystallographic structure

of trimer 5 reveals the hypothesized trimer, with three disulfide
linkages between the monomeric subunits (Figure 6).25 As we
envisioned, replacement of L17 and A21 with cysteine does not
perturb the triangular trimer structure. Trimer 5 is composed of
three folded macrocyclic β-sheets and is virtually identical to
the trimers formed by peptides 1 and 2. Trimer 5 maintains the
intersheet hydrogen bonds and hydrophobic clustering of
amino acid side chains previously described for the trimers
formed by peptides 1 and 2.10 At each corner of trimer 5, the
main chain of residue V18 on one monomeric subunit hydrogen
bonds with the main chain of residue E22 on the adjacent
monomeric subunit (Figure 9A).
The N-methyl groups in trimer 5 are located on the outer

hydrogen-bonding edges of the trimer. These N-methyl groups
block the outer hydrogen-bonding edges of the trimer from
hydrogen bonding with other trimers in the crystal lattice.
Three ordered water molecules fill the hole in the center of
trimer 5, hydrogen bonding with each other and with the main
chain of residue F20.
Clusters of hydrophobic residues in trimer 5 create two

hydrophobic surfaces (Figure S1). The front surface displays
the side chains of residues F19, I32, L34, and V36, as well as the
C17−C21 disulfide linkages. We term this surface the “F19 face”.
The back surface displays the side chains of residues V18, F20,
and I31. We term this face the “F20 face”. Trimer 5 packs on
both the F19 face and the F20 face to form higher-order
assemblies in the crystal lattice.
In the X-ray crystallographic structure of trimer 5, two

trimers pack to form a sandwich-like hexamer (Figure 7). In the
hexamer, the F20 face of one trimer packs against the F20 face of
another trimer (Figure 7B). The hexamers further assemble to
form columns by stacking on their F19 faces (Figure 7C). The
columns are arranged in a hexagonal fashion in the crystal
lattice (Figure S2). The hexamer formed by trimer 5 is
morphologically identical to the hexamers formed by peptides 1
and 2.
This mode of assembly, in which the hydrophobic faces

displayed on triangular trimers pack together to form hexamers,
appears to be characteristic of triangular trimers formed by
amyloid-derived macrocyclic β-sheets and β-hairpins. Our
laboratory has also observed this mode of assembly by a larger
peptide derived from Aβ17−36 and by a macrocyclic β-sheet
peptide derived from β2-microglobulin.

11,16

Figure 4. Cartoon illustrating the anticipated products of trimer size or
smaller in the oxidation reactions of peptides 3 and 4.

Figure 5. Analytical RP-HPLC traces of the mixture of products
formed upon oxidation of peptide 3 (A) and peptide 4 (B). Analytical
RP-HPLC was performed on a C18 column with an elution gradient of
5−95% CH3CN over 20 min.

Figure 6. X-ray crystallographic structure of trimer 5 (PDB 5SUT). In
the inset, the N-methyl groups on G33 are shown as spheres.
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X-ray Crystallographic Structure and Supramolecular
Assembly of Trimer 6. The X-ray crystallographic structure
of trimer 6 reveals a symmetric trimer that is cross-linked
through disulfide linkages between C17 of one monomeric
subunit and C21 of the adjacent monomeric subunit (Figure
8).26 Although trimer 6 is composed of three folded
macrocyclic β-sheets, it differs in conformation from the
trimers formed by peptides 1 and 2, and also differs in
conformation from trimer 5. In the three other trimers, the
main chains of residues V18 and E22 are hydrogen bonded at the
corners of the trimer. In trimer 6 residues V18 and E22 shift out
of alignment by two residues, such that residue V18 is across
from residue F20 and residue E22 is across from

δOrn (Figure
9B). In further contrast to trimer 5, the N-methyl groups in
trimer 6 are sequestered in the center hole of the trimer,
exposing the outer hydrogen-bonding edges and allowing
trimer 6 to hydrogen bond with other trimers in the crystal
lattice.
Clusters of hydrophobic residues in trimer 6 create two

hydrophobic surfaces, which we term the “F19 face” and the “F20

face” (Figure S1). The F19 face displays the hydrophobic side
chains of residues F19, I32, L34, and V36, as well as the C17−C21
disulfide linkages. The F20 face displays the hydrophobic side
chains of residues V18, F20, and I31.
In the X-ray crystallographic structure of trimer 6, four

trimers assemble in a tetrahedral fashion to form a ball-shaped
dodecamer (Figure 10). The dodecamer is stabilized by a
network of hydrogen bonds among the outer edges of the four
trimers: the main chains of residues G33 and Orn35 on one
trimer hydrogen bond with the main chains of residues I31 and
δOrn on the adjacent trimers. The hydrophobic residues on the
F20 faces of the four trimers line the inside of the dodecamer,
creating a hydrophobic cavity approximately 2 nm in
diameter.27

The ball-shaped dodecamers pack to form the crystal lattice.
Within the crystal lattice, six dodecamers assemble to form
annular porelike structures (Figure 11A). Hydrophobic packing
between the F19 faces displayed on the exterior of each
dodecamer stabilizes these annular porelike structures. At the
interfaces between the dodecamers in the annular pore, the
trimers pack to form sandwich-like hexamers (Figure 11B,C).
The interfaces are stabilized by hydrophobic packing between
the side chains of residues on the F19 faces of each trimer.
As illustrated above, trimer 5 and trimer 6 form different

higher-order assemblies within the crystal lattice. Trimer 5
packs to form sandwich-like hexamers; trimer 6 assembles to
form ball-shaped dodecamers that pack to form annular pores.
The difference in the position of the N-methyl groups on the
two trimers may explain the differences in the assemblies that

Figure 7. X-ray crystallographic structure of the sandwich-like hexamer
formed by trimer 5. (A) Top view. (B) Side view. The side chains of
residues F20, I31, and E22 are shown as spheres to illustrate the
hydrophobic packing that occurs at the interface between the two
trimers. (C) Column of stacked hexamers in the crystal lattice.

Figure 8. X-ray crystallographic structure of trimer 6 (PDB 5SUR). In
the inset, the N-methyl groups on F20 are shown as spheres.

Figure 9. Contacts between the monomer subunits in trimer 5 and
trimer 6. (A) Trimer 5. Residues V18 and E22 (highlighted in cyan) are
aligned. (B) Trimer 6. Residues V18 and E22 (highlighted in cyan) are
shifted out of alignment by two residues. The side chain of one F20
residue on trimer 5 is omitted for clarity.
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form. In trimer 6, the N-methyl group on residue F20 is
sequestered in the center hole of the trimer, exposing the outer
hydrogen-bonding edges and allowing trimer 6 to hydrogen
bond with the three other trimer 6 subunits that comprise the
ball-shaped dodecamer. In trimer 5, the N-methyl group on
residue G33 inhibits dodecamer formation by blocking hydro-
gen bonding with other trimers. Instead, trimer 5 forms a

sandwich-like hexamer that is primarily stabilized by packing
between the hydrophobic surfaces of the two trimers.

Biological Studies of Trimers 5 and 6. Trimers 5 and 6
provide tools to investigate the biological significance of the
triangular assembly. We compared trimers 5 and 6 and peptides
1 and 2 in a series of biological and biophysical experiments to
evaluate the effect of covalent stabilization of the trimers and to
correlate differences in biological and solution-phase behavior
with differences in structure.
Aβ is known to be toxic toward neurons and neuronally

derived cells.1,28 To corroborate the toxicity of Aβ, we prepared
oligomers of Aβ42 and studied their toxicity toward the human
neuroblastoma cell line SH-SY5Y. Aβ oligomers were prepared
according to the procedure developed by Teplow and co-
workers using recombinantly expressed Aβ42 pretreated with
NH4OH (purchased from rPeptide).29,30 Under the conditions
of the oligomer preparation, Aβ42 appears as a mixture of
oligomers as assessed by SDS-PAGE (Figure 12A). We treated
SH-SY5Y cells with varying concentrations of the mixture of
Aβ42 oligomers and evaluated toxicity using a lactate
dehydrogenase (LDH) release assay. The Aβ42 increased
LDH release in a dose-dependent manner at concentrations
as low as 2.5 μM, corroborating the toxicity of Aβ42 observed by
other laboratories (Figure 12B).

LDH Release Assay. To test whether trimers 5 and 6 elicit
toxicity similar to Aβ42, we evaluated the toxicity of the trimers
toward SH-SY5Y cells using an LDH release assay. Deionized
water (vehicle) and peptides 1 and 2 were used as controls.
Trimer 6 increased LDH release in a dose-dependent manner
at concentrations as low as 1.5 μM, indicating toxicity toward
SH-SY5Y cells (Figure 13A). LDH release was observed as
early as 48 h after addition to the cells and reached a maximum
after 72 h (Figure S3). The toxicity of trimer 6 does not arise
from in situ reduction to peptide 4, as peptide 4 showed no
toxicity in LDH release assays (Figure S4). At equivalent
concentrations, trimer 5 exhibited less toxicity than trimer 6,
eliciting LDH release at concentrations as low as 3 μM. In
contrast, monomeric peptides 1 and 2 showed little or no LDH
release.

Caspase-3 Activation Assay. One way in which Aβ
oligomers elicit toxicity is by inducing caspase-3 mediated
apoptosis.31,32 We used a rhodamine-based caspase-3 activity
assay to evaluate whether trimers 5 and 6 also induce caspase-3

Figure 10. X-ray crystallographic structure of the ball-shaped
dodecamer formed by trimer 6.

Figure 11. (A) X-ray crystallographic structure of an annular pore
formed by trimer 6. (B) Sandwich-like hexamer formed by the trimers
at the interface between two dodecamers in the annular pore (top
view). (C) Side view of a sandwich-like hexamer. The side chains of
residues on the F19 faces of the trimers are shown as spheres to
illustrate the hydrophobic packing at the interface.

Figure 12. Aβ42 forms a mixture of oligomers and is toxic toward SH-
SY5Y cells. (A) Silver-stained SDS-PAGE gel. Aβ42 was run at 250 μM.
(B) Lactate dehydrogenase (LDH) release assay. Data represent the
mean of five replicate wells ± s.d. Deionized water (vehicle, veh.) was
used as a negative control.
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mediated apoptosis. At 6 μM, both trimer 5 and trimer 6
induced apoptosis within 72 h after addition to SH-SY5Y cells,
whereas peptides 1 and 2 showed little or no effect (Figure
13B). Caspase-3 activity levels after treatment with trimer 5 or
trimer 6 were comparable to that of the known caspase-3
activator staurosporine. These results suggest that trimers 5 and
6 may elicit toxicity by activating apoptosis.
A11 Antibody Reactivity. The LDH release and caspase-3

activation studies indicate that trimers 5 and 6 behave like
oligomers of full-length Aβ and provide evidence for the
biological significance of the triangular assembly. To evaluate

further how the biological properties of trimers 5 and 6
compare to those of full-length Aβ, we examined the reactivity
of the trimers with the oligomer-specific antibody A11 by dot
blot analysis. Trimers 5 and 6 react with the A11 antibody, but
peptides 1 and 2 do not (Figure 13C).
Reactivity with the A11 antibody is a hallmark of certain

types of Aβ oligomers.33,34 The A11 antibody specifically
recognizes oligomeric assemblies of Aβ, but does not recognize
Aβ monomers or fibrils. The structures of the Aβ oligomers
recognized by the A11 antibody are not known. The results
from the dot blot experiment show that the A11 antibody
recognizes trimers 5 and 6 as Aβ oligomers and suggest
that oligomers of full-length Aβ may also contain
triangular trimers.

Solution-Phase Biophysical Studies of Trimers 5 and
6. The differences in LDH release, caspase-3 activation, and
A11 antibody reactivity between trimers 5 and 6 and peptides 1
and 2, suggest that covalent stabilization of the triangular trimer
is necessary for these small peptides to mimic the oligomers of
full-length Aβ at micromolar concentrations. Although peptides
1 and 2 assemble to form triangular trimers at the millimolar
concentrations of crystallography experiments, they may be too
small to assemble at the micromolar concentrations of
biological and biophysical experiments. We turned to SDS-
PAGE, size exclusion chromatography (SEC), and circular
dichroism (CD) spectroscopy to probe the solution-phase
behavior of trimers 5 and 6 and peptides 1 and 2, and thus
explore these hypotheses.

SDS-PAGE. Tricine SDS-PAGE followed by silver staining
reveals that trimers 5 and 6 assemble to form SDS-stable
oligomers (Figure 14A).35,36 Trimer 5 migrates as a single band
at a molecular weight consistent with a hexamer. Trimer 6
migrates as two bands: one consistent with the molecular
weight of a dodecamer, the other consistent with the molecular
weight of a trimer. The dodecamer band shows pronounced
streaking, suggesting equilibria with lower molecular weight
oligomers, such as nonamers and hexamers. Peptides 1 and 2
migrate as broad bands at molecular weights consistent with
monomer or dimer.

Size Exclusion Chromatography. SEC reveals that trimers 5
and 6 also assemble to form higher-order oligomers in acetate
buffer (Figure 14B).37 The elution profiles of trimers 5 and 6
were compared to those of size standards and peptides 1 and 2.
The size standards vitamin B12 (1.3 kDa), aprotinin (6.5 kDa),
and cytochrome c (12.4 kDa) eluted at 18.6, 15.4, and 13.4 mL,
respectively. Trimer 5 elutes at 14.3 mL; trimer 6 elutes at 14.5
mL. These elution volumes fall between the elution volumes of
the 6.5 and 12.4 kDa standards and are thus consistent with the
molecular weight of a hexamer (10.6 kDa). The peaks for
trimers 5 and 6 tail slightly, which may reflect a trimer-hexamer
equilibrium in which the hexamer predominates. The tail of
trimer 6 shows a distinct hump at 15.6 mL, suggesting a slow
equilibrium between the trimer and the hexamer.
Under the conditions of the SEC experiments, peptides 1

and 2 do not assemble to form trimers. Peptide 1 elutes at 16.8
mL; peptide 2 elutes at 17.3 mL. These volumes are lower than
would be expected for a 1.7 kDa monomer and higher than
would be expected for a 5.3 kDa trimer, suggesting that
peptides 1 and 2 may form dimers in solution.

Circular Dichroism. Circular dichroism spectra reflect the
cooperative folding and assembly of macrocyclic β-sheet
peptides (Figure 14C). The CD spectra of trimers 5 and 6
exhibit typical β-hairpin character as evidenced by negative

Figure 13. Biological studies of trimers 5 and 6 and peptides 1 and 2.
(A) LDH release assay. Data represent the mean of five replicate wells
± s.d. Deionized water (vehicle, veh.) was used as a negative control.
(B) Caspase-3 activation assay. Data represent the mean of five
replicate wells ± s.d. Staurosporine was used as a positive control. (C)
Dot blot analysis of A11 antibody reactivity of trimers 5 and 6 and
peptides 1 and 2.
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bands at ∼215 nm and positive bands at ∼195 nm.38−40 In
contrast, the CD spectra of peptides 1 and 2 show little β-
hairpin structure. These results indicate that covalent
stabilization not only locks in conformation but also promotes
folding of the monomeric subunits into β-hairpins. Table 1
summarizes the results of the structural and biological studies
described above.

■ DISCUSSION

X-ray crystallography provides a facile means to probe the
structures of oligomers formed by β-hairpin peptides derived
from amyloidogenic peptides and proteins. The solution-phase
studies of trimers 5 and 6 provide evidence that their
crystallographically observed assemblies are meaningful, and
are not simply artifacts of the trimers packing to form a lattice.
The hexamer formed by trimer 5 in the SDS-PAGE and SEC
studies likely resembles the sandwich-like hexamer observed
crystallographically, in which two trimers pack on their
hydrophobic surfaces. The dodecamer formed by trimer 6 in
the SDS-PAGE study likely resembles the ball-shaped
dodecamer observed crystallographically, in which four trimers
assemble in a tetrahedral fashion. Furthermore, the hexamer
formed by trimer 6 in the SEC study may resemble the
hexamer formed at the interface of the dodecamers in the
annular pore.
The differences in solution-phase assembly between trimer 5

and trimer 6 may explain the greater toxicity of trimer 6 in the
LDH release assay. The increased LDH release from cells
treated with trimer 6 may reflect the propensity of trimer 6 to
form dodecamers in a lipophilic environment, such as SDS
micelles or cell membranes. In cell membranes, the dodecamers
may further assemble to form annular pores and induce LDH
leakage. The greater LDH release induced by trimer 6, in spite
of comparable caspase-3 activation, suggests that LDH release
and apoptosis might occur through different mechanisms.
β-Hairpins are thought to be the building blocks of some Aβ

oligomers.41−44 The crystallographic and solution-phase
assembly of trimers 5 and 6 support a model in which full-
length Aβ folds into β-hairpins that come together to form
triangular trimers that further assemble to form ball-shaped
dodecamers.10,16 Dodecamers that are composed of triangular
trimers arranged in a tetrahedral fashion are special because
they display four hydrophobic faces that can pack with the
hydrophobic faces of other dodecamers to form larger
assemblies. The hierarchical assembly of triangular trimers
into dodecamers that further assemble to form annular porelike
structures is an emergent property of the triangular trimers
observed by our laboratory. This mode of assembly may explain
some of the large oligomeric assemblies observed for Aβ and
other amyloidogenic peptides and proteins.
One type of large oligomeric assembly formed by Aβ has

been termed annular protofibrils (APFs).45−47 APFs share a
common donut-shaped morphology and appear to be
composed of smaller spherical oligomers. APFs have also
been observed for other amyloidogenic peptides and proteins,
such as α-synuclein, islet amyloid polypeptide, and tau.48,49 The
annular porelike assembly formed by trimer 6 could serve as a
structural model for an APF formed by Aβ. Furthermore, the
hierarchical assembly of trimers into dodecamers, which further
assemble to form annular porelike structures, might be a
common mode of hierarchical assembly for other amyloido-
genic peptides and proteins.
Trimers are especially important among the various

oligomers formed by full-length Aβ. Concentrations of Aβ
trimers are elevated in cognitively normal adults who are at risk
for Alzheimer’s disease.2,50,51 Trimers also appear to be the
building blocks of the putative dodecamer of Aβ, termed
Aβ*56, which was isolated from the brains of Tg2576
transgenic mice and shown to impair memory in healthy
rats.52 Furthermore, Aβ trimers, but not monomers or dimers,

Figure 14. Solution-phase biophysical studies of trimers 5 and 6 and
peptides 1 and 2. (A) Silver stained SDS-PAGE gel. SDS-PAGE was
performed in Tris buffer at pH 6.8 with 2% (w/v) SDS. Molecular
weights calculated for the monomer, dimer, trimer, hexamer, and
dodecamer are listed in parentheses. (B) Size exclusion chromatog-
raphy chromatograms. SEC was performed on 1.0-mg/mL solutions of
trimers 5 and 6 and peptides 1 and 2 in 50 mM sodium acetate/50
mM acetic acid (pH 4.7) with a Superdex 75 10/300 column.37 (C)
Circular dichroism spectra. Spectra were acquired at 0.3 mg/mL (50
μM trimers 5 and 6; 150 μM peptides 1 and 2) in 10 mM potassium
phosphate buffer at pH 7.4.
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have been shown to promote aggregation of the microtubule
associated protein tau, which is also involved in the progression
Alzheimer’s disease.53 Although the significance of triangular
assemblies of Aβ β-hairpins in Alzheimer’s disease remains to
be determined, the results described in this paper further
support a model in which trimers are a central feature of Aβ
oligomers.

■ CONCLUSION
The studies described in this paper embody our laboratory’s
strategy for studying well-defined oligomers derived from Aβ.
Stabilizing fragments of the Aβ peptide in a macrocyclic β-sheet
peptide and blocking uncontrolled aggregation with an N-
methyl group permits crystallization and elucidation of higher-
order assemblies the peptide can form. The X-ray crystallo-
graphic structures of the higher-order assemblies can be used to
develop strategies to cross-link the peptide and thus stabilize
oligomers. The cross-linked oligomers provide a tool to
investigate the biological significance of the crystallographically
observed oligomers.
Trimers 5 and 6 constitute the first cross-linked oligomers of

an Aβ-derived peptide in which the X-ray crystallographic
structures are known. The results presented in this paper
support the triangular trimer, as well as sandwich-like hexamers
and ball-shaped dodecamers as biologically significant assem-
blies of the Aβ peptide. Trimers 5 and 6 assemble to form
stable oligomers in solution and recapitulate the toxicity and
A11 antibody reactivity of Aβ oligomers.
Trimers 5 and 6 offer the promise of relating Aβ oligomer

structure with biological activity. The X-ray crystallographic
structures of trimers 5 and 6 and the trimers formed by
peptides 1 and 2 can serve as starting points for rationally
designing small molecules that bind Aβ oligomers. The X-ray
crystallographic structure of the trimer formed by peptide 1 has
already been used in docking studies to explain the fluorescence
of probes that bind Aβ oligomers.54,55 Trimers 5 and 6 provide
stable targets that can be used to evaluate further binding of
probes such as these. Trimers 5 and 6 may also serve as a
starting point for discovering small molecules that inhibit the
toxicity of Aβ oligomers. In addition, trimers 5 and 6 may serve
as antigens for generating antibodies as probes for amyloid
oligomers or as therapies for Alzheimer’s disease. We are
currently investigating these applications and will report our
findings in due course.
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