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Abstract

Amyloid oligomers play a central role in Alzheimer’s and other amyloid diseases, yet the
structures of these heterogeneous and unstable species are not well understood. To better
understand the structures of oligomers formed by amyloid-f peptide (AB), we have incorporated a
key amyloidogenic region of AP into a macrocyclic peptide that stabilizes oligomers and facilitates
structural elucidation by X-ray crystallography. This paper reports the crystallographic structures
of oligomers and oligomer assemblies formed by a macrocycle containing the AB15_23
nonapeptide. The macrocycle forms hydrogen-bonded B-sheets that assemble into cruciform
tetramers consisting of eight B-strands in a two-layered assembly. Three of the cruciform tetramers
assemble into a triangular dodecamer. These oligomers further assemble in the lattice to form
hexagonal pores. Molecular modeling studies suggest that the natural AB peptide can form similar
oligomers and oligomer assemblies. The crystallographic and molecular modeling studies suggest
the potential for interaction of the oligomers with cell membranes and provide insights into the
role of oligomers in amyloid diseases.

Introduction

The structures of the toxic amyloid oligomers associated with neurodegenerative diseases
remain largely elusive. The plaques formed by amyloid-B peptide (AB) are a visible hallmark
of Alzheimer’s disease, and their component fibrils have been found to consist of long
networks of layered B-sheets comprising thousands of molecules of the 40- and 42-amino
acid polypeptide.1:2:3 Smaller oligomers, consisting of as few as two molecules or as many
as tens of molecules, are now widely thought to be the A species that cause
neurodegeneration.#:5:6.7.8.9.10.11,12 The mechanism or mechanisms by which these
oligomers cause neurodegeneration are still not certain, with possibilities including binding
to cell-surface receptors, generation of pores of channels in cell membranes, or otherwise
perturbing membrane structure.11

The structures of the oligomers formed by AB and other amyloidogenic peptides and
proteins are difficult to study because amyloid oligomers are heterogeneous and unstable.
Small oligomers of A, including dimers, trimers, tetramers, hexamers, and dodecamers,
have been observed, as well as larger oligomer assemblies with spherical and annular
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morphologies.13:14.15.16.17.18,19 \ost efforts to study the oligomers have relied upon
techniques that provide relatively little structural information, such as gel electrophoresis,
size-exclusion chromatography, ion mobility-mass spectrometry, transmission electron
microscopy, atomic force microscopy, and use of oligomer-specific antibodies. Determining
the structure of the oligomers of full-length AP at atomic resolution simply is not possible.
Chemical model systems that are simpler than full-length AB can interact in controlled
fashions to form well-defined oligomers and oligomer assemblies. These model systems can
afford structures at atomic resolution that provide insights into the structures and modes of
assembly of amyloid oligomers.

Thus far, there are no chemical model systems that provide deep insights into the structures
of AP oligomers at atomic resolution. Model systems containing sequences derived from
amyloidogenic peptides and proteins have provided glimpses of hydrogen bonding and
hydrophaobic interactions and geometrical aspects in amyloid oligomer
formation,20:21,22,23.24,25,26,27 pjoneering work by Eisenberg and coworkers revealed the
structure of a small toxic oligomer of amyloidogenic peptides derived from the protein aB
crystallin to be a barrel-shaped hexamer consisting of six -strands hydrogen bonded to form
a cylindrical B-sheet.26

In the current study we set out to observe oligomers and oligomer assemblies formed by the
important central region of AP by incorporating residues 15-23 into a macrocycle containing
a molecular template that controls intermolecular association and blocks the formation of
fibrils. To reduce this idea to practice, we combined the nonapeptide QKLVFFAED
(AB15_23) With the unnatural amino acid Ha0,28 two 3-linked ornithine turn units,29 and
three additional amino acids in a 66-membered ring to create macrocyclic peptide 1. We
incorporated a p-bromophenylalanine (FB") residue to facilitate phase determination of the
X-ray crystallographic structure through single anomalous dispersion (SAD) phasing. We
prepared homologues with FB' at several different positions, and ultimately macrocycle 1
afforded crystals suitable for X-ray crystallography.

APis-2a

template

]
macrocyclic f-sheet peptide 1

Macrocyclic peptide 1 was synthesized by Fmoc-based solid-phase synthesis of the turn,
template, and AB15_p3 units on chlorotrityl resin, followed by cleavage of the protected
peptide from the resin, solution-phase cyclization, deprotection, and purification by RP-
HPLC (Figures S1 & S2). Crystallization conditions were identified by sparse-matrix crystal
screening followed by optimization. Crystals were grown in 0.5 M sodium citrate buffer at
pH 7.2 with 35% tert-butanol and 1% PEG 3350. An X-ray diffraction dataset was collected
at the bromine-absorption edge for SAD phasing. The structure was solved and refined in
space group P622 at 1.77 A resolution to give a model with Rygrk = 22.4% and Ryree =
27.1% (Figure 1 & Table 1). Each asymmetric unit was found to contain a single molecule
of macrocyclic peptide 1. One molecule of zfertbutanol (#BuOH), two molecules of water,
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and one sodium ion at 50% occupancy on a twofold axis were included in each asymmetric
unit.

The X-ray crystallographic structure of macrocyclic peptide 1 shows a folded monomer that
forms hydrogen-bonded dimers, which further assemble to form the crystal lattice. The
AB15_03 nonapeptide adopts a -strand conformation and forms ten intramolecular hydrogen
bonds with the template to make a cyclic B-sheet (Figure 2A). The side chains of the
nonapeptide project above and below the plane of the B-sheet, with the side chains of Q1s,
L17, F19, A21, and Dog projecting on the upper face and the side chains of Kyg, V13, F2g, and
E,, projecting on the lower face. The side chain of F,q exhibits partial occupancy of two
rotamers with ;= 176° and 310°.

Macrocyclic B-sheet peptide 1 forms a hydrogen-bonded dimer in which the two AB15_»3
nonapeptide strands align and form eight hydrogen bonds to make a four-stranded
antiparallel B-sheet (Figure 2B).30:31,32.33.34 The hydrophobic side chains of L7, F1g, and
A1 make a hydrophobic patch that is flanked by the polar side chains of Q15 and D3 on the
upper face of the p-sheet (Figure 2C); the hydrophaobic side chains of V1g and F»p make a
hydrophobic patch that is flanked by the polar side chains of K;5 and E;, on the lower face
of the B-sheet (Figure 2D). We term the upper and lower faces the LFA face and the VF face
for the subsequent discussion of the assembly of the dimers.

The hydrogen-bonded dimers pack in a hexagonal fashion to form the crystal lattice (Figure
3A). The lattice has triangular and hexagonal cavities, which are readily apparent in a space-
filling model (Figure 3B). The LFA faces line the triangular cavities, while the VF faces
pack to create a hydrophobic network that separates the triangular cavities. The polar
residues (Q15, Kig, E22, and D23) and 6-linked ornithine turn units meet at the hexagonal
cavities. The triangular cavities are about 1 nm across, while the hexagonal cavities are
about 1.5 nm in diameter. The #BuOH resides in the hydrophobic triangular cavities, while
the sodium ion and water reside in the hydrophilic hexagonal cavities (Figure 3C).

The lattice may be thought of as comprising two types of oligomers: cruciform tetramers
and triangular dodecamers. The hydrogen-bonded dimers pack through the VVF faces to
create tetramers (Figure 3D, Figures S3A & B). In the tetramers the B-sheets of the dimers
are nearly orthogonal, oriented at an 83° angle. These cruciform tetramers are about 3 nm
wide and 2 nm thick. The Vg and Fyq side chains pack through hydrophobic and aromatic
interactions, and aromatic stacking interactions occur between the side chains of the
bromophenyalanine residues. These interactions help stabilize the tetramer.

Three cruciform tetramers pack in a triangular arrangement to form a triangular dodecamer
(Figure 3E, Figure S3C). The dodecamer is about 4-5 nm across and 3 nm thick. The L7,
F19, and A, side chains line the interior of the triangular dodecamer creating a hydrophobic
cavity. The three interior walls of the dodecamer (shown in green in Figure 3E) and three
exterior walls of the dodecamer (shown in pink in Figure 3E) each consist of the hydrogen-
bonded dimers of macrocyclic p-sheet peptide 1. The FB residues abut at the juncture
between the interior walls, forming a weak pair of hydrogen bonds (Figure 4).

The cruciform tetramers fit together to form infinite linear assemblies that run through the
lattice (Figure 3F). The B-sheet interfaces between the tetramer units are shifted out of
alignment by six residues toward the A-termini. The Hao units of the template strands abut
at the interface between tetramer units, creating an overlap equivalent in length to three
residues, but without any hydrogen bonds (Figure S4). The triangular cavities are formed
from the convergence of three such infinite linear assemblies and may be thought of as
infinite stacks of triangular dodecamers that run through the lattice.

JAm Chem Soc. Author manuscript; available in PMC 2014 August 21.
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Discussion

To envision how the X-ray crystallographic structure of macrocyclic B-sheet peptide 1
reflects the structures of amyloid oligomers of natural peptides and proteins, we used the
structure to model assemblies of AB15_23 homologous to the cruciform tetramer, the
triangular dodecamer, and the linear assembly of tetramers. We modeled each of these
assemblies by replacing the QKLVFFAED nonapeptide strand and the template strand of
macrocyclic B-sheet peptide 1 with linear peptide 2 (Ac-QKLVFFAED-NHMe, Ac-AB15_»3-
NHMe) and generating a minimum energy structure using molecular mechanics with the
Merck Molecular Force Field (MMFF) and GB/SA water solvation (Figure S5). Figure 5
illustrates the resulting structures of the eight-stranded cruciform oligomer, twenty-four-
stranded triangular oligomer, and linear assembly of cruciform oligomers modeled with
linear peptide 2.

O Qs Yy Ly g O Fey O Ay y O Doy
I
/LNJ\TrN\-/ N/LTN“-/ NL N\./H\N}\fN“I/lLN'J\TrN\
H H H H
O K O Vi 0O Fgy 0O Ez o]

linear peptide 2

The cruciform oligomer modeled from linear peptide 2 consists of two four-stranded
antiparallel B-sheets packed through hydrophabic interactions (Figure 5A). In each four-
stranded antiparallel -sheet, the hydrophobic side chains of L17, F19, and A1 make a
hydrophobic patch that is flanked by the polar side chains of Q15 and D23 on the LFA face
(Figure 5B), and the hydrophobic side chains of V1g and F,p make a hydrophobic patch that
is flanked by the polar side chains of K15 and E,, on the VF face (Figure 5C). The two four-
stranded antiparallel 3-sheets pack through the VVF faces and are nearly orthogonal. The
methylene groups of the K;g and Ey, side chains may further pack with the V1g and Fyq side
chains to stabilize the hydrophobic core of the cruciform oligomer.

The width of each four-stranded B-sheet is roughly comparable to the length of the seven-
amino acid p-strand region from K14 to Epo—each is about 2 nm. The formation of a
cruciform structure between these two B-sheets may reflect a general mode of -sheet
interaction in amyloid oligomers, in which B-sheets of about four peptide strands in width
and seven amino acids in length assemble in a crisscross fashion through hydrophobic
interactions.24:25 Hydrophobic interactions through either the VVF or the LFA faces should be
possible (Figure S6). Both antiparallel and parallel -sheets should be able to interact in this
fashion (Figure S6). The B-strands comprising the p-sheets may be of the same or different
sequences. For example, AB1g_22 (KLVFFAE) should be able to interact both with itself and
with hydrophobic sequences from the C-terminal region of AB, such as AB3g_3g
(AIIGLMV).20.21 Thys, an eight-stranded cruciform oligomer could form from as few as
four molecules of AB;_40 or AB1_42, with loops connecting the AB15_»3 and C-terminal -
strands (Figure 6).

The triangular oligomer modeled from linear peptide 2 consists of three cruciform oligomers
in a triangular arrangement (Figure 5D). The hydrophobic L7, F19, and A1 side chains line
the triangular cavity, and the hydrophobic Vg and Fyq side chains pack to form the
hydrophobic cores between the interior and exterior walls. The E,;, residues abut at the
juncture between the interior walls forming a pair of hydrogen bonds. The polar side chains
of Q15, K16, E22, and Do3 converge at the vertices of the triangles.

In a triangular oligomer formed from AB1_40 or AB1_42 the polypeptide chains would extend
beyond the vertices (Figure 5D) and create additional stabilizing hydrophobic and polar
contacts. The side chains of Hq3 and Hy4 would converge at the vertices, along with those of
E»» and Dy3. These side chains would create rich ligating environments for metal ions,
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which could further stabilize the oligomer, much akin to the sodium ions in the lattice
(Figure 3C). Lipids could further stabilize the oligomer by binding inside the triangular
cavity, in a fashion similar to the #£BuUOH in the lattice (Figure 3C). A triangular oligomer
formed from AB1_40 or AB1_42 need not consist only of the A-terminal hydrophobic region
of AP and could also incorporate hydrophobic sequences from the C-terminal region. Thus,
a triangular oligomer could form from as few as twelve molecules of AB1_4q or AB1_42, with
loops connecting the B-strands.

The linear assembly of oligomers modeled from linear peptide 2 consists of three cruciform
oligomers in a linear arrangement (Figure 5E). The nonapeptide strands of the cruciform
oligomers are shifted out of alignment by six residues at the juncture between the tetramer
units. Because the assemblies lack the Hao units, the A-termini of the B-strands at the
juncture are able to hydrogen bond, and each B-strand creates a three-residue hydrogen-
bonded B-sheet between the cruciform oligomer units. Assemblies of cruciform oligomers
can also occur through overlap of the C-termini of the B-strands (e.g., Figure S7).

The crystal lattice of macrocyclic p-sheet peptide 1 (Figures 3A—C) suggests the potential
for incorporation of cruciform and triangular oligomers of A into lipid bilayer membranes.
The triangular cavities in the lattice are surrounded by the hydrophobic L7, F19, and Ayq
side chains. The lipophilic #BuOH in these cavities suggests the potential for the oligomers
to assemble in lipid bilayer membranes and be stabilized by interactions of the hydrophobic
LFA faces with lipids. The hexagonal cavities in the lattice (Figures 3A—-C) suggest the
potential for the creation of hydrophilic pores in lipid bilayer membranes that could disrupt
membrane integrity toward water or ions. The hexagonal cavities in the lattice are
surrounded by the polar Qq5, K1g, Eo2, and D3 side chains. The presence of sodium ions
and water in these cavities suggests that six cruciform oligomers or three triangular
oligomers could form a hexagonal pore in a membrane that could serve as a conduit for
water or metal cations (Figure 7). If oligomers from AB1_4q or ABq_4o Were to form such
pores, the side chains of Hy3 and Hq4 would line the pores, along with those of Ep, and Dos,
further facilitating the binding and transport of metal cations. The hexagonal arrangement of
oligomers in the crystal lattice appear to be consistent in size and morphology with the
hexagonal and annular porelike structures observed for Af and other amyloidgenic peptides
and proteins. 3>36:37.38 The X-ray crystallographic structure of macrocyclic -sheet 1 may
thus provide a glimpse into the molecular basis of AB oligomer toxicity. 39:40.41.42

The cruciform and triangular oligomers observed for macrocyclic B-sheet peptide 1 and
modeled for linear peptide 2 reflect common themes observed in amyloidogenic peptides.
AB1_40, AB1_42, islet amyloid polypeptide, and small peptides derived from human prions,
tau, and insulin form fibrils composed of layered B-sheets.1:2:3:43.4445 |n, the fibrils, the p-
sheets form long networks of B-strands and the component p-strands are nearly orthogonal to
the fibril axis. The cruciform oligomer described here is similar to the fibrils in that it
consists of a layered pair of B-sheets with a central hydrophobic core. It differs in that the 3-
sheets are nearly orthogonal and are composed of only four B-strands apiece. Under suitable
conditions, ABq_49 can form threefold symmetrical assemblies consisting of layered pairs of
B-sheets in a triangular arrangement around the fibril axis.3 The triangular oligomer
described here is similar to the triangular fibril assemblies in that the three-fold symmetrical
structure consists of layered pairs of B-sheets. It differs in that the -sheets are at nearly a
45° angle to the threefold axis.

The triangular core of the triangular oligomer of macrocyclic B-sheet peptide 1 is a
homologated cylindrin, similar to the previously reported barrel-shaped hexamer structure of
amyloid oligomers derived from aB crystallin but expanded from six B-strands to twelve
(Figure S8).26 The core of the triangular oligomer consists of three four-stranded p-sheet
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subunits that are hydrogen bonded to make a cylindrical twelve-stranded p-sheet.2” The p-
strands of three -sheet subunits are fully aligned, but are then shifted out of alignment by
six residues, toward the C-terminus, at the juncture between the three subunits. In the
previously reported cylindrin structures, the junctures between the three aligned two-
stranded B-sheet subunits shift out of alignment by two residues, toward the A-terminus,
giving a net shift of one residue per -strand and a right-handed propeller structure. In the
triangular core of the triangular oligomer of macrocyclic B-sheet peptide 1, there is a net
shift of one and a half residues per -strand and a right-handed propeller structure. As a
result of the larger net shift, the B-strands of this cylindrin are at a larger angle with respect
to the cylinder axis than those of aB crystallin. This difference may reflect the blocking of
hydrogen bonding by the Hao units.

Conclusion

The X-ray crystallographic structure of AB-derived peptide 1 provides a unique window into
the supramolecular assembly of B-amyloid peptides and perhaps amyloidogenic peptides in
general. Assembly of peptide strands into small B-sheets that further assemble in a crisscross
fashion creates cruciform oligomers. The cruciform oligomers can assemble in a hierarchical
fashion to create larger oligomers and oligomer assemblies. Three cruciform oligomers can
assemble in a propeller-like fashion to form triangular oligomers. The cruciform oligomers
can also assemble in a linear fashion to form linear assemblies. Three triangular oligomers
or six cruciform oligomers can assemble to form hexagonal pores lined with hydrophilic
ionophoric groups. The hydrophobic surfaces of the cruciform oligomers and oligomer
assemblies may provide a means by which these structures can insert into lipid bilayer
membranes, facilitate the transport of water or metal cations, and disrupt cellular
homeostasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

X-ray crystallographic structure and electron density map of the asymmetric unit of
macrocyclic -sheet peptide 1. A 2F-F, difference map contoured at 10 is shown in grey
mesh. Macrocyclic B-sheet peptide 1 and fert-butanol are shown as sticks. Two molecules of
water are shown as red spheres. One sodium ion at 50% occupancy on a twofold axis is
shown as a purple sphere.

JAm Chem Soc. Author manuscript; available in PMC 2014 August 21.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Pham et al.

Page 10

Figure 2.

X-ray crystallographic structure of macrocyclic B-sheet peptide 1. (A) Monomeric subunit.
(B) Hydrogen-bonded dimer. (C) Hydrogen-bonded dimer illustrating relationship of Q1s,
L17, F19, A21, and Do3 (LFA face view). (D) Hydrogen-bonded dimer illustrating
relationship of K6, V18, F20, and Ey; (VF face view). The side chain of Fyg exhibits partial
occupancy of two rotamers; both rotamers are shown.
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Figure 3.

Crystal packing of macrocyclic B-sheet peptide 1. (A) The crystal lattice (cartoon, top view).
(B) The crystal lattice (space filling model, top view). (C) The crystal lattice showing
solvent and ions (top view): #BuOH (magenta, in the triangular cavities), Na* (purple, in the
hexagonal cavities), H,O ligands for Na* (red, in the hexagonal cavities), additional H,O
(cyan, in the hexagonal cavities). (D) Cruciform tetramer within the crystal lattice (side
view). (E) Triangular dodecamer within the crystal lattice comprising three tetrameric
subunits (top view). (F) Linear assembly of tetramers within the crystal lattice (side view).
Three tetrameric subunits of the infinite linear assembly are shown.
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Figure4.
Contacts between the cruciform tetramer units of the triangular dodecamer in the X-ray

crystallographic structure of macrocyclic -sheet peptide 1. (A) Triangular dodecamer
formed by three tetramer subunits. (B) Detail of the contact between two cruciform tetramer
units of the triangular dodecamer showing hydrogen bonding between the FB' residues.
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Figure5.

Cr%/stalIographically-based molecular models of oligomers of AB15_»3. (A) Eight-stranded
cruciform oligomer of linear peptide 2 (Ac-QKLVFFAED-NHMe, Ac-AB15_23-NHMe).
Model is based upon tetramer of macrocyclic B-sheet peptide 1 (Figure 3D). Side chains of
V13 and Fyq in the hydrophobic core are shown. (B) Antiparallel f-sheet comprising four
strands of linear peptide 2 (LFA face view). Model is one layer of the eight-stranded
cruciform oligomer. (C) Antiparallel B-sheet comprising four strands of linear peptide 2 (VF
face view). Model is one layer of the eight-stranded cruciform oligomer. (D) Twenty-four-
stranded triangular oligomer of linear peptide 2. Model is based upon dodecamer of
macrocyclic B-sheet peptide 1 (Figure 3E). Side chains of L17, F19, and Ay lining the
triangular cavity and V1g and Fyq forming the hydrophobic cores between the interior and
exterior walls are shown. Side chains of Q15, K16, E22, and D23 (not shown) converge at the
vertices. (E) Linear assembly of cruciform oligomers of linear peptide 2. Model is based
upon assembly of tetramers of macrocyclic B-sheet peptide 1 (Figure 3F). Side chains of V1g
and Fy in the hydrophobic cores are shown.
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Figure®6.
Cartoon of an eight-stranded cruciform oligomer comprising the AB;5_»3 and C-terminal p-
strands.
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Figure7.

Hexagonal pores within the crystal lattice of macrocyclic -sheet peptide 1. (A) Hexagonal
pore formed by three triangular dodecamers (top view): #BuOH (magenta, in the triangular
cavities), Na* (purple, in the hexagonal cavities), H,O ligands for Na* (red, in the hexagonal
cavities), additional H,O (cyan, in the hexagonal cavities). (B) Hexagonal pore formed by
three triangular dodecamers (cutaway side view). (C) Hexagonal pore formed by six
cruciform tetramers (top view). (D) Hexagonal pore formed by six cruciform tetramers
(cutaway side view).
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Crystal parameters

Space group P622

a b, c(A) 45.1,45.1,29.2
a8y () 90, 90, 120
Molecules per asymmetric unit 1

Data collection
Synchrotron beam line
Wavelength (A)
Resolution (A)

ALS Beam line 8.2.1
0.92
50-1.77 (1.83-1.77)

Total reflections 38242
Unique reflections 1909
Completeness (%)4 98.8(96.7)
Multiplicity? 200(17.8)
Rmerge (%)32 12.3 (45.6)
(1)@ 16.8 (8.87)
Refinement

Resolution (&) 1.77

Ruwork (%)€ 22.4

Rires (%) 27.1

RMS bond lengths (A) 0.029
RMS bond angles (°) 2.81

Ligand tert-butanol (1), sodium (1)
Water 2

Ramachandran favored (%) 100

Ramachandran outliers (%) 0

Wilson B-factor (A?) 328

Average B-factor (A2) 42.1

Table 1

X-ray Crystallographic Data Collection and Refinement Statistics for Macrocyclic -Sheet Peptide 1.
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aStatistics for the highest resolution shell are shown in parentheses
b

RmergeZ | = <I>)/Z]
c

Rwork= Z|Fobs - Fcalcl/ZFobs

a R .
Rfree was computed identically as Ryyork except where all reflections belong to a test set of 8% randomly selected data.
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