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ABSTRACT: This contribution reports solution-phase struc-
tural studies of oligomers of a family of peptides derived from
the β-amyloid peptide (Aβ). We had previously reported the
X-ray crystallographic structures of the oligomers and oligomer
assemblies formed in the solid state by a macrocyclic β-sheet
peptide containing the Aβ15−23 nonapeptide. In the current
study, we set out to determine its assembly in aqueous
solution. In the solid state, macrocyclic β-sheet peptide 1
assembles to form hydrogen-bonded dimers that further
assemble in a sandwich-like fashion to form tetramers through
hydrophobic interactions between the faces bearing V18 and F20. In aqueous solution, macrocyclic β-sheet peptide 1 and
homologue 2a form hydrogen-bonded dimers that assemble to form tetramers through hydrophobic interactions between the
faces bearing L17, F19, and A21. In the solid state, the hydrogen-bonded dimers are antiparallel, and the β-strands are fully aligned,
with residues 17−23 of one of the macrocycles aligned with residues 23−17 of the other. In solution, residues 17−23 of the
hydrogen-bonded dimers are shifted out of alignment by two residues toward the C-termini. The two hydrogen-bonded dimers
are nearly orthogonal in the solid state, while in solution the dimers are only slightly rotated. The differing morphology of the
solution-state and solid-state tetramers is significant, because it may provide a glimpse into some of the structural bases for
polymorphism among Aβ oligomers in Alzheimer’s disease.

■ INTRODUCTION
Soluble amyloid oligomers are now thought to be the main
toxic species that cause neurodegeneration in Alzheimer’s and
other amyloid diseases.1−10 Small assemblies made up of
dimers, trimers, and tetramers of the β-amyloid peptide (Aβ),
as well as larger assemblies such as dodecamers, have been
shown to disrupt synaptic activity and cause neuronal cell
death.11−17 Atomic-level details of the structures of amyloid
oligomers are desperately needed in order to understand how
the oligomers form and the molecular basis by which they cause
neurodegeneration.
The oligomers are polymorphic and dynamic, forming as

different species and equilibrating slowly with the monomer
and with β-amyloid fibrils, which are generally more
stable.8,9,18−20 While the structures of amyloid oligomers are
still largely unknown, a number of approaches have been taken
to gain insights into their structures. β-Sheet structure and
interactionsa common feature of amyloid fibril formation
are generally thought to be important in the structures and
interactions of amyloid oligomers.20−25 Incorporation of
amyloidogenic peptides into larger proteins can control
amyloid supramolecular assembly and allow observation of
oligomeric assemblies at atomic resolution.26 Peptide fragments
can also serve as chemical models of oligomers; X-ray
crystallographic studies of these peptide fragments have
provided insights into the structures of amyloid oligomers.27,28

Chemical cross-links within amyloidogenic monomers that
stabilize folded β-sheet conformations can promote oligomer

formation and help prevent fibril formation.29−31 These cross-
linked systems are more amenable to study and can provide
simpler and more stable chemical models of the unstable
oligomers formed by amyloidogenic peptides and proteins.
Computational models of oligomers have been constructed
from atomic-level structures of amyloid fibrils, which are
understood far better at atomic resolution than the
oligomers.32−34

Our laboratory is gaining insights into the structures and
interactions of amyloid oligomers by combining fragments of
amyloidogenic peptides and proteins with molecular templates
to create macrocycles that promote β-sheet structure and
interactions while blocking amyloid fibril formation.35,36 We
recently reported the X-ray crystallographic structures of
oligomers of a peptide from β-amyloid.37 We incorporated
the nonapeptide sequence QKLVFFAED (Aβ15−23) into
macrocyclic β-sheet peptide 1, with δ-linked ornithine turn
units and a template strand that features an unnatural amino
acid, Hao.38,39 In the solid state, the macrocycle folds to form a
β-sheet. The β-sheet forms a hydrogen-bonded dimer, which
assembles face-to-face to make a cruciform tetramer, which is a
key subunit of the lattice. The cruciform tetramers assemble
into triangular dodecamers, and the triangular dodecamers
further assemble into the lattice.
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The hydrogen-bonded dimers are antiparallel, and the β-
strands are fully aligned, with residues 17−23 of one of the
macrocycles aligned with residues 23−17 of the other. The
resulting four-stranded β-sheet forms a plane, with the side
chains projecting from the upper and lower faces of the plane.
Residues K16, V18, F20, and E22 of each macrocycle project from
one face of the plane (the VF face), and residues Q15, L17, F19,
A21, D23 of each macrocycle project from the other face of the
plane (the LFA face). The VF face has the hydrophobic residues
V18 and F20 flanked by the polar residues K16 and E22. The LFA
face has the hydrophobic residues L17, F19, and A21 flanked by
the polar residues Q15 and D23. The hydrogen-bonded dimers
assemble in a crisscross fashion through hydrophobic
interactions between the VF faces to give the cruciform
tetramers. Figure 1 illustrates the faces of the macrocycle and
the structure of the cruciform tetramer.
In the current study, we set out to determine how

macrocyclic β-sheet peptides containing the Aβ15−23 nona-
peptide assemble in solution. We began by using 1H NMR
spectroscopy to study how macrocyclic β-sheet peptide 2a folds
and oligomerizes in aqueous solution. We had envisioned
macrocyclic β-sheet 1 as a homologue of macrocyclic β-sheet
2a. The two molecules differ only in that 1 contains a p-
bromophenylalanine (FBr) in the template strand, for single
anomalous dispersion (SAD) phasing in X-ray crystallographic
structure determination, while 2a contains a tyrosine.37 As our
studies of macrocyclic β-sheet 2a unfolded, we prepared
additional homologues (2b, 2c, 3, and 4) to interrogate the
assembly process. The following describes these studies and
elucidates how the tetramer that forms in solution differs from
that which forms in the solid state.

■ RESULTS
1. Tetramerization of Macrocyclic β-Sheet Peptides 1

and 2a. We investigated the folding and assembly of the
macrocyclic β-sheets in D2O and in H2O−D2O solution by
NMR spectroscopy. At millimolar concentrations, the 1H NMR
spectrum of macrocyclic β-sheet 2a is disperse, with methyl
resonances from L17 and A21 unusually upfield (−0.35 and 0.49
ppm), aromatic resonances from F19 unusually upfield (6.28
and 6.52 ppm), and many of the amino acid α-protons
unusually downfield (≥5.0 ppm). One of the resonances from

one of the Hao amino acids (the H4 resonance of Hao1)
appears unusually downfield at 9.17 ppm. The upfield shifting
of the aromatic and aliphatic resonances is characteristic of the
formation of an oligomer with a well-packed hydrophobic core
comprising aromatic residues (Hao, Phe, etc.) and aliphatic
residues (Leu, Ala, etc.). Minor additional resonances,
associated with a monomer lacking a hydrophobic core are
also present, most notably at 0.69−0.79 ppm (L17 and V18).
Figure 2 illustrates the 1H NMR spectrum of macrocyclic β-
sheet 2a at 2.0 mM in D2O solution.
The 1H NMR spectrum of macrocyclic β-sheet 1 is virtually

identical to that of macrocyclic β-sheet 2a, indicating that both
peptides fold and oligomerize in a similar fashion in solution.
The 1H NMR spectrum of macrocyclic β-sheet 1 also exhibits
additional minor resonances from L17 and V18 associated with a
monomer lacking a hydrophobic core. These resonances are
similar in intensity to those of macrocyclic β-sheet 2a,
indicating that the oligomers formed by both macrocycles are
similar in association constant (Kassoc) as well as in structure.

1H NMR NOESY studies establish the formation of
hydrogen-bonded dimers that are antiparallel, with the β-
strands of residues 17−23 shifted out of alignment by two
residues toward the C-termini (Figure 3). Notably, the NOESY
spectrum in D2O exhibits strong NOEs between the α-protons
of L17 and D23 and between the α-protons of F19 and A21
(Figure 4). These NOEs reflect dimer formation. Additional
strong NOEs associated with β-sheet folding of the macrocycles

Figure 1. Cartoon illustrating the LFA and VF faces of macrocyclic β-
sheet 1 and the cruciform tetramer formed in the solid state. The VF
faces form the inner hydrophobic core of the cruciform tetramer, and
the LFA faces form the outer surface.
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occur between the α-protons of K16 and Y and between the α-
protons of F20 and K (Figure 4). Other NOEs characteristic of
folding are described in detail in the SI, as are additional NOEs
associated with folding and dimerization that are seen in the
NOESY spectrum in H2O−D2O (90:10) (Figure S1a and b in

the SI). Macrocyclic β-sheet 1 exhibits similar patterns of

NOEs, indicating that it folds and dimerizes in a fashion similar

to that of macrocycle 2a (Figure S2 in the SI). The shifted

structure of the dimers formed by the macrocycles in solution

Figure 2. 1H NMR spectra of macrocyclic β-sheet peptides 1, 2a, and 2b at 2.0 mM in D2O at 500 MHz and 298 K. Noteworthy resonances that
reflect important shared features of the folding and assembly of these peptides are labeled and highlighted with dashed lines.

Figure 3. Cartoons and chemical structures illustrating the hydrogen-bonded dimers formed by macrocyclic β-sheet peptide 1 in the solid state (left)
and by both macrocyclic β-sheet peptides 2a and 1 in solution (right). Both hydrogen-bonded dimers are antiparallel: In the solid-state dimer,
residues 17−23 of one of the macrocycles align with residues 23−17 of the other; in the solution-state dimers, these β-strands are shifted out of
alignment by two residues toward the C-termini. Key NOEs associated with solution-state dimerization and folding of 2a are shown with red and
blue arrows.
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stands in sharp contrast to the aligned structure of macrocycle 1
in the solid state (Figure 3).
At low concentrations (e.g., ≤ 0.1 mM), the monomer

predominates in the 1H NMR spectrum of macrocyclic β-sheet
2a. The methyl resonances from L17 and V18 of the monomer
are prominent at 0.69−0.79 ppm, and the methyl resonances
from L17 and A21 of the oligomer at −0.35 and 0.49 ppm are
small. As the concentration of 2a is increased, the relative
intensities of the resonances from the oligomer increase and the
relative intensities of the resonances from the monomer
decrease (Figure 5 and Figure S3 in the SI).40 At 0.2 mM,
the resonances of the monomer and oligomer are roughly equal
in intensity.41 At high concentrations (e.g., 8.0 mM), the
resonances of the monomer are barely visible. The strong
concentration dependence of the monomer−oligomer equili-
brium is not consistent with a simple monomer−dimer
equilibrium, but rather reflects cooperative association in
which the dimers are a subunit of a higher-order oligomer
in this case a tetramer consisting of a dimer of dimers.

The NOESY spectrum of macrocyclic β-sheet 2a shows
additional crosspeaks that are consistent with a tetramer in
which two hydrogen-bonded dimers form a sandwich-like
assembly. Notably, the NOESY spectrum in D2O exhibits
NOEs between Hao2 and threonine and between Hao2 and
Hao1 that only make sense as interlayer NOEs between the
hydrogen-bonded dimers. Specifically, the methoxy group of
Hao2 gives NOEs with the methyl group of threonine, and the
H3 and H4 protons of Hao2 give NOEs with the H3 and H4
protons of Hao1. Figure 6 illustrates these interlayer NOE
crosspeaks in the NOESY spectrum; Figure 7 illustrates the
sandwich-like assembly consistent with these NOEs.42 Figure
S4 and Table S1 (SI) provide additional data.
The four threonines of the tetramer point toward the interior

of the sandwich-like assembly, as do all of the residues on the
LFA faces of the β-sheets (Q15, L17, F19, A21, and D23). The
magnetic anisotropy from the packed aromatic groups of the
resulting hydrophobic core shift the methyl resonances of L17
and A21 upfield. The magnetic anisotropy also shifts the
aromatic ring protons of F19 upfield. Thus, the structure of this
solution-state tetramer, in which the LFA faces make up the
hydrophobic core, differs markedly from the structure of the
solid-state tetramer, in which the VF faces make up the
hydrophobic core. In the solid-state structure, the LFA faces are
on the exterior of the tetramer and the VF faces are on the
interior; in the solution-state structure, the VF faces are on the
exterior and the LFA faces are on the interior.

2. Disruption of Tetramer Formation. To probe the
assembly of the tetramer, we studied macrocyclic β-sheet
peptide 3. Macrocyclic β-sheet 3 is a homologue of 2a with a
lysine in place of the threonine in the template strand. At 1.0
mM essentially no tetramer is observed in the 1H NMR
spectrum of 3 (Figure 8). As the concentration is increased to
2.0 and 4.0 mM, resonances for the tetramer appear; at 8.0 mM
the tetramer predominates. The tetramerization is far weaker
than that of macrocyclic β-sheet 2a, in which the tetramer is
observed at 0.1 mM and predominates at 0.3 mM.

Figure 4. Selected expansions of the NOESY spectrum of macrocyclic
β-sheet peptide 2a at 8.0 mM in D2O at 500 MHz and 300.5 K. Key
intermolecular interstrand NOEs associated with dimerization are
highlighted in red; key intramolecular interstrand NOEs associated
with folding are highlighted in blue.

Figure 5. Expansions of the 1H NMR spectra of macrocyclic β-sheet
peptide 2a at various concentrations in D2O at 500 MHz and 298 K.
Noteworthy characteristic resonances of the monomer and the
oligomer are labeled and highlighted with dashed lines.
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Addition of salt (NaCl) augments tetramer formation,
suggesting that intermolecular ionic repulsion is partially
responsible for the diminished tetramerization of macrocyclic
β-sheet 3. Without NaCl, macrocylic β-sheet 3 is 46%
tetramerized at 4.0 mM; with 25 mM NaCl, it is 70%
tetramerized; with 150 mM NaCl, it is 80% tetramerized
(Figure S6 and Table S3 in the SI).43 The loss of hydrophobic
interactions between the methyl group of threonine and the
methoxy group of Hao2 may also contribute to the diminished
stability of the tetramer of macrocyclic β-sheet 3.
Diffusion-ordered spectroscopy (DOSY) NMR studies

support the formation of a tetrameric species.44,45 Measure-
ment of the DOSY spectrum of macrocyclic β-sheet peptide 2a
in D2O at 2.0 mM and 8.0 mM and 298 K gave a diffusion
coefficient of 10.0 × 10−7 cm2/s and 10.1 × 10−7 cm2/s,
respectively, for the oligomer.46,47 The diffusion coefficient
does not vary from 2.0 mM to 8.0 mM, suggesting the presence
of a single oligomerization state. The low concentration of
monomer precluded measurement of its diffusion coefficient for
comparison. Measurement of the DOSY spectrum of macro-
cyclic β-sheet peptide 3 in D2O at 2.0 mM and 298 K gave a
diffusion coefficient of 16.4 × 10−7 cm2/s for the corresponding
monomer. Consistent with tetramer formation, the diffusion

coefficient of the oligomer of macrocyclic β-sheet peptide 2a is
0.61 times that of the monomer of macrocyclic β-sheet peptide
3.45,47−49

3. Facial Control of Tetramerization in Macrocyclic β-
Sheet Peptides 2b and 2c. To further study the assembly of
the tetramer, we mutated residues on the LFA and VF faces to

Figure 6. Selected expansions of the NOESY spectrum of macrocyclic
β-sheet peptide 2a at 8.0 mM in D2O at 500 MHz and 300.5 K. Key
interlayer NOEs associated with tetramerization are highlighted in
green.

Figure 7. Illustration of the tetramer formed as a sandwich-like
assembly of two hydrogen-bonded dimers of macrocyclic β-sheet
peptide 2a in aqueous solution. The green arrow shows key NOEs
between the layered β-sheets. Four sets of these interactions can occur
in the tetramer. (For clarity, only one set is shown.) Macrocyclic β-
sheet peptide 1 forms a similar sandwich-like tetramer in solution.

Figure 8. Expansions of the 1H NMR spectra of macrocyclic β-sheet
peptide 3 at various concentrations in D2O at 500 MHz and 298 K.
Noteworthy characteristic resonances of the monomer and the
oligomer are labeled and highlighted with dashed lines.
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examine how the hydrophobic residues on each face control
tetramer formation. We created two double mutants of 2a, in
which either the hydrophobic residues V18 and F20 or the
hydrophobic residues F19 and A21 were rendered more
hydrophilic by hydroxylation. In double mutant 2b, V18 was
replaced with threonine and F20 was replaced with tyrosine
(V18T,F20Y). In double mutant 2c, F19 was replaced with
tyrosine and A21 was replaced with serine (F19Y,A21S).

The 1H NMR spectrum of the V18T,F20Y double mutant 2b
is strikingly similar to that of macrocyclic β-sheet 2a (Figure 2),
indicating that 2a and 2b fold and oligomerize in a similar
fashion in aqueous solution. The methyl resonances from L17
and A21 appear unusually upfield, the aromatic resonances from
F19 also appear unusually upfield, and many of the amino acid
α-protons appear unusually downfield. The 1H NMR spectra of
both compounds reflect similar monomer−oligomer equilibria.
At 0.1 mM, the monomer predominates and only small
resonances from the tetramer are present; at 1.0 mM, the
resonances from the tetramer predominate and only small
resonances from the monomer are present. Thus, V18T,F20Y
double mutation does not substantially alter the equilibrium
constant for tetramer formation.
The 1H NMR spectrum of the F19Y,A21S double mutant 2c

differs markedly from those of 2a and 2b (Figure S7 in the SI).
The methyl resonances from L17 do not appear unusually
upfield and the amino acid α-protons do not appear unusually
downfield. These observations indicate that F19Y,A21S double
mutation disrupts the formation of the tetramer. The 1H NMR
spectrum of macrocyclic β-sheet 2c shows some minor
broadened resonances at 2.0 mM, which diminish at lower
concentrations, suggesting that some weaker nonspecific self-
association may persist when tetramer formation is disrupted.
The dramatic differences between macrocyclic β-sheets 2b

and 2c further demonstrate the importance of hydrophobic
interactions of the LFA face of the macrocycle in tetramer
formation. When the LFA face is hydroxylated, tetramer
formation is disrupted, but when the VF face is hydroxylated,
tetramer formation is not affected.
4. Hydrogen-Bonding Edge Control of Tetrameriza-

tion in Macrocyclic β-Sheet Peptide 4. To probe the role of
hydrogen bonding in tetramer formation, we blocked the
hydrogen-bonding edge of the macrocycle by N-methylation.
Macrocyclic β-sheet 4 is a homologue of macrocyclic β-sheet 2a
with N-methylphenylalanine in place of phenylalanine at
position 20. The F20F

N‑Me mutation is designed to block
formation of the hydrogen-bonded dimer and thus the

assembly of a tetramer comprising a dimer of hydrogen-
bonded dimers. The 1H NMR spectrum of macrocyclic β-sheet
4 also differs markedly from those of 2a and 2b (Figure S7 in
the SI). The methyl resonances from L17 and A21 do not appear
unusually upfield and the amino acid α-protons do not appear
unusually downfield. The disruption of tetramer formation by
N-methylation demonstrates that hydrogen bonding is also
essential for tetramer formation.

5. Diffusion Studies of Macrocyclic β-Sheet Peptides
1−4. DOSY NMR studies of macrocyclic β-sheets 1−4 suggest
that 1, 2a, and 2b are tetrameric at millimolar concentrations,
while 2c, 3, and 4 are monomeric.44,45,47 As mentioned above,
the oligomeric 2a exhibits a diffusion coefficient of 10.0 × 10−7

cm2/s in D2O at 298 K, while monomeric 3 exhibits a diffusion
coefficient of 16.4 × 10−7 cm2/s. The ratio of these diffusion
coefficients  about 0.6  is consistent with tetramer
formation.45,47−49 Macrocyclic β-sheets 1 and 2b exhibit
diffusion coefficients similar to that of 2a, while macrocyclic
β-sheets 2c and 4 exhibit diffusion coefficients similar to that of
3 (Table 1).

6. Analytical Ultracentrifugation Studies of Macro-
cyclic β-Sheet Peptide 2b. To corroborate the DOSY
studies, we performed analytical ultracentrifugation (AUC)
sedimentation velocity studies on macrocyclic β-sheet 2b.50−53

The AUC studies are best performed in nonzero ionic strength
to avoid nonideality resulting from charge interactions between
the large cationic molecules. Thus, we performed AUC
sedimentation velocity studies in the presence of salt, using
0.10, 0.30, and 0.66 mM solutions of macrocycle 2b in H2O
containing 25 mM NaCl at 293 K. The sedimentation velocity
data fit well to a reversible monomer−tetramer equilibrium
with slow exchange on the time scale of the experiment
(hours). The tetramer predominated at all three concen-
trations, with the greatest fraction of monomer present at 0.10
mM. Analysis of the data from the 0.10 mM experiment gave a
good fit to a monomer−tetramer equilibrium with a 2.14 kDa

Table 1. Diffusion Coefficients (D) of Peptides 1−4 in D2O
at 298 K

peptide
MWmonomer

a

(Da)
MWtetramer

a

(Da)
D (10−7

cm2/s)
oligomer
state

1 2232 8929 10.1b tetramer
2a 2169 8677 10.0b tetramer

10.1c

2b 2187 8749 10.3b tetramer
10.1c

2c 2201 NA 16.5b monomer
3 2196 8785 16.4b monomer
4 2183 NA 17.6b monomer

aMolecular weight calculated for the neutral (uncharged) macrocycle.
bDiffusion coefficient measured at 2.0 mM. cDiffusion coefficient
measured at 8.0 mM.
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monomer and a 8.55 kDa tetramer and a Kassoc of 1.93 × 1014

M−3.54,55 (For details see the SI.)
7. Folding of Macrocyclic β-Sheet Peptides 1−4. The

magnetic anisotropy of the diastereotopic δ-protons of the δ-
linked ornithine turn units in the 1H NMR spectra reflect that
the tetramers of 1a, 2a, and 2b form well-folded β-sheets, while
the monomers of 2c, 3, and 4 are only partially folded. In a
well-folded macrocyclic β-sheet, the difference in the chemical
shifts (Δδ) of the diastereotopic pro-S and pro-R δ-protons of
the δ-linked ornithine turn units (δOrn) is about 0.6 ppm in
aqueous solution.38,47,56 Values substantially lower than 0.6
ppm reflect the formation of partially folded macrocyclic β-
sheet structures. At 2.0 mM and 298 K in D2O, the tetramers of
1, 2a, and 2b exhibit large magnetic anisotropies, while the
monomers of 2c, 3, and 4 exhibit smaller magnetic anisotropies
(Table 2). Thus, oligomerization promotes folding.

To further investigate the folding and oligomerization of
macrocylic β-sheet 2a, we compared the 1H NMR chemical
shifts of the α-protons of the 2a tetramer to those of acyclic
control peptide 5.57 Peptide 5 contains the Aβ15−23 nona-
peptide and two δ-linked ornithine turn units but lacks the
lower template strand. The α-proton resonances of Aβ15−23 in
the 2a tetramer appear 0.04−1.04 ppm downfield of those of
acyclic control, with an average downfield shifting of 0.66 ppm
(Figures 9 and S8 in the SI). The large downfield shifting of the

α-protons suggests the formation of a well-folded β-sheet
structure.

In contrast, the α-proton resonances of the monomer of 2a
are not nearly as far downfield shifted. Although it is not
feasible to identify all of the α-proton resonances of the
monomer of 2a because the tetramer predominates even at
submillimolar concentrations, it is possible to do so in the close
homologue 3, which is largely monomeric at low millimolar
concentrations. The α-proton resonances of Aβ15−23 in the 3
monomer show far less downfield shifting, with an average of
only 0.13 ppm (Figures 9 and S8 in the SI). The smaller
downfield shifting of the α-protons of the monomers of 2a and
3 reflects the formation of β-sheet structures that are only
partially folded.

■ DISCUSSION
The tetramers formed by macrocyclic β-sheets containing the
Aβ15−23 nonapeptide are remarkable. Although the individual
peptide monomer units are only partially folded, the tetramers
that form exhibit secondary, tertiary, and quaternary structure
reminiscent of proteins. The unusually well-defined structures
of the tetramers are reflected in the strong NOEs observed and
in the large magnetic anisotropies of the L17, F19, and A21 side
chains and many of the α-protons in the 1H NMR spectra.
To gain further insight into the structure of the tetramers

formed by the macrocyclic β-sheets in aqueous solution, we
used the X-ray crystallographic structure of the tetramer of
macrocyclic β-sheet 1 to create a model of the solution-state
tetramer of macrocyclic β-sheet 2a. We generated the initial
coordinates for the model in PyMOL by (1) changing the p-
bromophenylalanine of 1 to tyrosine, (2) shifting the
crystallographic dimers out of alignment by two residues
toward the C-termini, (3) moving the dimers to pack through
the LFA faces instead of the VF faces, (4) selecting appropriate
rotamers of F20, and (5) orienting the dimers to approximately
match the observed interlayer NOEs between the methoxy
group of Hao2 and the methyl group of threonine. We then
generated a minimum-energy structure (local minimum) of the
tetramer in MacroModel with the Maestro user interface using
the MMFFs force field with GB/SA water solvation, minimizing
first with distance constraints to match the observed NOEs
between α-protons (Figure 3) and between the layers of the β-
sheets (Figures 6 and 7) and then without constraints.
Figure 10 illustrates the resulting model of the tetramer. The

tetramer consists of a dimer of hydrogen-bonded dimers and is
essentially symmetrical, consisting of four roughly symmetrical
monomers arranged in roughly D2 symmetry. Residues L17, F19,
and A21 of the dimers pack tightly to form a hydrophobic core
within the tetramer (Figure 10B and C). The methyl group of
A21 sits over the phenyl group of F19 in the opposing layer of
the sandwich-like structure, consistent with the observed
upfield shifting of the methyl resonance of A21 in the 1H
NMR spectrum. The pro-S methyl group of L17 sits over the
aromatic ring of Hao2 in the opposing layer, consistent with the
pronounced upfield shifting of one of the methyl resonances of
L17 in the 1H NMR spectrum. The methyl group of the
threonine is close to the methoxy group of Hao2, and Hao1 is

Table 2. Magnetic Anisotropies of the δ-Protons of the δ-
Linked Ornithine Turn Units of Peptides 1−4 in D2O at 298
K

peptide δOrn1 Δδ (ppm) δOrn2 Δδ (ppm) folding

1a 0.64 0.70 folded tetramer
2aa 0.64 0.72 folded tetramer
2ba 0.64 0.70 folded tetramer
2ca 0.23d 0.45d partially folded monomer
3b 0.54d 0.24d partially folded monomer
3c 0.58d 0.66d folded tetramer
4a 0.30d 0.32d partially folded monomer

aOligomer at 2.0 mM. bMonomer at 2.0 mM. cOligomer at 8.0 mM.
dAssignment of δOrn1 and

δOrn2 is arbitrary.

Figure 9. Downfield shifting of the 1H NMR α-proton resonances of
the 2a tetramer and the 3 monomer, relative to acyclic control 5. The
1H NMR spectrum of 2a was recorded at 8.0 mM in D2O at 500 MHz
and 300.5 K. The 1H NMR spectra of 3 and 5 were recorded at 2.0
and 1.2 mM, respectively, in D2O at 500 MHz and 298 K.
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close to Hao2, consistent with the observed NOEs between
these groups (Figure 10D and Figure 6).
The solution-state tetramers formed by macrocyclic β-sheets

1, 2a, and 2b differ from the solid-state tetramer observed for
macrocyclic β-sheet 1 in three notable ways: Although both

tetramers comprise antiparallel β-sheet dimers, the solution-
state dimers are out of register, shifted out of alignment by two
residues toward the C-termini, while the solid-state dimers are
in register, with all residues aligned (Figure 11). The solution-

state dimers are sandwiched through the LFA faces, while the
solid-state dimers are sandwiched through the VF faces (Figure
12). The two solution-state dimers that form the tetramer are
nearly parallel to each other, while the two solid-state dimers
are nearly orthogonal; the former are oriented at roughly 15°,
while the latter are oriented at roughly 83° (Figure 12).
The differences between the solution-state tetramer and the

solid-state tetramer may reflect the need to maximize
hydrophobic contacts in aqueous solution. In aqueous solution,
hydrophobic contacts within the tetramer are important. The
LFA face of the dimer presents six hydrophobic residues from
Aβ15−23, while the VF face presents only four (Figure 12).58

Hydrophobic contact is maximized in the aqueous tetramer
through contact between these six residues. The bulky
hydrophobic side chains of L17 and F19 pack well with the
small hydrophobic side chain of A21 in the opposing dimer of
the tetramer. In the solid state, the tetramer is part of a lattice in
which there are additional intermolecular contacts. The
tetramers are in contact with other tetramers, as well as with
water and organic cocrystallants, and these contacts likely help
stabilize the tetramer. Differences in pH and protonation state
may also be important in the differences between the solution-
state and solid-state tetramers.
The differing morphology of the solution-state and solid-

state tetramers is significant, because it may provide a glimpse
into some of the structural bases for polymorphism among Aβ
oligomers in Alzheimer’s disease. Polymorphism has previously
been observed at atomic resolution in Aβ fibrils, but not in
oligomers.59−62 Because little is known about the structures of
amyloid oligomers, little is known about the structural bases of
oligomer polymorphism. Much of what is currently known
about amyloid oligomer polymorphism focuses on differences

Figure 10. Model of macrocyclic β-sheet peptide 2a as a tetramer,
based on the NOE cross peaks of 2a and the X-ray crystallographic
structure of 1. (A) Hydrogen-bonded dimers within the tetramer. The
hydrogen-bonded dimers are antiparallel and shifted out of alignment
by two residues toward the C-termini. Residues L17, F19, and A21 of the
hydrophobic core are shown (the LFA face). (B) Side view of 2a as a
tetramer. (C) Top view of 2a as a tetramer. The LFA faces that form
the hydrophobic core of the tetramer are shown. (D) Detail of the
contacts between threonine, Hao1, and Hao2, which give rise to the
interlayer NOE crosspeaks that are shown in Figure 6.

Figure 11. Model of macrocyclic β-sheet peptide 2a and the X-ray
crystallographic structure of 1 as dimers. (A) X-ray crystallographic
structure of hydrogen-bonded dimers of 1 that are antiparallel and
fully aligned. (B) Solution-state structure of hydrogen-bonded dimers
of 2a that are antiparallel and shifted out of alignment by two residues
toward the C-termini.
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in reactivity toward oligomer-specific antibodies or differences
in size and shape that can be observed by electron microscopy,
atomic-force microscopy, gel electrophoresis, or mass spec-
trometry. These techniques do not provide detail at atomic
resolution. The contrasting structures of the solution-state and
solid-state tetramers described here demonstrate subtle differ-
ences among oligomers that can be observed at atomic
resolution. Differing facial pairings of the β-sheets give rise to
unique stable structures. Differing alignment of the β-strands
within the β-sheets also gives rise to unique structures. While
not seen in the two types of tetramers here, both parallel and
antiparallel β-sheet structures may also be possible.

■ CONCLUSION
Macrocyclic β-sheet peptides containing the Aβ15−23 nona-
peptide exhibit rich supramolecular chemistry, forming
tetramers with well-defined structures in aqueous solution
and in the solid state.63 The solution-state and solid-state
tetramers exhibit noteworthy polymorphism, differing in the
alignment of the monomers within the hydrogen-bonded
dimers, the faces of the hydrogen-bonded dimers involved in
tetramer formation, and the rotational orientation of the
hydrogen-bonded dimers within the tetramers (Figure 13).
Both hydrogen bonding and hydrophobic interactions are
important in tetramer formation. Residues L17, F19, and A21 are
critical in the formation of the hydrophobic core of the
tetramers in solution, and the size complementarity of the small

A21 residue and large L17 and F19 residues may play a special
role in their stability.
The supramolecular assembly of amyloidogenic peptides to

form soluble oligomers is almost impossible to study at atomic
resolution with natural full-length amyloidogenic peptides,
because the oligomers that form are heterogeneous in size and
morphology and because the oligomers are dynamic and can
ultimately form insoluble amyloid. Chemical model systems
that limit uncontrolled supramolecular assembly and contain
important segments of the amyloidogenic peptides can help
identify modes in which the peptides interact. We anticipate
that chemical model systems based on macrocyclic peptides will
prove widely useful in elucidating the supramolecular assembly
and oligomer formation of other amyloidogenic peptides. We
look forward to reporting these findings in due course.
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Figure 12. Model of macrocyclic β-sheet peptide 2a and the X-ray
crystallographic structure of 1 as tetramers. (A) Top view of the X-ray
crystallographic structure of 1 as a tetramer. Residues V18 and F20 of
the hydrophobic core are shown (the VF face). One rotamer of
residue F20 for each monomer is shown. (B) Top view of solution-state
structure of 2a as a tetramer. Residues L17, F19, and A21 of the
hydrophobic core are shown (the LFA face).

Figure 13. Cartoon illustrating the structure of the solid-state tetramer
of macrocyclic β-sheet 1 (top), and the solution-state tetramer of
macrocyclic β-sheets 1 and 2a (bottom). The VF faces form the inner
hydrophobic core of the solid-state tetramer of 1, and the LFA faces
form the outer surface. The LFA faces form the inner hydrophobic
core of the solution-state tetramer of 1 and 2a, and the VF faces form
the outer surface.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja500996d | J. Am. Chem. Soc. 2014, 136, 5432−54425440

http://pubs.acs.org


■ AUTHOR INFORMATION

Corresponding Author
jsnowick@uci.edu

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Dr. Phil Dennison and Prof. Melanie Cocco for
assistance in running 800 MHz NMR experiments and Mr.
Virgil Schirf for assistance in running AUC experiments. J.S.N
and J.D.P. thank the National Institutes of Health for grant
support (5R01GM097562). J.D.P. thanks UCI for fellowship
support. B.D. thanks the National Science Foundation (Grants
ACI-1339649, OCI-1032742, and MCB-070039) for support-
ing the UltraScan software development.

■ REFERENCES
(1) Kayed, R.; Head, E.; Thompson, J. L.; McIntire, T. M.; Milton, S.
C.; Cotman, C. W.; Glabe, C. G. Science 2003, 300, 486−489.
(2) Lacor, P. N.; Buniel, M. C.; Chang, L.; Fernandez, S. J.; Gong, Y.;
Viola, K. L.; Lambert, M. P.; Velasco, P. T.; Bigio, E. H.; Finch, C. E.;
Krafft, G. A.; Klein, W. L. J. Neurosci. 2004, 24, 10191−11200.
(3) Haass, C.; Selkoe, D. J. Nat. Rev. Mol. Cell Biol. 2007, 8, 101−112.
(4) Walsh, D. M.; Selkoe, D. J. J. Neurochem. 2007, 101, 1172−1184.
(5) Glabe, C. G. J. Biol. Chem. 2008, 283, 29639−29643.
(6) Kayed, R.; Canto, I.; Breydo, L.; Rasool, S.; Lukacsovich, T.; Wu,
J.; Albay, R., III; Pensalfini, P.; Yeung, S.; Head, E.; Marsh, J. L.; Glabe,
C. Mol. Neurodegener. 2010, 5, 1−10.
(7) Umeda, T.; Tomiyama, T.; Sakama, N.; Tanaka, S.; Lambert, M.
P.; Klein, W. L.; Mori, H. J. Neurosci. Res. 2011, 89, 1031−1042.
(8) Fan̈drich, M. J. Mol. Biol. 2012, 421, 427−440.
(9) Benilova, I.; Karran, E.; De Stooper, B. Nat. Neurosci. 2012, 15,
349−357.
(10) Nussbaum, J. M.; Schilling, S.; Cynis, H.; Silva, A.; Swanson, E.;
Wangsanut, T.; Tayler, K.; Wiltgen, B.; Hatami, A.; Rönicke, R.;
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