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CONSPECTUS

In the more than a century since its identification, Alzheimer’s disease has become the archetype 

of amyloid diseases. The first glimpses of the chemical basis of Alzheimer’s disease began with 

the identification of “amyloid” plaques in the brain in 1892 and extended to the identification of 

proteinaceous fibrils with “cross-β” structure in 1968. Further efforts led to the discovery of the β-

amyloid peptide Aβ as a 40- or 42-amino acid peptide that is responsible for the plaques and 

fibrils. At this point, a three-decade long marathon began to elucidate the structure of the fibrils 

and identify the molecular basis of Alzheimer’s disease. Along the way, an alternative model 

began to emerge in which small aggregates of Aβ, called “oligomers”, rather than fibrils, are the 

culprits that lead to neurodegeneration in Alzheimer’s disease. This Account describes what is 

known about the structures of the fibrils and details our research group’s efforts to understand the 

structural, biophysical, and biological properties of the oligomers in amyloid diseases.

β-Sheets are the building blocks of amyloid fibrils and oligomers. Amyloid fibrils generally 

consist of extended networks of parallel β-sheets. Amyloid oligomers appear to be more compact 

enclosed structures, some of which are thought to be composed of antiparallel β-sheets comprising 

β-hairpins. β-Hairpins are special because their twisted shape, hydrophobic surfaces, and exposed 

hydrogen-bonding edges impart a unique propensity to form compact assemblies. Our laboratory 

has developed macrocyclic β-sheets that are designed to mimic β-hairpins formed by 

amyloidogenic peptides and proteins. The β-hairpin mimics contain two β-strand peptide 

fragments linked together at their N- and C-termini by two δ-linked ornithine turn mimics to 

create a macrocycle. An N-methyl group is installed on one of the β-strands to prevent 

uncontrolled aggregation. These design features facilitate crystallization of the β-hairpin mimics 

and determination of the X-ray crystallographic structures of the oligomers that they form.

During the past few years, our laboratory has elucidated the X-ray crystallographic structures of 

oligomers formed by β-hairpin mimics derived from Aβ, α-synuclein, and β2-microglobulin. Out 

of these three amyloidogenic peptides and proteins, the Aβ β-hairpin mimics have provided the 

most insight into amyloid oligomers. Our studies have revealed a previously undiscovered mode of 
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self-assembly, whereby three Aβ β-hairpin mimics assemble to form a triangular trimer. The 

triangular trimers are remarkable, because they contain two largely hydrophobic surfaces that pack 

together with other triangular trimers to form higher-order oligomers, such as hexamers and 

dodecamers. Some of the dodecamers pack in the crystal lattice to form annular porelike 

assemblies. Some of the β-hairpin mimics and triangular trimers assemble in solution to form 

oligomers that recapitulate the crystallographically observed oligomers. These oligomers exhibit 

toxicity toward neuronally derived cells, recapitulating the toxicity of the oligomers formed by 

full-length amyloidogenic peptides and proteins. These findings are significant, because they 

address a gap in understanding the molecular basis of amyloid diseases. We anticipate that these 

studies will pave the way for developing diagnostics and therapeutics to combat Alzheimer’s 

disease, Parkinson’s disease, and other amyloid diseases.

CONSPECTUS GRAPHIC

INTRODUCTION

In amyloid diseases, amyloidogenic peptides and proteins self-assemble into oligomers and 

fibrils (Table 1). Amyloid oligomers have emerged as important contributors to the 

pathogenesis of amyloid diseases.1,2 High-resolution structures of the toxic amyloid 

oligomers have eluded researchers since their discovery, constituting a significant gap in 

understanding amyloid diseases. Over the past few years, our laboratory has used X-ray 

crystallography to identify undiscovered modes of self-assembly of macrocyclic β-hairpin 

mimics containing sequences from amyloidogenic peptides and proteins. These assemblies 

provide insights into the structures of the elusive amyloid oligomers and may help shed light 

on the molecular basis of amyloid diseases. This Account summarizes the accomplishments 

thus far in elucidating the structures of amyloid fibrils and oligomers at high resolution.

STRUCTURAL ELUCIDATION OF AMYLOID FIBRILS

Aβ is the most extensively characterized of the more than thirty known amyloidogenic 

peptides and proteins and has served as the archetype for studying the structures of amyloid 

assemblies. X-ray diffraction measurements initially revealed that amyloid plaques produced 

a “cross-β” pattern, indicating that the proteinaceous components of the plaques have a 

“pleated sheet” conformation and providing a glimpse into the molecular structures of 

amyloid fibrils.3 The determination of the sequences of the 40- and 42-amino acid alloforms 

of Aβ (Aβ40 and Aβ42) provided the next piece of the puzzle. Solid-state NMR 

spectroscopy (ss-NMR) and X-ray diffraction of fibrils established that the fibrils are 

composed of an extended network of in-register parallel β-sheets, with the β-strands running 

Kreutzer and Nowick Page 2

Acc Chem Res. Author manuscript; available in PMC 2019 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



perpendicular to the long axes of the fibrils and the hydrogen bonds running parallel. These 

studies produced the first molecular models of amyloid fibrils.

Elucidating the full three-dimensional structures of Aβ40 and Aβ42 fibrils has required 

further effort over the course of decades, because the structures of amyloid fibrils are 

difficult to determine by traditional high-resolution structure determination techniques. ss-

NMR has thus far proven the most fruitful technique in fibril structure determination. 

Extensive ss-NMR studies by Tycko and coworkers unlocked the molecular structures of 

Aβ40 fibrils and revealed a rich structural polymorphism of the fibrils. ss-NMR studies by 

the research groups of Riek, Ishii, and Griffin elucidated the structure of a fibril polymorph 

of Aβ42. Eisenberg and coworkers pioneered X-ray crystallography of single micro-crystals 

composed of peptide fragments from key regions of amyloidogenic peptides and proteins, 

providing additional insights into how amyloid fibrils pack. Recently, cryo-electron 

microscopy (cryo-EM) has begun to emerge as a promising new technique for amyloid fibril 

structure determination. The following sections present the structures of fibrils of full-length 

amyloidogenic peptides and proteins, with a focus on structures that have been deposited in 

the Protein Data Bank (PDB) and are publically available to download (Table S1).

Aβ40 Fibrils

Tycko and coworkers are at the forefront of Aβ40 fibril structure determination and have 

developed methods for generating homogeneous fibrils from chemically synthesized Aβ40. 

These methods yielded two types of Aβ40 fibrils that have been reported thus far at high 

resolution: one contains three-fold symmetrical fibrils that have a twisted morphology; the 

other contains two-fold symmetrical fibrils that have a striated ribbon morphology.4,5 In the 

two-fold symmetrical fibrils, the two protofilament subunits stack on top of one another to 

create a four-layered β-sheet (Figure 1B). In the three-fold symmetrical fibrils, the three 

protofilament subunits arrange in a triangular fashion (Figure 1A). The structures of the 

protofilament subunits of both fibril types are very similar, each being composed of extended 

networks of layered, in-register parallel β-sheets. Central residues 11–22 and C-terminal 

residues 30–39 comprise two β-strands connected by a loop containing residues 23–29. The 

N-terminal residues 1–10 are unstructured.

Tycko and coworkers have extended these techniques to determine the structure of Aβ40 

fibrils from brain tissue using fibrils isolated from Alzheimer’s disease brain to seed fibrils 

of isotopically labeled Aβ40.6 ss-NMR revealed a three-fold symmetrical fibril (Figure 1C), 

similar to the three-fold symmetrical fibrils described above (Figure 1A). In this fibril 

structure, residues 12–19 form a β-strand which is connected to residues 30–40 by a loop 

comprising residues 21–29. Residues 30–40 are buried in the hydrophobic core of the fibril.

A small percentage of Alzheimer’s disease cases are associated with mutations in Aβ.7 

Tycko and coworkers determined that the Aβ40 D23N Iowa mutant forms metastable fibrils 

composed of antiparallel β-sheets.8 The fibrils contain a double-layer antiparallel β-sheet in 

a single cross-β protofilament with β-strands comprising residues 16–23 and 30–36 

connected by a loop comprising residues 24–29 (Figure 1E). Meier and coworkers 

determined the structure of fibrils formed by the Aβ40 E22Δ Osaka mutant.9 This structure 
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revealed two-fold symmetrical fibrils with convoluted protofilament subunits that create a 

tightly packed core filled exclusively with hydrophobic residues (Figure 1D).

Aβ42 Fibrils

The research groups of Riek, Griffin, and Ishii have independently determined the structure 

of an Aβ42 fibril polymorph using ss-NMR.10,11,12 The protofilament subunits of the Aβ42 

fibrils have a convoluted S shape, which differs substantially from the shape of the 

protofilament subunits in the Aβ40 fibrils (Figures 2A, B, and C). The structures from Riek 

and Griffin identify the fibrils as containing two protofilament subunits and being twofold 

symmetrical. The interior of each protofilament subunit contains packed hydrophobic cores, 

while the solvent-exposed exterior primarily contains charged and polar residues. A salt 

bridge between the side chain of Lys28 and the Ala42 carboxylate group provides additional 

stability and may explain why Aβ42 forms different fibrils than Aβ40. Schröder, Willbold, 

and coworkers recently determined the structure of a different Aβ42 fibril polymorph using 

cryo-EM (Figure 2D).13 Unlike previous Aβ fibril structures, the N-terminus is ordered and 

is part of the cross-β structure of the fibril.

α-Syn and Tau Fibrils

Rienstra and coworkers determined the structure of α-Syn fibrils generated from 

recombinantly expressed α-Syn.14 This structure revealed a single protofilament in which 

the packed core is composed of in-register parallel β-sheets (Figure 3A). Scheres and 

coworkers used cryo-EM to determine the structures of two different types of tau fibrils that 

were isolated from Alzheimer’s disease brains.15 Both consist of a pair of identical filaments 

encompassing tau306–378 and are composed of in-register parallel β-sheets (Figure 3B). The 

two types of fibrils differ in how the filaments pack together.

Additional Insights into Amyloid Fibril Structures

Eisenberg and coworkers have determined the X-ray crystallographic structures of fibrils 

formed by peptide fragments from amyloidogenic peptides and proteins.16,17,18 These 

structures revealed that the peptide fragments often form extended networks of in-register 

parallel β-sheets, which pack together through hydrophobic interactions. Eisenberg and 

coworkers used these peptide fragment structures to construct models of fibrils of full-length 

amyloidogenic peptides and proteins, providing a complementary approach to ss-NMR.

Over the last three decades, structural studies of amyloid fibrils have provided insights into 

the molecular basis of amyloid diseases. Through these studies, two structural patterns have 

emerged. Early work revealed flat, extended networks of laminated, layered β-sheets. 

Subsequent studies have shown more complex structures with convoluted shapes containing 

densely packed cores. The structures of amyloid fibrils are remarkable within the realm of 

structural biology, because they are composed of repeats of monomer subunits that extend in 

a single dimension. The extended networks in fibrils provide stark contrast with the enclosed 

structures of globular proteins, even though the same stabilizing forces that govern globular 

protein folding also direct amyloid fibril assembly.
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STRUCTURAL ELUCIDATION OF AMYLOID MONOMERS

Amyloidogenic peptide and protein monomers are often classified as “intrinsically 

disordered proteins”, meaning that in their monomeric state the proteins lack stable 

secondary structural elements. The lack of well-defined structures makes meaningful 

characterization of the monomers by NMR spectroscopy and X-ray crystallography 

challenging. Characterization of smaller amyloidogenic peptides, such as Aβ, α-Syn, and 

IAPP is further complicated by the propensities of the peptides to aggregate. Interaction with 

other entities, such as another monomer, oligomer, fibril, or lipid membrane can shift the 

population of states and facilitate the formation of stable secondary structures. Table S2 

summarizes key structures of monomeric amyloidogenic peptides and proteins that have 

been deposited in the PDB.

Folding of the monomers into β-hairpins is thought to have particular significance in the 

oligomerization of amyloidogenic peptides and proteins. β-Hairpins are special because their 

twisted shape, hydrophobic surfaces, and exposed hydrogen-bonding edges impart a unique 

propensity to form compact assemblies. Härd, Hoyer, and coworkers have reported three 

structures of β-hairpins formed by monomeric Aβ40, α-Syn, and IAPP (Figure 4).19,20,21 In 

each study, the monomeric peptide is bound to an affibody designed to stabilize the β-

hairpin, and solution-phase NMR spectroscopy is used to elucidate the structure of the β-

hairpin-affibody complex. These structures revealed the regions in Aβ, α-Syn, and IAPP that 

adopt β-strand conformations and the alignment of the β-strands that comprise the β-hairpin.

STRUCTURAL ELUCIDATION OF AMYLOID OLIGOMERS

As researchers worked to understand amyloid fibrils, increasing evidence began to emerge 

that other, smaller soluble oligomers play a crucial role in the pathogenesis of amyloid 

diseases. Amyloid oligomers are heterogeneous in structure, stability, and stoichiometry, 

making it challenging to elucidate their structures by NMR spectroscopy or X-ray 

crystallography. Amyloid oligomers are thought to be different in structure from fibrils. 

Some oligomers are thought to be composed of antiparallel β-sheets comprising β-hairpins.
22,23,24,25 Currently, no high-resolution structures of amyloid oligomers formed by full-

length amyloidogenic peptides and proteins are available in the PDB. Excluding our own 

work, only three structures of amyloid oligomers composed of peptide fragments have been 

reported (Table S3).

To better understand the structures of amyloid oligomers, researchers have turned to 

studying peptide fragments from regions of amyloidogenic peptides and proteins that are 

important in assembly. Eisenberg and coworkers determined the X-ray crystallographic 

structure of a β-barrel-like oligomer, termed a cylindrin, formed by an 11-residue peptide 

fragment from αB crystallin (Figure 5A).26 The cylindrin oligomer is composed of six β-

strands that form a twisted antiparallel β-sheet that closes back on itself to form a cylinder. 

Recently, Eisenberg and coworkers determined the X-ray crystallographic structure of a 

corkscrew-like oligomer formed by an 11-residue peptide fragment derived from superoxide 

dismutase 1 (SOD1, Figure 5B).27 Surewicz and coworkers determined the X-ray 

crystallographic structure of a hexameric oligomer formed by a disulfide-stabilized β-sheet 
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fragment from human prion protein (hPrP, Figure 5C).28 The hPrP oligomer is composed of 

three four-stranded antiparallel β-sheets that pack to form a hydrophobic core. These three 

structures illustrate occurrences of antiparallel β-sheets in amyloid oligomers and 

demonstrate the importance of hydrogen bonding and packed hydrophobic cores in oligomer 

stabilization.

Our laboratory has pioneered elucidation of amyloid oligomer structures through X-ray 

crystallography of macrocyclic peptides containing fragments from amyloidogenic peptides 

and proteins. Our general approach involves stabilizing two β-strands in an antiparallel β-

sheet conformation by linking the β-strands together at their N- and C-termini with two 

delta-linked ornithine turn units (δOrn) to form a macrocycle. To control aggregation of the 

peptide we use an unnatural group to block the hydrogen-bonding edge of one of the β-

strands. The X-ray crystallographic structures of these macrocyclic peptides reveal that the 

peptides assemble hierarchically to form oligomers. The structures of these oligomers 

provide structural models for oligomers of full-length amyloidogenic peptides and proteins 

and illustrate their hierarchical assembly from smaller subunits. We then investigate the 

biophysical and biological properties of the oligomers observed crystallographically. These 

studies guide the design of new macrocyclic peptides that incorporate additional features 

from the full-length amyloidogenic peptides and proteins and also provide structural insights 

into the molecular basis of amyloid diseases (Chart 1). We envision that these studies will 

guide the identification of targets for drug discovery and facilitate the development of probes 

such as antibodies and fluorophores.

Over the last ten years, our laboratory has designed macrocyclic peptides with the goal of 

mimicking the β-sheet structures formed by amyloidogenic peptides and proteins. Early 

work involved using the tripeptide mimic Hao to template β-sheet formation and block 

uncontrolled aggregation. These macrocyclic β-sheet peptides contain a single β-strand from 

Aβ, tau, B2M, or IAPP and a template strand that contains Hao (Figure 6).29,30,31,32,33 The 

X-ray crystallographic structures of these Hao-containing macrocyclic β-sheet peptides 

revealed that the peptides form flatter β-sheets that assemble to form hydrogen-bonded 

dimers, which sandwich together to form cruciform tetramers (Figure 7). Although the Hao-

containing macrocyclic β-sheet peptides provided valuable insights into the supramolecular 

assembly of β-sheets derived amyloidogenic peptides and proteins, the template strand 

contains the unnatural Hao moiety and is not designed to mimic the amyloidogenic peptide 

or protein.

Inspired by the β-hairpin structures reported by Härd and Hoyer, former graduate student 

Ryan Spencer designed a macrocyclic peptide that better mimics β-hairpins formed by 

amyloidogenic peptides and proteins. These macrocyclic β-hairpin peptides contain two 

natural β-strand fragments linked together by two δOrn turn mimics (Figure 6). An N-

methyl group on the amide backbone of one of the β-strands blocks uncontrolled 

aggregation by disrupting the ability of the peptide to form a continuous hydrogen-bonded 

β-sheet network. The design and study of these macrocyclic β-hairpin peptides represented a 

major breakthrough for our laboratory. The remainder of this Account will focus on our 

studies of macrocyclic β-hairpin peptides over the past five years. In these studies, X-ray 

Kreutzer and Nowick Page 6

Acc Chem Res. Author manuscript; available in PMC 2019 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



crystallography has proven to be a fountainhead for elucidating the structures of the 

oligomers formed by these peptides.34

Structures of Oligomers Formed by Macrocyclic β-Hairpin Peptides Derived from Aβ17–36.35

We began our study of amyloid oligomers by designing two macrocyclic β-hairpin peptides 

that mimic an Aβ17–36 β-hairpin. In these macrocyclic β-hairpins, β-strands comprising 

Aβ17–23 and Aβ30–36 are linked together by two δOrn turn mimics to create peptides 1 and 2 
(Figure 8). The δOrn turn mimic that links Asp23 to Ala30 replaces the Aβ24–29 loop. Peptide 

1 contains an N-methyl group on Gly33; peptide 2 contains an N-methyl group on Phe20. To 

improve the solubility of these peptides, we replaced Met35 with the hydrophilic isostere 

ornithine.

The X-ray crystallographic structures of peptides 1 and 2 reveal that both peptides fold to 

form twisted antiparallel β-sheets that closely mimic the structure of the natural Aβ β-

hairpin reported by Härd and Hoyer.19 The β-hairpin monomers formed by peptides 1 and 2 
each assemble to form triangular trimers (Figure 9). The triangular trimers formed by 

peptides 1 and 2 are virtually identical, indicating that trimer formation is not guided by 

which β-strand contains the N-methyl group. In the triangular trimer formed by peptide 1, 

three ordered water molecules fill the center hole of the trimer, hydrogen bonding with each 

other and with the amide backbone of Phe20. In the triangular trimer formed by peptide 2, 

the three N-methyl groups on the Phe20 residues fill the center hole of the trimer, replacing 

the three ordered water molecules. The triangular trimers are stabilized by hydrophobic 

packing between amino acid side chains at the three corners of the trimer and by 

intermolecular hydrogen bonds between the amide backbones of adjacent monomers. The 

triangular trimers further assemble to form hexamers, in which two trimers pack face-to-

face, and dodecamers, in which four trimers assemble in a tetrahedral fashion.

The X-ray crystallographic structures of the oligomers formed by peptides 1 and 2 
transformed our laboratory’s perception about the supramolecular assembly of β-sheets, by 

revealing a richer more complex structural landscape for β-sheet assembly than had been 

previously observed. The triangular trimers differ from the flatter, edge-to-edge hydrogen-

bonded β-sheets observed in the oligomers formed by the Hao-containing macrocyclic β-

sheets. The triangular trimer motif appears to be a characteristic mode of assembly of β-

hairpins. The foldon domain of bacteriophage T4 fibritin is composed of three β-hairpins 

that assemble to form a triangular trimer similar to the triangular trimers formed by peptides 

1 and 2.36 Triangular trimers have also emerged as a common structural motif formed by 

other macrocyclic β-hairpin peptides developed by our laboratory and described below.

Structures of Oligomers Formed by a β-Hairpin Containing Aβ17–36. 37

In studying macrocyclic β-hairpin peptides, we have strived to design peptides that most 

closely mimic natural β-hairpins, while retaining the ability to crystalize the peptides and 

elucidate the X-ray crystallographic structures of the oligomers that they form. In peptides 1 
and 2, the Aβ24–29 loop is replaced with a δOrn turn mimic, and Met35 is replaced with 

ornithine. To better mimic an Aβ17–36 β-hairpin, we reincorporated the Aβ24–29 loop and 

Met35 to create peptide 3 (Figure 10). Peptide 3 is a homologue of peptide 1 that contains 20 
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amino acids comprising the full length of an Aβ17–36 β-hairpin. To reinforce β-hairpin 

structure, we mutated residues Val24 and Gly29 to cysteine and formed an intramolecular 

disulfide bond. We had initially synthesized a variant of peptide 3 that contained the natural 

Val24 and Gly29 residues, but this peptide failed to grow crystals in any of the 864 

crystallization conditions tested. We found that peptide 3 afforded crystals suitable for X-ray 

diffraction in the same crystallization conditions as peptides 1 and 2.

The X-ray crystallographic structure of peptide 3 reveals that the peptide folds to form a 

twisted β-hairpin. The peptide 3 β-hairpin assembles in an identical fashion to peptides 1 
and 2, to form a triangular trimer containing the same stabilizing interactions as the trimers 

formed by peptides 1 and 2 (Figure 11A). The peptide 3 trimer assembles hierarchically to 

form higher-order oligomers. Four trimers assemble in a tetrahedral fashion to form a 

dodecamer (Figure 11B), and five dodecamers pack together to form an annular porelike 

structure (Figure 11C). This study confirmed that the triangular trimers and dodecamers 

originally observed for peptides 1 and 2 can accommodate the Aβ24–29 loop. This study also 

revealed that dodecamers composed of triangular trimers can further assemble to form 

higher-order structures, such as annular pores.

The hierarchical assembly of peptide 3 to form trimers, dodecamers, and annular pores 

recapitulates aspects the Aβ oligomerization pathway thought to occur in the brain.2 Trimers 

and dodecamers of Aβ are thought to have special significance in the early stages of 

Alzheimer’s disease progression. 38 Aβ*56, a putative dodecamer isolated from the brains of 

Tg2576 transgenic mice, causes memory impairments when injected intracranially into rats. 
39 Furthermore, annular pores isolated from Alzheimer’s disease brains appear similar in 

size and morphology to the annular pores formed by peptide 3.40 The structures of the 

oligomers formed by peptide 3 may help explain the significance of trimers, dodecamers, 

and annular pores formed by Aβ in Alzheimer’s disease.

Stabilization, Assembly, and Toxicity of Trimers Derived from Aβ.41

Peptides 1, 2, and 3 appear to form oligomers at the millimolar concentrations of the X-ray 

crystallography experiments, but remain monomeric at the low micromolar concentrations of 

biological experiments. To better understand the biological significance of the triangular 

trimers formed by peptides 1 and 2, we created covalently stabilized versions of the trimers 

and performed biophysical and biological experiments on the stabilized trimers. We 

stabilized the trimers by engineering disulfide bonds at the three corners of each trimer to 

create trimers 4 and 5 (Figures 12A and C, and S1). Trimers 4 and 5 are identical, except 

that trimer 4 contains an N-methyl group on Gly33, while trimer 5 contains an N-methyl 

group on Phe20. The X-ray crystallographic structures of trimers 4 and 5 revealed that the 

two trimers assemble to form different higher-order oligomers. Trimer 4 assembles to form a 

sandwich-like hexamer (Figure 12B), while trimer 5 assembles to form a ball-shaped 

dodecamer (Figure 12D).

SDS-PAGE and size exclusion chromatography (SEC) show that trimers 4 and 5 assemble to 

form oligomers in solution that recapitulate the crystallographically observed hexamer and 

dodecamer (Figure 13A). LDH release assays and caspase-3 activation assays in the human 
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neuroblastoma cell line SH-SY5Y show that trimers 4 and 5 are toxic (Figure 13B and C). 

Trimers 4 and 5 promote LDH release and caspase-3 activation at concentrations as low 6 

μM, indicating toxicity toward cells. Dot blot assays indicate that the amyloid oligomer-

specific antibody A11 recognizes trimers 4 and 5 as amyloid oligomers. These studies show 

that trimers 4 and 5 behave similarly to oligomers of full-length Aβ, thus providing evidence 

for the biological significance of the triangular trimer motif.

A Compact Dodecamer Formed by a Macrocyclic β-Hairpin Peptide Derived from Aβ16–36.42

β-Hairpins can adopt different registrations of β-strands. β-Hairpin registration is 

significant, because shifting the registration of β-strands changes both the pairings of the 

residues within the β-hairpin and the surfaces upon which the side chains are displayed. To 

explore the role that β-hairpin registration plays in the oligomerization of peptides derived 

from Aβ, we synthesized macrocyclic β-hairpin peptides 6, 7, and 8, which are designed to 

mimic β-hairpins from Aβ17–36, Aβ16–36, and Aβ15–36 (Figure 14). Each peptide contains an 

N-methyl group on Gly33 and p-iodophenylalanine (PheI) in place of Phe19 to facilitate X-

ray crystallographic phase determination.

The X-ray crystallographic structures of peptides 6, 7, and 8 reveal that the peptides 

assemble to form different structures (Figure 15). Peptide 6 assembles identically to the 

homologous peptide 1, whereby three β-hairpin monomers assemble to form a triangular 

trimer, which further assembles to form hexamers and dodecamers. Peptide 7 also assembles 

to form triangular trimers, which further assemble to form a dodecamer. The dodecamer 

formed by peptide 7 differs from the dodecamer formed by peptide 6, in that the peptide 7 
dodecamer is more compact and forms a completely enclosed hydrogen-bonded β-sheet 

network. Peptide 8 does not assemble to form discrete oligomers, but rather forms a 

continuous network of out-of-register β-sheets, which resembles an amyloid fibril.

A Hexamer Formed by a Macrocyclic β-Hairpin Peptide Derived from Aβ16–36.43

To further explore the importance of β-hairpin registration in oligomer structure and 

assembly, we synthesized peptide 9. Peptide 9 is derived from an Aβ16–36 β-hairpin and 

contains Aβ16–22 and Aβ30–36 β-strands linked together by two δOrn turn mimics (Figure 

16). The δOrn turn mimic that connects Glu22 to Ala30 replaces the Aβ23–29 loop. Peptide 9 
also contains an N-methyl group on Phe19.

The X-ray crystallographic structure of peptide 9 reveals that the peptide assembles to form 

a barrel-like hexamer that can be interpreted as either a dimer of triangular trimers or as a 

trimer of β-sheet dimers (Figure 17). The hexamer is stabilized by a densely packed 

hydrophobic core and a completely enclosed hydrogen-bonding network between the amide 

backbones of the monomer subunits. In SDS-PAGE, peptide 9 migrates at a molecular 

weight consistent with a hexamer, which recapitulates the hexamer observed 

crystallographically. Furthermore, peptide 9 is toxic toward SH-SY5Y cells at 

concentrations as low as 50 μM. These studies provide evidence that the peptide 9 hexamer 

behaves like an oligomer of full-length Aβ and demonstrate that β-hairpin registration may 

be important in the assembly and toxicity of oligomers formed by full-length Aβ β-hairpins.
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Both peptides 7 and 9 are derived from an Aβ16–36 β-hairpin and differ only in the position 

of the N-methyl group and the presence or absence of a p-iodo group on Phe19. Despite their 

similarities, these peptides assemble to form different oligomers—peptide 7 forms a ball-

shaped dodecamer and peptide 9 forms a barrel-like hexamer (Figures 15B and 17). This 

difference in assembly may result from the position of the N-methyl group. The N-methyl 

group on Gly33 in peptide 7 blocks formation of the barrel-like hexamer, promoting peptide 

7 to assemble into the ball-shaped dodecamer. The formation of different oligomers is 

significant, because it demonstrates that macrocyclic β-hairpin peptides displaying almost 

identical amino acid side chains can fit together to form compact assemblies in more than 

one way. These findings may extend to the assembly of β-hairpins formed by full-length Aβ 
and provide molecular-level insights that could help explain the polymorphism and 

heterogeneity of Aβ oligomers.

Structures of Oligomers Formed by Macrocyclic β-Hairpin Peptides Derived from α-
Syn36–55 and B2M63–69.44,45

β-Hairpins are a common structural motif in amyloid oligomers formed by other 

amyloidogenic peptides and proteins. Our laboratory has developed macrocyclic β-hairpin 

peptides derived from α-Syn and B2M and elucidated the structures of the oligomers these 

peptides form. The α-Syn-derived peptide 10 mimics the α-Syn β-hairpin observed by 

Hoyer and coworkers and contains α-Syn36–42 and α-Syn49–55 β-strands linked together 

with two δOrn turn mimics (Figure 18). Peptide 10 also contains an N-methyl group on 

Val52. To reinforce β-hairpin structure, Gly36 is mutated to alanine. To facilitate X-ray 

crystallographic phase determination, Tyr39 is mutated to p-iodophenylalanine. The X-ray 

crystallographic structure of peptide 10 reveals that the peptide assembles to form an 

asymmetric triangular trimer that further assembles to form a basket-shaped nonamer 

(Figure 19A). These structures provide insights into how a β-hairpin formed by full-length 

α-Syn might assemble to form oligomers.

The B2M-derived macrocyclic β-hairpin peptide 11 and related homologues only contain a 

single β-strand from B2M63–69 (Figure 18). The β-strand is incorporated into a macrocycle 

with an additional heptapeptide strand that is designed to template β-hairpin folding. The X-

ray crystallographic structures of six different B2M-derived peptides demonstrate that small 

changes in the amino acid sequence of the additional heptapeptide strand can lead to 

different oligomeric assemblies, including hexamers, octamers, and dodecamers.45 Figure 

19B shows the X-ray crystallographic structure of the dodecamer formed by peptide 11.

CONCLUSION

The formation of amyloid fibrils and oligomers has emerged as a widespread mode of 

protein folding and assembly central in amyloid diseases, such as Alzheimer’s disease, 

Parkinson’s disease, and type-2 diabetes. Understanding the amyloid state is one of the most 

important problems in structural biology and supramolecular chemistry. This problem is not 

only scientific, but is also critical to combatting the looming threat of neurodegenerative 

disorders in an aging population.
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Although the structures of amyloid fibrils are now yielding to powerful techniques such as 

ss-NMR and cryo-EM, the structures of amyloid oligomers remain largely unknown. 

Elucidating the structures of amyloid oligomers is especially challenging, because the 

oligomers are heterogeneous and metastable. The use of constrained peptides in conjunction 

with X-ray crystallography is proving to be exceptionally fruitful in determining the 

structures of oligomers formed by amyloidogenic peptides and proteins. Thus far, this 

approach has yielded more than 30 structures that have been deposited in the PDB.

High-resolution structures of Aβ oligomers are desperately needed to better understand the 

molecular basis of Alzheimer’s disease. The X-ray crystallographic structures of the trimers, 

hexamers, and dodecamers formed by macrocyclic β-hairpin peptides offer a glimpse into 

how β-hairpins formed by full-length Aβ could fit together and provide high-resolution 

structural models of Aβ oligomers. These structures appear to be providing a meaningful 

window into the assembly of full-length Aβ. We are actively pursuing further studies of 

these structures and probing their role in Alzheimer’s disease.

To date, these X-ray crystallographic structures are the only high-resolution structural 

models of oligomeric assemblies of Aβ-derived peptides in the PDB. Complementary 

approaches are needed to shed additional light on the structures of amyloid oligomers. Other 

structural motifs may emerge from further studies. An enhanced understanding of the 

structural biology of amyloid oligomers should ultimately lead to diagnostics and therapies 

for Alzheimer’s disease and other amyloid diseases.
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Figure 1. 
Structures of Aβ40 fibrils.
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Figure 2. 
Structures of Aβ42 fibrils.
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Figure 3. 
Structures of an α-synuclein fibril (A) and two different paired filaments of the tau protein 

(B).
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Figure 4. 
Structures of β-hairpin-affibody complexes of Aβ (A), α-Syn (B), and IAPP (C).
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Figure 5. 
Structures of oligomers formed by peptide fragments derived from αB crystallin (A), SOD1 

(B), and hPrP (C).
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Figure 6. 
Chemical structures of a Hao-containing macrocyclic β-sheet peptide and a macrocyclic β-

hairpin peptide.
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Figure 7. 
X-ray crystallographic structures of cruciform tetramers formed by Hao-containing 

macrocyclic β-sheet peptides derived from Aβ (A) and IAPP (B).
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Figure 8. 
Chemical structures of peptides 1 and 2, illustrating their relationship to an Aβ17–36 β-

hairpin.
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Figure 9. 
X-ray crystallographic structures of the triangular trimers formed by peptide 1 (A) and 

peptide 2 (B). In the insets, the N-methyl groups on each peptide are shown as spheres.
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Figure 10. 
Chemical structure of peptide 3, illustrating its relationship to an Aβ17–36 β-hairpin.
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Figure 11. 
X-ray crystallographic structures of the trimer (A), dodecamer (B), and annular pore (C) 

formed by peptide 3.
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Figure 12. 
X-ray crystallographic structures of trimers 4 and 5. (A) Trimer 4. (B) Trimer 4 hexamer. (C) 

Trimer 5. (D) Trimer 5 dodecamer.
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Figure 13. 
Biophysical and biological studies of trimers 4 and 5. (A) Silver-stained SDS-PAGE gel. (B) 

LDH release assay. (C) Caspase-3 activation assay.
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Figure 14. 
Chemical structures of peptides 6, 7, and 8, from Aβ.
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Figure 15. 
X-ray crystallographic structures of the dodecamers formed by peptides 6 (A) and 7 (B), and 

the fibrillar assembly formed by peptide 8 (C).
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Figure 16. 
Chemical structure of peptide 9, illustrating its relationship to an Aβ16–36 β-hairpin.

Kreutzer and Nowick Page 30

Acc Chem Res. Author manuscript; available in PMC 2019 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 17. 
X-ray crystallographic structure of the hexamer formed by peptide 9.
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Figure 18. 
Chemical structures of peptides 10 and 11, from α-Syn and B2M.
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Figure 19. 
X-ray crystallographic structures of the nonamer formed by peptide 10 (A) and the 

dodecamer formed by peptide 11 (B).
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Chart 1. 
Our laboratory’s approach to studying amyloid oligomers.
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Table 1

Amyloidogenic peptides and proteins discussed in this Account and their associated diseases.

disease peptide/protein

Alzheimer’s disease β-amyloid peptide Aβ

Parkinson’s disease α-synuclein (α-Syn)

Huntington’s disease huntingtin

amyotrophic lateral sclerosis (ALS) superoxide dismutase 1 (SOD1)

Creutzfeld-Jakob disease human prion protein (hPrP)

type-2 diabetes islet amyloid polypeptide (IAPP)

dialysis-related amyloidosis β2-microglobulin (B2M)
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